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PREFACE

WELCOME ADDRESS

The covid-19 pandemic has made impossible to organize the joint 14th World Congress
in Computational Mechanics and ECCOMAS Congress in Paris in July 2020. We would
like to thank all the participants, all the MS organizers, who have accepted to support
the community by participating to the digital version of the WCCM-ECCOMAS Congress
that will take place from January 11 to 15, 2021.

We are convinced that this new format, even with some drawbacks, has many advantages,
in particular for young scientists but also for the others. Among the drawbacks, the
very strict deadlines that were imposed to the organizers for ensuring having more
than 2500 high quality synchronized recorded presentations and available in a record
time. Nevertheless, with this format, it will be possible to follow all the presentations,
browsing easily all the MS, surfing by keywords from one room to another and selecting
only the talks that you want. The different talks will be available over a longer period
than the classical one-week format. We paid special attention to maintain interaction
between the participants. For that purpose, direct exchanges with other participants,
either by voice or by chat will be possible.

All the team has worked hard to make this event possible. Despite those efforts there
will be probably some scramble at some times. We hope you will consider those with
kindness! With all our gratitude, we wish you an excellent virtual conference!

Francisco Chinesta,
ESI GROUP Chair, ENSAM ParisTech, France
Rémi Abgrall,
University of Zurich, Switzerland

Olivier Allix,
ENS Paris-Saclay

Michael Kaliske,
Institute for Structural Analysis,
TU Dresden, Germany

David Néron,
ENS Paris-Saclay
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Special Technology Sessions
The Special Technology Sessions (STS) and
their papers provide an overview on the
state of-the-art and future technologies in
computational and digitalized methods and
tools (modelling, simulation, optimisation and
control, Artificial Intelligence (AI), etc.) for the
application in aeronautics and other industries
with related technology validations.

PhD ECCOMAS Olympiad
An event organised by ECCOMAS (Dr. Simone
Morganti, Dr. Carina Nisters)
The 10th PhD ECCOMAS Olympiad will be
organized in the framework of the joint 14th
World Congress in Computational Mechanics
and ECCOMAS Congress.
Previous ECCOMAS PhD Olympiads were held
in Athens (2011), Aveiro (2012), Bordeaux
(2013), Barcelona (2014), Aachen (2015),
Crete (2016), Milano (2017), Glasgow (2018)
and Krakow (Poland).
The purpose of the ECCOMAS PhD Olympiads is
to present the best PhD Theses approved by a
University or Research Organization in Europe
during the previous year and to act as a forum
for exchanging new ideas, disseminating
recent developments in the fields of ECCOMAS
and sharing common research interests
among young investigators. Every National
or Regional Association affiliated to ECCOMAS
is represented by a number of selected PhDs
submitted for consideration for the two
ECCOMAS PhD Awards and the PhD ECCOMAS
Olympiad.
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ECCOMAS Young Investigators

Arts and Science Contest
Organised by Juniors CSMA and ECCOMAS
EYIC (Dr. Thomas Heuzé, Dr. Matthieu Vitse)
The CSMA juniors and
ECCOMAS Young
Investigators Committee organize an “Arts in
Science” contest that aims to show science in
all its beauty and elegance, with connection
between Science and Art. It consists in
visualizing scientific works with an artistic
point-of-view. Topics cover the broad fields of
mechanical engineering, applied mathematics,
and computer science which are connected to
the scope of the congress.
Consequently, a few juniors participants to
the WCCM-ECCOMAS Congress have provided
an artistic visual (picture, rendered image,
painting, drawing) of their research work
with a short audio description of the image,
whether it comes from an experiment or a
numerical simulation.
An international jury composed of researchers,
artists and journalists will select the best
pieces of art which will be exhibited during the
congress.
In addition, the authors of the 2 best artworks
(one chosen by the jury, the second by the
public) will have the opportunity to present
them during the award ceremony and will
receive a prize.
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ECCOMAS Young Investigators

Minisymposium
Organised by ECCOMAS EYIC (Univ.-Prof. Dr.Ing. Alexander Popp)
Have you ever wondered how truly
collaborative work of two researchers could be
cast into a more fitting presentation format?
Or have you ever reached a “dead end” with
your own research after many months of hard
work and therefore know how important it is
to share such experience with others in order
to prevent them from falling into the same
traps?
This minisymposium is organized by young
investigators (all of which are members of the
ECCOMAS Young Investigators Committee)
for young investigators. The format is quite
different from the regular minisymposia in
order to particularly attract young researchers
and to foster intensive scientific exchange.
All presentations will be integrated into
the regular scientific program of the online
conference, so make sure to watch out for
“MS 160: ECCOMAS Young Investigators
Minisymposium” when browsing the online
program.

IACM Female Researchers
Chapter
Organised by IACM FRC (Dr. Rao Rekha, Prof.
Pania Newell, Dr. Anna Madra)
The organizers of WCCM-ECCOMAS 2020
are pleased to invite you to follow the
special event proposed by the IACM Female
Researchers Chapter (FRC). The main mission
of the FRC is to promote gender balance in
the computational mechanics community
and provide a supportive network for female
researchers. Four on-demand videos will be
available during the whole congress and on
wednesday, the FRC will propose a dedicated
live event consists in a short seminar of
Prof. Julia Phillips about “Research during
a pandemic and strategies for a successful
career”. This live session will be followed by a
Q&A time.
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ECCOMAS Young Investigators

Career Forum
Within the WCCM-ECCOMAS conference, the
ECCOMAS Young Investigators Committee (EYIC)
is organizing the ECCOMAS Young Investigators
Career Forum.
During this unique networking activity, young
researchers will have the opportunity to interact
with scientists at different career stages, to gain
essential insights into the academic application
process, and receive tips for their next career
steps.
The EYIC Career Forum will take place in the
form of a live online event on Wednesday,
January 13th, 2021. We will organize the forum
in a way that all time zones can be covered. The
final format and the online platform will be made
available in due time to all registered users.
Please note that participation is limited to 100
people.
We look forward to your participation.

ECCOMAS Young Investigators

Junior Workshop
The CSMA Junior section proposes a two-day
junior workshop, taking place remotely ahead of
the congress from Thursday January 7th to Friday
January, 8th 2021. This workshop aims at making
a young generation (less than 40 years old) of
investigators meet and exchange, introducing the
themes of the congress giving some basis about
them, and proposing original activities.
The program of the workshop will consist of several
activities, among which a school with shortcourses (designed for and by young researchers)
on specific topics addressed in plenary and semiplenary talks given during the congress.
Each course is split in a theoretical session
(30 min) and a practical session (1h30). More
precisely, the theoretical session will be given
asynchronously, through a short video posted
ahead of the workshop on the website.
Next, practical sessions will consist of synchronous
live events (1h30) dedicated to the implementation
of concepts. Depending on the topics, the latter
will take the form of interactive and collaborative
coding session.
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Stanford University
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The University of Tokyo
Department of Systems Innovation
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Stanford University
Mechanical Engineering
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MS Organizer(s): Juan Melchor and Guillermo Rus

500 - MATERIALS BY DESIGN
Computational analysis of advanced materials and structures............................... 1457
MS Organizer(s): Eftathios Theotokoglou

Computational design of architected materials: from theoretical aspects to
applications............................................................................................... 1471
MS Organizer(s): Julian Norato, Jose Miranda Guedes and Xavier Oliver

Computational mechanics of soft matter and machines........................................ 1489
MS Organizer(s): Zishun Liu

New Computational Frontiers in Microstructure-Sensitive Materials Design.............. 1495
MS Organizer(s): P. Acar, Siddhartha Srivastava, Veera Sundararaghavan and François Willot

Soft, Multi-Functional and Architected Materials................................................. 1507
MS Organizer(s): Pavel Galich, Abigail Juhl, Philip Buskohl and Stephan Rudykh

600 - FLUID DYNAMICS AND TRANSPORT PHENOMENA
Advanced multi-physics CFD simulations in science and engineering..................... 1519
MS Organizer(s): Takahiro Tsukahara, Kaoru Iwamoto, Koji Fukagata, Mamoru Tanahashi,
Nobuyuki Oshima and Makoto Yamamoto

Advanced techniques for large-eddy simulation of turbulence in near-wall regions..... 1537
MS Organizer(s): Roel Verstappen, F.Xavier Trias and Alexey Duben
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Advances in hypersonic flow simulation........................................................... 1553
MS Organizer(s): R. Abgrall and Pierre-Henri Maire

Complex fluid flows in engineering: modeling, simulation and optimization.............. 1565
MS Organizer(s): Stefanie Elgeti and Marek Behr

Computational fluid mechanics with free and moving boundaries: methods and
applications............................................................................................... 1581
MS Organizer(s): Rekha Rao, David Noble, Elie Hachem and Kristianto Tjiptowidjojo

Computational models for liquid-vapor flows..................................................... 1595
MS Organizer(s): R. Abgrall, Pietro M. Congedo, Marica Pelanti and Maria Giovanna Rodio

Cost-vs-Accuracy in computational fluid dynamics............................................. 1619
MS Organizer(s): Elias Balaras, Francesco Capuano and Luigi de Luca

Current trends in modelling and simulation of turbulent flows............................... 1627
MS Organizer(s): Suad Jakirlic

Discrete conservation properties in CFD........................................................... 1647
MS Organizer(s): Francesco Capuano, F. Xavier Trias and Gennaro Coppola

Efficient simulation and optimisation of time-dependent fluid and heat transfer
systems.................................................................................................... 1665
MS Organizer(s): Joe Alexandersen, Fred van Keulen and Philipp Birken

Flow of non-newtonian fluids......................................................................... 1677
MS Organizer(s): Olaf Wünsch and Markus Rütten

Fluid mechanics of liquid metal batteries and aluminium electrolysis cells............... 1685
MS Organizer(s): Tom Weier, Oleg Zikanov and Wietze Herreman

Granular Flows: Modelling and Computational Challenges.................................... 1701
MS Organizer(s): Thomas Weinhart, Anthony R. Thornton and Rudy Valette

Interfacial flow simulation.............................................................................. 1711
MS Organizer(s): Mostafa Safdari Shadloo, Amin Rahmat and Mehmet Yildiz

Map-based stochastic methods for accurate modeling of turbulent heat and
mass transfer............................................................................................. 1721
MS Organizer(s): Marten Klein, David O. Lignell and Heiko Schmidt

Modelling of atomization, breakup and fragmentation of fluids............................... 1735
MS Organizer(s): Stephane Zaleski, Shiyi Chen, Junji Shinjo and Gretar Tryggvason

Multi-Modality Analyses of Blood Flow............................................................. 1745
MS Organizer(s): Vitaliy Rayz, Alejandro Roldán-Alzate and Ivan Christov

Multiscale and multiphase flows..................................................................... 1755
MS Organizer(s): Hrvoje Jasak and Holger Marschall
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Multiscale methods for fluid dynamics.............................................................. 1769
MS Organizer(s): Guillermo Hauke and Arif Masud

Novel modelling and numerical approaches for flow and transport processes
in porous media.......................................................................................... 1791
MS Organizer(s): Marco Berardi, Matteo Icardi, Bagus Muljadi and Mario Putti

Numerical advancements in simulations of environmental flows............................ 1809
MS Organizer(s): Joanna Szmelter and Pablo Ortiz

Numerical methods for the simulation of magnetically confined plasmas in fusion..... 1821
MS Organizer(s): Giorgio Giorgiani and Eric Serre

Recent Advances in Data Driven Turbulence Modeling......................................... 1831
MS Organizer(s): Eisfeld Bernhard and Christian Breitsamter

700 - NUMERICAL METHODS AND ALGORITHMS IN SCIENCE AND
ENGINEERING
3D Modeling of cementitious materials and applications in civil engineering............. 1841
MS Organizer(s): Gianluca Mazzucco and Beatrice Pomaro

Advanced gridding and discretization techniques for petroleum reservoir simulation.. 1847
MS Organizer(s): Paulo R. M. Lyra, Darlan K. E. Carvalho, CLÓVIS R. MALISKA and Michael G. Edwards

Advances in intrusive and non-intrusive order reduction techniques for flow
analysis, control and optimization................................................................... 1855
MS Organizer(s): Marco Fossati, Annalisa Quaini and Gianluigi Rozza

Advances in numerical methods for linear and non-linear dynamics and wave
propagation................................................................................................ 1867
MS Organizer(s): Alexander Idesman, Hauke Gravenkamp and Elena Atroshchenko

Advances in polygonal and polyhedral methods................................................. 1893
MS Organizer(s): Andrea Borio, Simon Lemaire, Ilario Mazzieri and Giuseppe Vacca

Approaches, Applications, and Analysis of Heterogeneous Numerical Methods......... 1905
MS Organizer(s): Paul Kuberry, Pavel Bochev and Rob Jacob

Boundary element methods and mesh reduction methods.................................... 1917
MS Organizer(s): Xiao-Wei Gao, Yi-Jun Liu and Wen-Jing Ye

Computational analysis and methods for solids, structures and metamaterials
within generalized continua........................................................................... 1925
MS Organizer(s): Jarkko Niiranen, Josef Kiendl, Luca Placidi and Antti H. Niemi

Discrete method in computational mechanics.................................................... 1933
MS Organizer(s): Jérémie Girardot, Damien André and Cédric Hubert

Dynamics of nonlinear structures with contact interfaces..................................... 1939
MS Organizer(s): Evgeny Petrov, Stefano Zucca, Georges Jacquet-Richardet and Robert Kuether
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High order numerical methods and high order mesh generation............................. 1947
MS Organizer(s): Bo Liu

High performance computing for structural mechanics from academic
developments to industrial challenges.............................................................. 1953
MS Organizer(s): Pierre Gosselet, Christophe Bovet and Augustin Parret-Fréaud

High-accuracy finite-volume methods on unstructured meshes for
aviation applications.................................................................................... 1967
MS Organizer(s): Frederic Alauzet, Alain Dervieux, Adrien Loseille and Tatiana Kozubskaya

Inelasticity at finite strains: models, identification and numerics............................ 1979
MS Organizer(s): Alexey V. Shutov, Ralf Landgraf and Bernhard Eidel

Isogeometric Methods.................................................................................. 1993
MS Organizer(s): Alessandro Reali, Yuri Bazilevs, David J. Benson, René De Borst, Thomas J.R.
Hughes, Trond Kvamsdal, Giancarlo Sangalli and Clemens V. Verhoosel

Isogeometric Spline Techniques on Complex Geometries..................................... 2017
MS Organizer(s): Xiaodong Wei, Thomas Takacs, Deepesh Toshniwal, Yongjie Zhang,
Hendrik Speleers, Carla Manni and Jorg Peters

Mathematical Problems in Aerospace Science.................................................... 2027
MS Organizer(s): Stefano Valvano, Calogero Orlando and Antonio Esposito

Mathematics and numerical techniques related to computational electromagnetism... 2043
MS Organizer(s): Daisuke Tagami, Amane Takei and Hajime Igarashi

Model order reduction for nonlinear (time, space, parameter) multiscale
problems and applications............................................................................. 2053
MS Organizer(s): David Neron, Udo Nackenhorst, Stefanie Reese and Pierre Ladeveze

Model order reduction methods for parametrized mechanical systems.................... 2071
MS Organizer(s): Angelo Iollo, Simona Perotto and Tommaso Taddei

Modeling and numerical approximation of complex flows..................................... 2085
MS Organizer(s): Stéphane Del Pino, Philippe Hoch and Emmanuel Labourasse

Numerical method for multi-material fluid flows.................................................. 2099
MS Organizer(s): Andrew Barlow, Raphael Loubere, Pierre-Henri Maire and Mikhail Shashkov

Numerical Methods and Applications in Coastal Environments.............................. 2109
MS Organizer(s): Paola Bacigaluppi, Maria Kazolea and James T. Kirby

Numerical Methods for Eigenvalue Problems arising from Partial Differential Equations... 2127
MS Organizer(s): Fleurianne Bertrand and Daniele Boffi

Numerical Methods for Polygonal and Polyhedral Meshes.................................... 2137
MS Organizer(s): Daniele A. Di Pietro, Jerome Droniou and Gianmarco Manzini

Numerical model reduction and data-driven surrogates for multi-physics applications.....2155
MS Organizer(s): Ralf Jänicke, Felix Fritzen, Michel Rochette and David Ryckelynck
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Numerical Modeling of Granular and Multiphase Flows........................................ 2167
MS Organizer(s): Mikio Sakai, Wei Wang and Yansong Shen

Physical Reduced Order Modelling and Machine Learning for engineering
applications: get the best from both worlds....................................................... 2175
MS Organizer(s): Nissrine Akkari and Fabien Casenave

Recent advances in high-order hydrodynamic methods........................................ 2183
MS Organizer(s): Svetlana Tokareva, Nathaniel Morgan and R. Abgrall

Recent developments in computational interfacial physics - methods
and applications.......................................................................................... 2203
MS Organizer(s): Frederic Gibou and Maxime Theillard

The summation-by-parts framework and CFD’s holy grail: Non-linear stability
and robustness........................................................................................... 2211
MS Organizer(s): Matteo Parsani, David Fernandez, Jason Hicken and Andrew Winters

Towards industrialisation of high order methods................................................ 2219
MS Organizer(s): Esteban Ferrer, Eusebio Valero, Vincent Couaillier, Marta de la Llave,
Charles Hirsch and Juan Guerra

Waves: advanced numerical methods and applications........................................ 2243
MS Organizer(s): Robert Haber, R. Abedi and Joachim Schöberl

800 - UNCERTAINTY QUANTIFICATION, RELIABILITY AND ERROR
ESTIMATION
Certification of Simulations & Model Adaptation................................................. 2269
MS Organizer(s): Ludovic Chamoin, Jens Lang, Serge Prudhomme and Juan José Rodenas

Dakota software for optimization, uncertainty quantification and model calibration..... 2291
MS Organizer(s): Daniel Seidl, John Stephens, Brian Adam and Gianluca Geraci

Efficient methods for uncertainty quantification with high-dimensional models.......... 2299
MS Organizer(s): David Moens, Matthias Faes, Matteo Broggi, Michael Beer, Stefano Marelli,
Bruno Sudret, Enrico Zio and George Stefanou

Improving predictive capabilities through model error quantification....................... 2313
MS Organizer(s): Kathryn Maupin and Brian Freno

Interplay between discretization, algebraic, and linearization errors........................ 2321
MS Organizer(s): Kenan Kergrene, Ani Miraci, Jan Papež and Martin Vohralik

Machine learning and surrogate modelling approaches for uncertainty
quantification, reliability analysis and design optimization.................................... 2333
MS Organizer(s): Matthias Faes, Stefano Marelli, Bruno Sudret, Jean-Marc Bourinet and Enrico Zio

Multilevel/Multifidelity strategies for uncertainty quantification, control and
design under uncertainty of expensive computational systems.............................. 2357
MS Organizer(s): Gianluca Geraci, Alex A. Gorodetsky, Michael S. Eldred and John D. Jakeman
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Numerical methods and theoretical advances in Uncertainty Quantification.............. 2369
MS Organizer(s): Julien Reygner and Virginie Ehrlacher

Numerical simulations with polymorphic uncertain data ...................................... 2385
MS Organizer(s): Michael Kaliske, Wolfgang Graf, Sigrid Leyendecker, Stefanie Reese
and Wolfgang Wall

Optimal experimental design in computational science and engineering.................. 2395
MS Organizer(s): Xun Huan, Peng Chen, Omar Ghattas and Youssef M. Marzouk

Physic-Informed Uncertainty Quantification....................................................... 2407
MS Organizer(s): Gowri Srinivasan and Scott Doebling

Physics-based data-driven modeling and uncertaintyquantification in
computational mechanics.............................................................................. 2417
MS Organizer(s): Dimitris Giovanis, Lori Graham-Brady, Johann Guilleminot,
Yannis Kevrekides, Michael Shields and Kirubel Teferra

Reduced order and surrogate modeling for uncertainty analysis in structural
mechanics................................................................................................. 2427
MS Organizer(s): Steffen Freitag, Marcos Valdebenito, Michael Beer, Edoardo Patelli and Hector Jensen

Stochastic simulation: From fundamental scheme to practical applications
in engineering and biomechanics.................................................................... 2439
MS Organizer(s): Naoki Takano, Vittorio Sansalone and Tetsuya Matsuda

Structural design and maintenance optimization under uncertainty......................... 2451
MS Organizer(s): Younes Aoues, Christian Gogu, Stefano MARELLI and Renata Troian

Verification techniques in computational mechanics and applied mathematics.......... 2463
MS Organizer(s): Brian Freno, Luís Eça and Yassin Hassan

900 - STRUCTURAL MECHANICS, DYNAMICS AND ENGINEERING
Adaptive Engineering Structures..................................................................... 2471
MS Organizer(s): Malte von Scheven, Renate Sachse, Michael Böhm and Oliver Sawodny

Advanced modeling of complex materials and structures..................................... 2483
MS Organizer(s): Rossana Dimitri, Francesco Tornabene and J.N. Reddy

Advanced modelling, analysis and design of beam, plate, membrane and shell
structures.................................................................................................. 2497
MS Organizer(s): Jean Louis Batoz, Manfred Bischoff, Hakim Naceur and Bastian Oesterle

Advanced seismic response analysis and design................................................ 2519
MS Organizer(s): Tomoshi Miyamura, Takuzo Yamashita, Daigoro Isobe and Makoto Ohsaki

Advances in the modeling and discretization of slender continua and
their interaction........................................................................................... 2533
MS Organizer(s): Christoph Meier, Ignacio Romero, Joachim Linn, Damien Durville, Johannes
Gerstmayr, Dejan Zupan and Peter Betsch
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Assessment of the effective response of seismically isolated structural systems....... 2547
MS Organizer(s): Carlo Felice Ponzo, Alberto Pavese, Antonio Di Cesare and Marco Furinghetti

BEAMS: models, numerical methods and their applications.................................. 2553
MS Organizer(s): Xavier Merlhiot, Anders Thorin and Frédéric Boyer

Computational Methods for Realizing Digital Twins............................................. 2561
MS Organizer(s): Christoph Heinrich, Bernd Simeon, Oliver Weeger and Utz Wever

Computational simulations of instability phenomena from the nano- to the
macro-scale............................................................................................... 2575
MS Organizer(s): Melanie Todt and Franz G. Rammerstorfer

Computational Structural Stability................................................................... 2583
MS Organizer(s): Herbert Mang and Yeong-Bin Yang

Mathematical modeling of strongly nonlinear mechanical dissipative systems........... 2591
MS Organizer(s): Alexey Kireenkov and Sergey Zhavoronok

Model order reduction for vibroacoustic problems.............................................. 2601
MS Organizer(s): Gerhard Müller, Wim Desmet, Elke Deckers, Peter Göransson and Romain Rumpler

Modelling of historical masonry structures under extreme events:
Earthquakes, impacts and soil movements........................................................ 2609
MS Organizer(s): Chiara Calderini, Michele Godio, MARIALAURA MALENA and Francesco Portioli

New challenges in instabilities of slender structures and soft materials................... 2621
MS Organizer(s): Hamid Zahrouni, Ali Limam and Fan Xu

Nonlinear dynamics of structural systems......................................................... 2629
MS Organizer(s): Olivier Thomas, Paolo Tiso, Matt Allen, Loïc Salles, Pedro Ribeiro
and Gaëtan Kerschen

Static and Dynamic Analysis of Beam-Like Structures.......................................... 2647
MS Organizer(s): Alessandro Palmeri and S. Adhikari

Vibration analysis of moving load problems with particular emphasis on
analytical and semi-analytical solutions............................................................ 2657
MS Organizer(s): Piotr Koziol and Zuzana Dimitrovova

1000 - MANUFACTURING AND MATERIALS PROCESSING
Additive manufacturing and optimization.......................................................... 2667
MS Organizer(s): Ferdinando Auricchio and Matthijs Langelaar

Computational modeling, simulation and design optimization for 4D printing............ 2693
MS Organizer(s): Giulia Scalet and Oliver Weeger

Manufacturing process modeling and the effects of manufacturing on the
mechanical performance of composites............................................................ 2701
MS Organizer(s): Patrick De Luca, ANAIS Barasinki, Kiyoshi Uzawa and Anthony Wass
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Microstructure evolution and the effect of chemo-mechanical coupling:
process to property...................................................................................... 2709
MS Organizer(s): Ingo Steinbach and Samuel Forest

Modeling and simulation approaches in metal additive manufacturing..................... 2717
MS Organizer(s): Christoph Meier, Neil Hodge, Michele Chiumenti and Wolfgang A. Wall

Modeling and Simulation for Additive Manufacturing........................................... 2737
MS Organizer(s): Albert To, Wing Kam Liu, Andreas Lundback and Gregory Wagner

Modeling and Simulation of Metal Additive Manufacturing Processes...................... 2759
MS Organizer(s): Adrian Lew, Robert Ferencz and John Michopoulos

Modeling and simulation of textile and fibrous materials....................................... 2775
MS Organizer(s): Damien Durville, Yordan Kyosev, Philippe Boisse and Stephen R. Hallet

Modelling and simulation of welding and wire arc additive
manufacturing processes.............................................................................. 2787
MS Organizer(s): Vincent Robin, Olivier Asserin and Josselin Delmas

New developments in polycrystalline microstructures.......................................... 2803
MS Organizer(s): Katayun Barmak and Yekaterina Epshteyn

Optimisation methodologies for the Topology and the Anisotropy field of
variable stiffness composites......................................................................... 2831
MS Organizer(s): Marco Montemurro and Anita Capatano

Terotechnology and related issues.................................................................. 2845
MS Organizer(s): Jacek Pietraszek and Norbert Radek

1100 - ATOMISTIC, NANO AND MICRO MECHANICS OF MATERIALS
A Multi-scale perspective of dislocation mediated crystal plasticity ........................ 2857
MS Organizer(s): Yinan Cui and Minsheng Huang

Atomistic and Multiscale Modeling and Simulation of Nano- and
Micro-structures of Materials and Their Applications........................................... 2865
MS Organizer(s): Luwen Zhang, Ellad Tadmor, Dong Qian, Shingo Urata and Shaofan Li

Mechanical behavior and design of micro/nano structural materials ....................... 2879
MS Organizer(s): HengAn Wu

Modeling and simulation of defects and interfaces in materials.............................. 2887
MS Organizer(s): Luchan Zhang and Chun-Wei Pao

Multiscale mechanics and physics of civil engineering porous materials.................. 2895
MS Organizer(s): Tulio Honorio, Laurent Brochard, Julien Sanahuja and Katerina Ioannidou

Overcoming the space and time scale challenges in atomistic simulations:
numerical methods and applications................................................................ 2905
MS Organizer(s): Frédéric Legoll , Tony Lelièvre and Danny Perez
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1200 - MODELING AND ANALYSIS OF REAL WORLD AND INDUSTRY
APPLICATIONS
Advanced Numerical Methods for Crashworthiness............................................. 2913
MS Organizer(s): Fabian Duddeck

Applications of Advanced Numerical Analyses in Oil and Gas Industry.................... 2919
MS Organizer(s): Allan Zhong and Goang-Ding Shyu

Combined finite-discrete element methods for multi-body dynamics and fracture
mechanics................................................................................................. 2931
MS Organizer(s): Ado Farsi

Computational Mechanics for urban environment............................................... 2945
MS Organizer(s): Julien Waeytens and Rachida Chakir

Computational methods and design for impact and safety problems....................... 2953
MS Organizer(s): Jun Xu, Chao Zhang, Howie Fang, Qian Wang, David Weggel and QIng Li

Coupled multiphysics problems and reduced order methods applied to compute
digital twin models in industrial applications...................................................... 2957
MS Organizer(s): Andrés Prieto, Gianluigi Rozza and Peter Maass

Efficient numerical methods for seismology and geophysical exploration................. 2971
MS Organizer(s): Hélène Barucq, Julien Diaz, Rabia Djellouli, Florian Faucher and Ha Pham

High-performance and intelligent computing for real world’s energy systems............ 2985
MS Organizer(s): Shinobu Yoshimura, Tomonori Yamada, Ryoichi Kurose and Akiyoshi Iida

Image-Based Simulation................................................................................ 2995
MS Organizer(s): Scott A. Roberts, John P. Korbin, Nagi N. Mansour and Karel Matous

Isogeometric and non-standard discretization methods for the simulation of
real world structures.................................................................................... 3005
MS Organizer(s): Robin Bouclier, Thomas Elguedj, Gregory Legrain and Dominik Schillinger

Leveraging extended CAE technology toward the realization of human-centered
Society5.0.................................................................................................. 3017
MS Organizer(s): Tohru Hirano

Math 2 Product (M2P): Emerging Technologies in Computational Science for
Industry, Sustainability and Innovation............................................................. 3025
MS Organizer(s): Matteo Giacomini, Simona Perotto and Gianluigi Rozza

Methodical Advances in the Industrial Application of Numerical Methods in
Computational Mechanics............................................................................. 3037
MS Organizer(s): Frank Ihlenburg and Uwe SChramm

Multiphysics and multiscale modelling for industrial applications........................... 3045
MS Organizer(s): Thomas Sayet, Alain Gasser, Eric Blond and Sido Sinnema
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Nonlocal models in computational mechanics: challenges and applications............. 3053
MS Organizer(s): Marta D’Elia, Ugo Galvanetto, Mirco Zaccariotto and Pablo Seleson

Numerical computations for renewable energy................................................... 3071
MS Organizer(s): Anne-Claire Bennis, Vincent Moureau and Julien Salomon

Numerical simulation of natural hazards........................................................... 3083
MS Organizer(s): Massimiliano Cremonesi, Alessandro Franci and Antonia Larese

Open-Source Scientific Software and the Application to Real World Problems........... 3093
MS Organizer(s): Hiroshi Okuda and Guy Lonsdale

Solid and Structural Responses to Extreme Loading............................................ 3099
MS Organizer(s): Stephen Beissel, Kent Danielson, David Littlefield and Mike Puso

1300 - INVERSE PROBLEMS, OPTIMIZATION AND DESIGN
Accelerating the design optimization process.................................................... 3111
MS Organizer(s): Simona Perotto, Gilho Yoon, Oded Amir, Nicolar Ferro and Youngsoo Choi

Adjoint methods for multi-physics, including applications.................................... 3131
MS Organizer(s): Michael Meheut, Shahrokh Shahpar and Kyriakos Giannakoglou

Advances in topology optimization and applications............................................ 3143
MS Organizer(s): Zhen Luo, Zhan Kang and Michael Wang

Efficient Methods for Multi-Disciplinary Optimisation, Probabilistic Design
and Optimisation under Uncertainty................................................................. 3165
MS Organizer(s): Jens-Dominik Mueller, Marcus Meyer and Totomm Verstraete

Evolutionary and deterministic methods for design, optimization and control
in engineering and societal applications........................................................... 3179
MS Organizer(s): David Greiner, Pekka Neittaanmäki, Jacques Periaux and Tero Tuovinen

Identification of heterogeneous material properties............................................. 3191
MS Organizer(s): Vincent Magnier and Jean-François Witz

Inverse problems, design and optimization in heat transfer................................... 3205
MS Organizer(s): George Dulikravich, Marcelo Colaço, Helcio Orlande and Zbigniew Bulinski

New trends in topology optimization................................................................ 3219
MS Organizer(s): Emilio C. Nelli Silva, Alicia kim, Glaucio Paulino and Wilfredo M. Rubio

Recent trends in topology optimization............................................................. 3245
MS Organizer(s): Shinji Nishiwaki and Takayuki Yamada

1400 - SOFTWARE, HIGH PERFORMANCE COMPUTING
Developments in automatic code-generation software for computational mechanics... 3263
MS Organizer(s): Jeremy Bleyer, Jack S. Hale and Garth N. Wells
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Enabling Technologies and Simulation Practices for Advanced Scientific
and Engineering Computation........................................................................ 3275
MS Organizer(s): Alvaro Coutinho, William Barth and Guillaume Houzeaux

HPC methods for linear systems and eigenproblems in large scale applications........ 3291
MS Organizer(s): Carlo Janna, Massimo Bernaschi and Nicolò Spiezia

HPC-Based simulations for the wide industrial realm: aerospace, automotive, bio,
construction, heavy...................................................................................... 3303
MS Organizer(s): Makoto Tsubokura, Mariano Vázquez, Takayuki Aoki and Andreas Lintermann

Problem solving environment (PSE) in scientific computing.................................. 3325
MS Organizer(s): SHIGEO Kawata, Soonwook Hwang, Dong Soo Han, Shinji Hioki, MASAMI
MATSUMOTO and Kazuo Kashiyama

Software Design and Implementation for Hierarchical Parallel Architectures............. 3333
MS Organizer(s): David Littlewood, Henry Tufo and Hiroshi Okuda

1500 - FLUID-STRUCTURE INTERACTION, CONTACT AND INTERFACES
Aeroacoustics: modelling and numerical simulation............................................ 3341
MS Organizer(s): Manfred Kaltenbacher and Stefan Becker

Analytical and numerical multi-scale and multi-field interface models...................... 3351
MS Organizer(s): Michele Serpilli, Raffaella Rizzoni, Frédéric Lebon and Serge Dumont

Contact mechanics...................................................................................... 3359
MS Organizer(s): Michel Raous, Peter Wriggers and Giorgio Zavarise

Fluid-structure interaction algorithms and applications........................................ 3389
MS Organizer(s): Scott T. Miller and Justin A. Kauffman

Fluid-structure Interaction, Contact and Interfaces.............................................. 3407
MS Organizer(s): Zhongguo Sun, Xiangyu Hu and Zhe Li

Frictional contacts with lubrication - basics and applications................................. 3413
MS Organizer(s): Michael Müller and Thomas Hagemann

High-performance tools for free-surface flows and floating bodies.......................... 3423
MS Organizer(s): Jeffrey C. Harris and Christian F. Janssen

Immersed boundary methods for fluid-structure interactions and their applications.... 3441
MS Organizer(s): Fang-Bao Tian, Li Wang, Wei-Xi Huang, Gang Chen and Andres Goza

Immersed methods for cfd and fluid-structure interaction..................................... 3459
MS Organizer(s): Hugo Casquero, Carles Bona-Casas and Ming-Chen Hsu

Innovative Methods for Fluid-Structure Interaction.............................................. 3471
MS Organizer(s): Harald van Brummelen, Trond Kvamsdal and Roger Ohayon

Multiphase flows with surface tension and capillarity........................................... 3499
MS Organizer(s): Julien Bruchon, Nicolas Moulin and Luisa Silva
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Nonstandard methods for highly nonlinear problems........................................... 3513
MS Organizer(s): Rolf Krause, Martin Weiser and Gabriel Wittum

Numerical methods for fluid-structure interaction............................................... 3523
MS Organizer(s): Bernhard Müller and Tore Flåtten

1600 - GEOMECHANICS AND NATURAL MATERIALS
Advances in particle methods for geomechanics................................................ 3535
MS Organizer(s): Xue Zhang, Sergio Torres and Ning Guo

Computational Geomechanics........................................................................ 3543
MS Organizer(s): WaiChing Sun, Richard Regueiro, Ronaldo Borja, Jiun-Shyan Chen,
Mohamed Rouainia and Claudio Tamagnini

Computational mechanics of wood, wood-based products and timber structures....... 3567
MS Organizer(s): Josef Füssl, Josef Eberhardsteiner, Markus Lukacevic and Michael Kaliske

Computational modelling of internal erosion...................................................... 3579
MS Organizer(s): Carlo Callari, Stéphane Bonelli and Francesco Froiio

Recent advances in the numerical simulation of hydraulic fracture growth............... 3589
MS Organizer(s): Brice Lecampion, Sergey Golovin, Egor Dontsov and Anthony Peirce

Theoretical, experimental and numerical analysis of sea ice in the antarctic
marginal ice zone........................................................................................ 3603
MS Organizer(s): Jörg Schröder, Carina Nisters, Doru C. Lupascu, Tim Ricken, Marcello Vichi and
Sebastian Skatulla

1700 - DATA SCIENCE AND MACHINE LEARNING
Data-Based engineering & computations.......................................................... 3617
MS Organizer(s): F Chinesta, E. Cueto, C. Farhat, P. Ladeveze and F. J. Montans

Data-driven mechanics - Is inelastic material modelling possible?.......................... 3657
MS Organizer(s): Stefanie Reese, Laurent Stainier and Michael Ortiz

Data-driven science with uncertainty quantification, machine learning,
and optimization.......................................................................................... 3669
MS Organizer(s): Christophe Desceliers, Christian Soize, J. Stewart, A.F. Alvarez, K. Garikipati, M.
Bessa, Marc Mignolet, Florent Pled and Roger Ghanem

Deep and machine learning methodology in the context of application to
computational mechanics.............................................................................. 3697
MS Organizer(s): Yoshitaka Wada, Yasushi Nakabayashi, Masao Ogino and Akio Miyoshi

Deep Machine Learning based solutions for Partial Differential Equations................ 3711
MS Organizer(s): Pattabhi Ramaiah Budarapu, Cosmin Anitescu and Timon Rabczuk

Machine Learning for Physical Systems............................................................ 3725
MS Organizer(s): George Karniadakis and N. Adams
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2000 - CONTROL THEORY AND OPTIMIZATION
Advanced control and optimization methods in fluid dynamics problems................. 3747
MS Organizer(s): Sandro Manservisi, Giorgio Bornia, Eugenio Aulisa, Andrea Chierici, Leonardo Chirco
and Valentina Giovacchini

2100 - OTHER
ECCOMAS Young Investigators Minisymposium................................................. 3759
MS Organizer(s): Alexander Popp, Stefanie Elgeti, Joan Baiges, Ludovic Chamoin
and Frans van der Meer

Experimental validation of phase-field models for solid, fluid and porous media........ 3773
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600 - FLUID DYNAMICS AND TRANSPORT PHENOMENA
Advanced multi-physics CFD simulations
in science and engineering
MS Organizer(s): Takahiro Tsukahara, Kaoru Iwamoto, Koji Fukagata,
Mamoru Tanahashi, Nobuyuki Oshima and Makoto Yamamoto

MS135 - Advanced Multi-Physics Cfd Simulations in Science
and Engineering...................................................................................... 1521
Takahiro Tsukahara, Kaoru Iwamoto, Koji Fukagata, Mamoru Tanahashi,
Nobuyuki Oshima and Makoto Yamamoto

A Comparative Study of Numerical Simulation Strategies in
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Adjoint Based Sensitivity Analysis for Blowing/Suction Control to
Improve Lift-to-Drag Ratio On a Clark-Y Airfoil....................................... 1523
Masahiro Ohashi, Shiho Hirokawa, Koji Fukagata and Naoko Tokugawa
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Advanced numerical models for design and optimization of thrust
bearing hydrodynamic characteristics .................................................... 1524
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High Egr Rate, Lean Trf-Air Turbulent Combustion with Tumble Flow
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João Curto, Adhiyaman Ilangovan, Fábio Leitão, Pedro D. Gaspar and Pedro D. Silv
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Autoencoders.......................................................................................... 1531
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Advanced techniques for large-eddy simulation
of turbulence in near-wall regions
MS Organizer(s): Roel Verstappen, F.Xavier Trias and Alexey Duben

MS236 - Advanced Techniques for Large-Eddy Simulation of
Turbulence in Near-Wall Regions............................................................. 1539
Roel Verstappen, F.Xavier Trias and Alexey Duben
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Advances in hypersonic flow simulation
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MS401 - Advances in Hypersonic Flow Simulation................................... 1555
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A Hybridized Discontinuous Galerkin Method for
High-Mach-Number Flow......................................................................... 1556
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A Lagrangian-Like Godunov-Type Method For Solving The
Steady State Supersonic Euler Equations................................................. 1557
Pierre-Henri Maire, Gérard Gallice and Raphael Loubère

Adaptive Fv Solution of Shock Interference Patterns in High-Energy
Non Equilibrium Flows............................................................................. 1558
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Surface Roughness and Blowing Effects.................................................. 1564
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Complex fluid flows in engineering:
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MS Organizer(s): Stefanie Elgeti and Marek Behr
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Simulation and Optimization.................................................................... 1567
Stefanie Elgeti and Marek Behr

A Cfd Investigation On Grid Fin Efficiency and Body
Interaction for Supersonic Flight Conditions............................................ 1568
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for Unsteady Reacting Low Mach Flows................................................... 1569
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Incompressible Non-Newtonian Flow Problems....................................... 1570
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Particle Hydrodynamics........................................................................... 1571
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moving boundaries: methods and applications
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Boundaries: Methods and Applications.................................................... 1583
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An Implicit Ale Framework for Multiphase Flows..................................... 1584
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Numerical Simulations............................................................................. 1587
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Computational models for liquid-vapor flows
MS Organizer(s): R. Abgrall, Pietro M. Congedo, Marica Pelanti and Maria Giovanna Rodio

MS165 - Computational Models for Liquid-Vapor Flows............................ 1597
R. Abgrall, Pietro M. Congedo, Marica Pelanti and Maria Giovanna Rodio
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A Stable Sharp Interface Low-Mach Scheme for Two-Phase Dilatable Flows...
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A Two-Phase Numerical Model for Liquid-Vapor Flows with
Arbitrary-Rate Heat and Mass Transfer.................................................... 1603
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Accuracy of neural networks for surrogate modelling of the sag
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Micro and Macro Scale Hybrid Simulation for Expressway........................ 1608
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An Extended Discontinuous Galerkin Method........................................... 1614
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Cost-vs-Accuracy in computational fluid dynamics
MS Organizer(s): Elias Balaras, Francesco Capuano and Luigi de Luca

MS221 - Cost-Vs-Accuracy in Computational Fluid Dynamics................... 1621
Elias Balaras, Francesco Capuano and Luigi de Luca

An Entropy-Stable Finite Element Algorithm for Solving
Multicomponent Low-Mach Flows............................................................ 1622
Lucas Gasparino, Oriol Lehmkuhl, Ambrus Both, Daniel Mira and Anurag Surapaneni
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Strategies for Dns of Rough Wall Channel Flow....................................... 1624
Florian Theobald, Kay Schäfer, Jiasheng Yang, Bettina Frohnapfel, Matthias Stripf,
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Investigating The Capabilities Of Cfd-Based Data-Driven Models
For Indoor Environmental Design And Control......................................... 1625
Nina Morozova, F. Xavier Trias, Roser Capdevila and Assensi Oliva

Non-Linearly Stable Reduced-Order Models for Incompressible
Flow Via Energy Conservation................................................................. 1626
Benjamin Sanderse

Current trends in modelling and simulation of turbulent flows
MS Organizer(s): Suad Jakirlic

MS185 - Current Trends in Modelling and Simulation of Turbulent Flows.... 1629
Suad Jakirlic

Anisotropic Turbulent Velocity Fields Generation with
Randomized Spectral Method.................................................................. 1630
Anatoly Alexandrov, Ludwig Dorodnicyn, Alexey Duben and Dmitriy Kolyukhin

Automatic Transition Prediction for Wings Using a Structured
Flow Solver and Linear Stability Analysis................................................. 1631
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Crossflow Transition Over the 6:1 Prolate Spheroid................................. 1632
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Development of a Hybrid Rans-Les Model Based On Temporal
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Improvement of Vortex Tube Performances Through An
Experimental and Numerical Study.......................................................... 1638
F. Assemien, F. Cauneau and E. Hachem

Intermittency in Lagrangian Stochastic Models for Turbulent Flows:
Genuine Characterization and Design of a Versatile Numerical Approach..... 1639
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Linear Frequency Domain Method For Aerodynamic Applications............. 1640
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Modelling Guidelines for Large-Eddy Simulation of a Classical
Hydraulic Jump........................................................................................ 1641
Silje Kreken Almeland, Timofey Mukha and Rickard Bensow
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And Applications...................................................................................... 1642
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On the Numerical Aspects of Rans Calculations of Transitional Flows...... 1643
Rui Lopes, Luìs Eça, Guilherme Vaz and Maarten Kerkvliet

Particle-Laden Turbulence In A Radiation Environment: Multi-Physics
Simulations, Exascale Computing And Uncertainty Quantification............ 1644
Gianluca Iaccarino, Lluis Jofre and Hilario Torres

Reynolds Stress Model Adjustments for Separated Flows........................ 1645
Alexey Troshin and Ivan Matyash

Reynolds Stress Rans Models for Industrial Aeronautical Applications..... 1646
Gustave Sporschill, Flavien Billard, Michel Mallet and Rémi Manceau

Discrete conservation properties in CFD
MS Organizer(s): Francesco Capuano, F. Xavier Trias and Gennaro Coppola

MS161 - Discrete Conservation Properties in Cfd..................................... 1649
Francesco Capuano, F. Xavier Trias and Gennaro Coppola

A General Method to Compute Numerical Dispersion Error....................... 1650
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Equations, Part I: Periodic Domains........................................................ 1651
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A New Volume Penalization for Strongly Compressible Flows.................. 1652
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An All-Mach Conservative Scheme for the Simulation of
Two-Phase Flows Using the Volume of Fluid Method................................ 1653
D. Fuster and S. Popinet
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Energy Conservation for the One-Dimensional Two-Fluid Model
for Two-Phase Pipe Flow......................................................................... 1654
Jurriaan F. H. Buist, Benjamin Sanderse, Svetlana B. Dubinkina,
Ruud A. W. M. Henkes and Kees W. Oosterlee

Energy Preserving Multiphase Flows: Application to Falling Films............ 1655
Nicolas Valle, Francesc X. Trias and Jesús Castro

Energy-Preserving Discretisation for Les/Dns with Unstructured
Collocated Grids in Openfoam.................................................................. 1656
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Generalized Kinetic-Energy Preserving Formulations For
Compressible Flows................................................................................. 1657
Gennaro Coppola and Francesco Capuano
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Yuichi Kuya, Kosuke Totani and Soshi Kawai

Invariant-Preserving Time-Integration Strategies for the
Navier-Stokes Equations.......................................................................... 1659
Francesco Capuano and Gennaro Coppola
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Collocated Meshes................................................................................... 1660
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Euler Equations....................................................................................... 1662
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Unstructured Grids: Collocated Vs Staggered........................................... 1663
F.Xavier Trias, Nicolàs Valle, Andrey Gorobets and Assensi Oliva

Symmetry-Preserving Finite-Difference Discretizations of
Arbitrary Order On Structured Curvilinear Staggered Grids..................... 1664
B. van ‘t Hof and M. Vuik

Efficient simulation and optimisation of time-dependent
fluid and heat transfer systems
MS Organizer(s): Joe Alexandersen, Fred van Keulen and Philipp Birken

MS200 - Efficient Simulation and Optimisation of Time-Dependent
Fluid and Heat Transfer Systems............................................................. 1667
Joe Alexandersen, Fred van Keulen and Philipp Birken
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A Hybrid Local-in-Time/Checkpointing Algorithm to Reduce
Memory and Computational Time in Transient Optimization.................... 1668
Maarten J.B. Theulings, Matthijs Langelaar and Fred van Keulen

Augmented Lagrangian Based Multiple Shooting for Large
Scale Pde-Governed Optimal Control Problems........................................ 1670
Liang Fang, Stefan Vandewalle and Johan Meyers

Efficient Long-Term Evaluation of Enhanced Geothermal Systems........... 1671
Bruce Gee and Robert Gracie

Flexible and Scalable Modelling of Radiative Transfer in
Time-Dependant Fluid Flow and Heat Transfer Problems......................... 1672
Remi Gerard, Aurelien Larcher and Elie Hachem

Heat Sink Topology Optimisation Using a Transient Pseudo-3d
Thermofluid Model for Instantaneous Chip Cooling.................................. 1673
Tao Zeng, Hu Wang, Mengzhu Yang and Joe Alexandersen

Modelling and Optimization of High Ratio and Large Radius Fibre
Optic Taper Thermal Drawing Process..................................................... 1674
Jiahui Liu and Lili Zheng

Multigrid Preconditioners for Space-Time Dg for Compressible Flows...... 1675
Philipp Birken, Gregor J. Gassner and Lea M. Versbach

Flow of non-newtonian fluids
MS Organizer(s): Olaf Wünsch and Markus Rütten

MS343 - Flow of Non-Newtonian Fluids................................................... 1679
Olaf Wünsch and Markus Rütten

Convolutional Neural Networks for Approximation of Internal
Non-Newtonian Multiphase Flow Fields................................................... 1680
Clemens Birkenmaier and Lars Krenkel

Numerical Simulation of Wood-Polymer Composite Extrusion.................. 1681
Fabian Liese and Olaf Wünsch

Solution of Transient Viscoelastic Flow Problems Approximated
by a Vms Stabilized Finite Element Formulation Using
Time-Dependent Subrid-Scales................................................................ 1682
Laura Moreno Martínez, Ramon Codina i Rovira and Joan Baiges Aznar

Thermo-Viscous Shear-Thinning Fluid Flow Around a Double-Sphere
Configuration Within a Pipe..................................................................... 1683
Markus Rütten
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Fluid mechanics of liquid metal batteries
and aluminium electrolysis cells
MS Organizer(s): Tom Weier, Oleg Zikanov and Wietze Herreman

MS249 - Fluid Mechanics of Liquid Metal Batteries................................... 1687
Tom Weier, Oleg Zikanov and Wietze Herreman

Adaptive Finite Elements with Large Aspect Ratio for Aluminium
Electrolysis.............................................................................................. 1688
Paride Passelli and Marco Picasso

Convection And Electrovortex Flow In Liquid Metal Batteries.................. 1689
Jonathan S. Cheng, Ibrahim Mohammad, Gerrit M. Horstmann and Douglas H. Kelley

Electrochemical Simulation of Liquid Metal Batteries............................... 1690
Norbert Weber, Paolo Personnettaz and Tom Weier

Electrovortex Flow In A Lmb Electrode With Annular Current Collector... 1691
Saksham Jindal and Avishek Ranjan

Liquid metal battery instability experiment using two-layer galliumelectrolyte model . .................................................................................. 1692
Ilmars Grants, Reinis Baranovskis, Andris Bojarevics and Kalvis Kalnins

Metal Pad Roll Instability at Room Temperature Using Pairs of
Liquid Metals........................................................................................... 1694
Wietze Herreman, Caroline Nore, Loic Cappanera, Jean-Luc Guermond and Tom Weier

MHD Stability in Aluminium Electrolysis Cells - From Complex
to Simple Analysis................................................................................... 1695
Valdis Bojarevics

Mixing in Liquid Metal Batteries............................................................... 1696
Caroline Nore, Wietze Herreman, Sabrina Benard, Paolo Personnetaz,
Loic Cappanera and Jean-Luc Guermond

Modelling of a Multiphase Flow for a 3d Aluminium Reduction Cell.......... 1697
E. Soutter, J. Rappaz and M. Picasso

Numerical Simulation of Rolling Pad Instability in a Cuboid
Liquid Metal Battery................................................................................ 1698
Linyan Xiang and Oleg Zikanov

Overview of Recent Advances and Challenges in Liquid Metal Batteries... 1699
Haomiao Li, Kangli Wang and Kai Jiang

Granular Flows: Modelling and Computational Challenges
MS Organizer(s): Thomas Weinhart, Anthony R. Thornton and Rudy Valette

MS279 - Granular Flows: Modelling and Computational Challenges.......... 1703
Thomas Weinhart, Anthony R. Thornton and Rudy Valette
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Continuum Simulations Of Impact Cratering On Granular Beds................ 1704
Rudy Valette, Lucas Sardo, Florian Thuillet, Zeqi Zhu, Lauriane Gorce, Rachna Bhoonah,
Nicolas Cerardi, Joe Sangar, Romain Castellani, Patrick Michel and Elie Hachem

Development a Novel Collision Model for Dense Granular Flows
Based On Application of Reduced Order Model......................................... 1705
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Frame Invariant Model for Suspension Flows.......................................... 1706
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From Grain Scale to Mesoscale Modelling of Immersed Granular Flows:
Application to Granular Avalanche and Sediment Transport..................... 1707
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Particle-Fluid Coupling for Wide Size-Distributions.................................. 1708
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Interfacial flow simulation
MS Organizer(s): Mostafa Safdari Shadloo, Amin Rahmat and Mehmet Yildiz

MS191 - Interfacial Flow Simulation........................................................ 1713
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Acoustic-Driven Oscillations of a Bubble in a Narrow Gap........................ 1714
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Approaches for Particle Laden Free Surface Flow by Means
of Lattice Boltzmann Method................................................................... 1716
J. Vimmr, O. Bublik and V. Heidler

Kinetics Of The Triple Line On Wetting And Non-Wetting Surfaces:
Relaxation And Ageing............................................................................ 1717

Kostis Lazaridis, Yangyang Wu, Dusan P. Sekulic, Mikhail D. Krivilyov and Sinisa Dj. Mesarovic

Numerical Analysis of Viscoelastic Fluid Injection Processes................... 1718
Ahmad Amani, Eugenio Schillaci, Deniz Kizildag and Carlos David Pérez-Segarra

Unsteady Dynamics of Free-Interface Gravitational Liquid
Sheet Flows............................................................................................. 1719
Alessandro Della Pia, Matteo Chiatto and Luigi de Luca

Vorticity Generation and Interface Dynamics.......................................... 1720
Maurice Rossi and Daniel Fuster
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Map-based stochastic methods for accurate modeling
of turbulent heat and mass transfer
MS Organizer(s): Marten Klein, David O. Lignell and Heiko Schmidt

MS404 - Map-Based Stochastic Methods for Accurate Modeling
of Turbulent Heat and Mass Transfer....................................................... 1723
Marten Klein, David O. Lignell and Heiko Schmidt

An Eddy Viscosity Approach for the One-Dimensional Turbulence
Model of High Reynolds Number Flows.................................................... 1724
Livia S. Freire

Deriving Extended Les Approaches From the Incompressible
Navier-Stokes Equation........................................................................... 1725
C. Glawe

Economical Approaches for Simulating Droplet Microphysics in
Turbulent Clouds..................................................................................... 1726
Steven K. Krueger and Alan R. Kerstein

Ehd Turbulence In Channel Flows With Inhomogeneous Electrical
Fields: A One-Dimensional Turbulence Study........................................... 1728
Heiko Schmidt, Juan A. Medina M. and Marten Klein

Hierarchical Parcel-Swapping (hips) Representation of Turbulent
Flow and Mixing...................................................................................... 1729
Alan R. Kerstein, David O. Lignell, Masoomeh Behrang, Isaac Wheeler and Tommy Starick

Inhomogeneous Mixing Processes in Clouds: Toward Mixed-Phase
Clouds..................................................................................................... 1730
Fabian Hoffmann

Modeling One and Two Passive Scalar Mixing in Turbulent Jets
Using One-Dimensional Turbulence......................................................... 1731
M. Klein and H. Schmidt

Stochastic Simulation Of Turbulent Flows Using Reduced
Dimensional Models: Odt, Lem, Hips........................................................ 1732
David Lignell

The One-Dimensional Turbulence Aspects of Internal Forced
Convective Flows..................................................................................... 1733
Juan A. Medina Méndez and Heiko Schmidt

Modelling of atomization, breakup and fragmentation of fluids
MS Organizer(s): Stephane Zaleski, Shiyi Chen, Junji Shinjo and Gretar Tryggvason

MS411 - Modelling of Atomization, Breakup and Fragmentation of Fluids..... 1737
Stephane Zaleski, Shiyi Chen, Junji Shinjo and Gretar Tryggvason

Droplet Generation in Ensembles of Randomly Corrugated Ligaments..... 1739
Sagar Pal, Marco Crialesi-Esposito, Daniel Fuster and Stéphane Zaleski
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Numerical Analysis of Violent Slosh Loads Using Weakly
Compressible Vof..................................................................................... 1740
Leon C. Malan, Arnaud G. Malan, Bevan W. S. Jones and Niran A. Ilangakoon

Numerical Investigation of Water Drop-Breakup Mechanisms
Using a Compressible Level-Set Method................................................... 1741
Josef M. Winter, Jakob W. J. Kaiser, S. Adami and N. Adams

Numerical Modeling Of Two-Phase Flow With Contact Discontinuities..... 1742
Ronald A. Remmerswaal and Arthur E. P. Veldman

Spray Autoignition Les Using a Tuning-Free Turbulent
Atomization Model................................................................................... 1743
J. Shinjo

Sub-Grid Scale Modeling of Thin Films in a Volume of Fluid
Framework Using R2p............................................................................. 1744
Robert Chiodi and Olivier Desjardins

Multi-Modality Analyses of Blood Flow
MS Organizer(s): Vitaliy Rayz, Alejandro Roldán-Alzate and Ivan Christov

MS95 - Multi-Modality Analyses of Blood Flow......................................... 1747
Vitaliy Rayz, Alejandro Roldán-Alzate and Ivan Christov

Aneurysmal Flow Reconstruction by Multi-Modality Data Fusion
with Sparse Representation..................................................................... 1749
Jiacheng Zhang, Melissa Brindise, Vitaliy Rayz and Pavlos Vlachos

Haemodynamic Analysis of a Patient-Specific Aortic Arch
Geometry Using 4d-Mri and Computational Fluid Dynamics in a
Coupled 0d-3d Numerical Framework...................................................... 1750
Scott Black, Konstantinos Ritos, Robbie Brodie, Craig Maclean and Asimina Kazakidi

Imaging Cerebral Hemodynamics with 4d Flow Mri................................. 1751
Susanne Schnell and Maria Aristova

Incorporating Interstitial Growth and Deformation Into Fluid-Structure
Interaction Models of Tissue Engineered Vascular Grafts......................... 1752
Stephanie E Lindsey, John Kelly, Jason Szafron, Christopher K. Breuer,
Jay Humphrey and Alison L. Marsden

Uncertainty Quantification of Hemodynamic Flows Using
Data Assimilation.................................................................................... 1753
Franziska Gaidzik, Sahani Pathiraja, Daniel Stucht, Oliver Speck,
Dominique Thévenin and Gábor Janiga

Multiscale and multiphase flows
MS Organizer(s): Hrvoje Jasak and Holger Marschall

MS240 - Multiscale and Multiphase Flows................................................ 1757
Hrvoje Jasak and Holger Marschall
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A Level-Set Approach to Simulating Incompressible Multiphase
Flows On An Adaptive Cartesian Grid....................................................... 1758
Tommaso Zanelli, Guillaume Oger, Zhe Li and David Le Touzé

Cfd Modeling of Two-Phase Flows in Concrete Cracks.............................. 1759
Germain Davy, Etienne Reyssat, Stéphane Vincent and Stéphane Mimouni

Error Analysis for the Height Function Method in Volume-of-Fluid
Simulations............................................................................................. 1760
Mathis Fricke, Johannes Kromer and Dieter Bothe

Eulerian Multi-Fluid Model for Polydisperse Flows................................... 1761
R. Keser, A. Ceschin, M. Battistoni, H. G. Im and H. Jasak

Hybrid Eulerian-Lagrangian Approach for Dense Spray Simulations......... 1762
H. Heidarifatasmi, T. Zirwes, F. Zhang, P. Habisreuther and D. Trimis

Implementation and Validation of a Computationally Efficient Dns
Solver for Reacting Flows in Openfoam................................................... 1763
T. Zirwes, Feichi Zhang, Peter Habisreuther, Jordan A. Denev,
Henning Bockhorn and Dimosthenis Trimis

Multi-Way Couplings in Multiphase Disperse Flows Within a
Euler--Euler Discretization....................................................................... 1764
E. Heulhard de Montigny, A. Llor and C. Paulin

Phase-Field Simulation of Drop Impact On a Liquid Film:
The Critical Role of Interfacial Mixing Energy.......................................... 1765
Milad Bagheri, Bastian Stumpf, Ilia Roisman, Martin Wörner and Holger Marschall

Three-Dimensional Direct Numerical Simulation (dns) of Taylor
Bubbles Rising in Non-Newtonian Environments..................................... 1766
Ahmad Amani, Jesus Castro and Assensi Oliva

Unstructured Level-Set Method For Saturated Liquid-Vapor
Phase Change.......................................................................................... 1767
Nestor Balcazar, Joaquim Rigola and Assensi Oliva

Multiscale methods for fluid dynamics
MS Organizer(s): Guillermo Hauke and Arif Masud

MS84 - Multiscale Methods for Fluid Dynamics......................................... 1771
Guillermo Hauke and Arif Masud

A Vms Method for Convection-Dominated Parabolic Problems with
Anisotropic Stabilization Coefficients....................................................... 1772
S. Fernández-García, T. Chacón Rebollo and M. Gómez-Mármol

Adaptive Coarse-Mesh Hyper-Reduction In Reduced Order
Models For Flow Problems....................................................................... 1773
Ramon Codina, Ricardo Reyes and Joan Baiges
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Continuum-Kinetic Hybrid Model for Complex Fluids................................ 1774
Ankit Ruhi, Maria Lukacova, Alina Chertock and Pierre Degond

Efficient and Scalable Discretization of the Navier-Stokes Equations
with Lps Modeling................................................................................... 1775
Ryadh Haferssas, Pierre Jolivet and Samuele Rubino

High Definition Simulation of Packed Bed Liquid Chromatography........... 1776
Jayghosh S. Rao, Marek Behr and Eric von Lieres

High-Order Turbulence Modeling Using a Residual-Based Artificial
Viscosity Finite Element Method for Variable Density Flow...................... 1777
Lukas Lundgren, Murtazo Nazarov, Johan Hoffman and Niclas Jansson

On the Development of Algebraic Fractional Step Algorithms for the
Compressilbe Navier-Stokes Equations.................................................... 1778
Samuel Parada, Ramon Codina and Joan Baiges

Residual-Based Variational Multiscale Method On Plane Channel
Flow with Global Intermittency............................................................... 1780
Haoyang Cen, Qi Zhou and Artem Korobenko

Simulation of a Centrifugal Fan with the Mrf Method and the Vms
Turbulence Model.................................................................................... 1782
Guillermo Hauke, Diego Irisarri and Emilio Escobedo

Simulation of a Rotating Cube in Air Based On Ale-Vms
Fluid-Structure Interaction Method......................................................... 1783
Takashi Nomura, Takumi Ohno and Hiroshi Hasebe

Singularly Perturbed Diffusion-Reaction Equation with Flexible
Fine Scale Basis for Satisfaction of Maximum Principle............................ 1784
Arif Masud, Marcelino Anguiano and Isaac Harari

Stabilized And Dpg Methods For Viscoelastic Fluids................................. 1785
Stefan Wittschieber, Marek Behr and Leszek Demkowicz

Stabilized Methods for High Speed Compressible Flows:
Toward Hypersonic Simulations............................................................... 1786
David Codoni, Georgios Moutsanidis, Ming-Chen Hsu, Yuri Bazilevs,
Craig Johansen and Artem Korobenko

The Role Of The Optimality Projector In Vms Methods............................. 1787
Ido Akkerman and Marco ten Eikelder

Variational Multiscale Large-Eddy Turbulence Model for
Incompressible Flows with Density Stratification.................................... 1788
L. Zhu, A. Masud and S. A. Goraya

Variational Multiscale Moment Methods for the Euler and
Navier-Stokes-Fourier Equations Based On the Boltzmann Equation........ 1789
M.R.A. Abdelmalik, Frimpong Baidoo, Luis A. Caffarelli, Irene M. Gamba
and Thomas J.R. Hughes
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Novel modelling and numerical approaches
for flow and transport processes in porous media
MS Organizer(s): Marco Berardi, Matteo Icardi, Bagus Muljadi and Mario Putti

MS292 - Novel Modelling and Numerical Approaches for Flow
and Transport Processes in Porous Media................................................ 1793
Marco Berardi, Matteo Icardi, Bagus Muljadi and Mario Putti

A Class of Semi-Discrete Lagrangian-Eulerian Schemes for
Hyperbolic-Transport Models in Porous Media......................................... 1795
E. Abreu, Jean François, Wanderson Lambert and John Pérez

A Computational Workflow to Study Particle Transport in Porous
Media: Coupling Cfd and Deep Learning................................................... 1797
Agnese Marcato, Gianluca Boccardo and Daniele Marchisio

A Phase Field Approach to Partial Saturation in Porous Media................. 1798
Siddhartha Ommi, Giulio Sciarra and Panagiotis Kotronis

A Virtual Element Method for the Miscible Displacement of
Incompressible Fluids in Porous Media.................................................... 1799
L. Beirao da Veiga, A. Pichler and G. Vacca

Mathematical Modeling and Numerical Simulation of Water-Heat
Coupled Movements in 1d Soil Columns................................................... 1800
Niccolò Tubini and Riccardo Rigon

Modelling and Analysis of Poroelasticity in Fractured Media.................... 1801
Wietse M. Boon and Jan M. Nordbotten

Numerical Recipes for Root Water Uptake Macroscopic Models................ 1802
Marco Berardi, Fabio Vito Difonzo, Costantino Masciopinto and Michele Vurro

Numerical Solution of A New Generation of Two-Fluid Flow Models......... 1803
Kelsey Bruning, Casey Miller and Matthew W. Farthing

On Model Reduction in Deformable Saturated Porous Media of
Thin Layers.............................................................................................. 1805
A. Armiti-Juber and T. Ricken

Optimization Loop Algorithm for Adsorbed Natural Gas Storage Systems.....1806
João Brasi Lima, Bruno Chieregatti, Ernani Volpe and Marcelo Hayashi

Numerical advancements in simulations of environmental flows
MS Organizer(s): Joanna Szmelter and Pablo Ortiz

MS182 - Numerical Advancements in Simulations of
Environmental Flows............................................................................... 1811
Joanna Szmelter and Pablo Ortiz

A New High-Fidelity Urban Flow Simulation Framework.......................... 1812
Joan Calafell , Herbert Owen, Matias Ávila, Samuel Gomez and Oriol Lehmkuhl
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A Study On Finite Element Method for Navier-Stokes-Forchheimer
Equations with Two-Phase Flow Using Phase-Field Model........................ 1813
Junichi Matsumoto and Tomohiro Sawada

Development of a Tsunami Experience System for Disaster
Mitigation Education................................................................................ 1814
Kazuo Kashiyama, Isaki Kanazawa, Mikio Ueno, Manami Nakamura and Hiroshi Okawa

Handling Heterogeneities in Water Unsaturated Flow.............................. 1815
Marco Berardi, Fabio V. Difonzo, Michele Vurro and Luciano Lopez

Implicit Large Eddy Simulation of the Turbulent Flow Over a
Model High-Rise Building......................................................................... 1816
Giorgio Giangaspero and Peter Vincent

Numerical Simulations of Stably Stratified Flows Past Spheres................ 1817
F. Cocetta, M. Gillard and J. Szmelter

Numerical Solutions for Emergence of Air Cavities and Geysering........... 1818
J. Molina and P. Ortiz

Time-Domain Sound Field Analysis Considering Sound Absorption
Effect Using Boundary Element Method................................................... 1819
Makoto Shoji, Hitoshi Yoshikawa, Toru Takahashi and Kazuo Kashiyama

Towards a High-Performance Nonhydrostatic Dynamical Core for
NWP at Exascale ..................................................................................... 1820
Mike Gillard, Joanna Szmelter and Francesco Cocetta

Numerical methods for the simulation of
magnetically confined plasmas in fusion
MS Organizer(s): Giorgio Giorgiani and Eric Serre

MS330 - Numerical Methods for the Simulation of Magnetically
Confined Plasmas in Fusion..................................................................... 1823
Giorgio Giorgiani and Eric Serre

A Conservative Finite-Difference Scheme For Anisotropic Elliptic
Problems In Bounded Domains................................................................ 1824
Juan Antonio Soler, Frédéric Schwander, Giorgio Giorgiani, Jacques Liandrat,
Patrick Tamain and Eric Serre

Developing and Application of a Hybrid Discontinuous Galerkin Scheme
to High Temperature Plasmas in Variable Magnetic Configurations.......... 1825
Manuel Scotto d’Abusco, Giorgio Giorgiani and Eric Serre

Implicitly Extrapolated Geometric Multigrid On Disk-Like Domains for
the Gyrokinetic Poisson Equation From Fusion Plasma Applications........ 1826
M. Kühn, C. Kruse and U. Rüde

Modelling of Tokamak Plasma Interaction with Engineered Surfaces....... 1827
W Arter, G Fishpool, D B King, H Leggate, V Riccardo and E Surrey
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On Hybrid Fluid-Kinetic Models for Neutral Atom Transport in
Charge-Exchange Dominated Fusion Plasmas.......................................... 1828
M. Blommaert, W. Dekeyser, S. Carli, N. Horsten, W. Van Uytven, G. Samaey and M.
Baelmans

Paving The Path Towards Predictive Plasma Modeling For
Fusion Applications................................................................................. 1829
Giorgio Giorgiani, Hugo Bufferand, Guido Ciraolo, Philippe Ghendrih, Benjamin Luce, Manuel
Scotto, Eric Serre, Frederic Schwander and Patrick Tamain

Transport Barriers Triggered by the Resonant Interaction Between
Trapped Particle Modes........................................................................... 1830
A. Ghizzo and D. Del Sarto

Recent Advances in Data Driven Turbulence Modeling
MS Organizer(s): Eisfeld Bernhard and Christian Breitsamter

MS205 - Recent Advances in Data Driven Turbulence Modeling............... 1833
Eisfeld Bernhard and Christian Breitsamter

Calibration of An Extended Eddy Viscosity Turbulence Model Using
Uncertainty Quantification....................................................................... 1834
Gokul Subbian, Ana Carolina Botelho e Souza, Rolf Radespiel, Elmar Zander,
Thilo Moshagen, Noemi Friedman, Matteo Moioli, Christian Breitsamter and Kaare Sorensen

Extending the Turbulent Length Scale Equation with the Use of
Les Data.................................................................................................. 1835
Uchechukwu Agbogwu, Ekaterina Guseva and Rolf Radespiel

Turbulence Model Extension for Vortex Dominated Flows and
Optimization with Experimental Data...................................................... 1836
Matteo Moioli, Christian Breitsamter and Kaare A. Sørensen

700 - NUMERICAL METHODS AND ALGORITHMS IN SCIENCE
AND ENGINEERING
3D Modeling of cementitious materials and
applications in civil engineering
MS Organizer(s): Gianluca Mazzucco and Beatrice Pomaro

MS268 - 3d Modeling of Cementitious Materials and Applications
in Civil Engineering.................................................................................. 1843
Gianluca Mazzucco and Beatrice Pomaro

A Cohesive Contact Law To Model The Interfacial Transition Zone
In Cementitious Materials........................................................................ 1844
Gianluca Mazzucco, Beatrice Pomaro, Valentina Salomoni and Carmelo Majorana

Influence Of Entrapped Air In Cementitious Materials On Damage
Propagation............................................................................................. 1845
Gianluca Mazzucco, Beatrice Pomaro, Valentina Salomoni and Carmelo Majorana
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Newton-Multigrid Fem Solver for the Simulation of Generalized
Quasi-Newtonian Modeling of Thixotropic Flows...................................... 1846
A. Ouazzi, N. Begum and S. Turek

Advanced gridding and discretization techniques
for petroleum reservoir simulation
MS Organizer(s): Paulo R. M. Lyra, Darlan K. E. Carvalho,
Clóvis R. Maliska and Michael G. Edwards

MS111 - Advanced Gridding and Discretization Techniques for
Petroleum Reservoir Simulation.............................................................. 1849
Paulo R. M. Lyra, Darlan K. E. Carvalho, Clóvis R. Maliska and Michael G. Edwards

A Positivity Preserving Non-Linear Finite Volume Formulation And
a High Order Method With a Posteriori Slope Limiting Strategy to
Simulate Oil and Water Displacements in 2-D Petroleum Reservoirs........ 1850
Fernando R. L. Contreras, Paulo R. M. Lyra and Darlan K. E. Carvalho

Automatic Meshing for Multiscale Three-Dimensional Discrete
Fracture Networks................................................................................... 1851
Pedro Lima, José B. V. Salabarría, Omar Y. Durán and Philippe Devloo

Discontinuous Galerkin Discretization of Three-Component
Three-Phase Flow Problem...................................................................... 1852
Loic Cappanera and Beatrice Riviere

Numerical Simulation of Two-Phase Flows in Petroleum Reservoirs
Using a Very High-Order Cdfr Scheme Coupled to a Mpfa-Ql Finite
Volume Method....................................................................................... 1853
Gustavo Galindez Ramirez, Fernando Raul Licapa Contreras,
Darlan Karlo Elisiario de Carvalho and Paulo Roberto Maciel Lyra

Advances in intrusive and non-intrusive order reduction
techniques for flow analysis, control and optimization
MS Organizer(s): Marco Fossati, Annalisa Quaini and Gianluigi Rozza

MS139 - Advances in Intrusive and Non-Intrusive Order Reduction
Techniques for Flow Analysis, Control and Optimization.......................... 1857
Marco Fossati, Annalisa Quaini and Gianluigi Rozza

A Localized Reduced-Order Modeling Approach for Bifurcation Problems
with Autonomous Localization Through Machine Learning....................... 1858
Martin Hess, Alessandro Alla, Annalisa Quaini, Gianluigi Rozza and Max Gunzburger

A Reduced Order Model for the Acoustic Scattering of An Airfoil.............. 1859
Francesca Bonizzoni, Fabio Nobile, Ilaria Perugia and Davide Pradovera

A Registration Method for Model Order Reduction: Data Compression
and Geometry Reduction......................................................................... 1860
T. Taddei
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Discrete Fracture Network Flow Simulations Using A Non-Standard
Reduced Basis Greedy Analysis Coupled With A Pde-Constrained
Optimization Formulation........................................................................ 1861
Fabio Vicini and Stefano Berrone

Non-Intrusive Pgd for Parametric Problems in Industrial Cfd.................. 1862
Vasileios Tsiolakis, Matteo Giacomini, Rubén Sevilla, Carsten Othmer and Antonio Huerta

Non-Intrusive Reduced Order Modelling for Pipe Flow............................. 1863
Claire E Heaney, Christopher C. Pain, Lyes Kahouadji, Asiri Obeysekara,
Pablo Salinas, Omar K. Matar and Narakorn Srinil

Non-Linear Active Subspaces for Parameter Space Reduction.................. 1864
Francesco Romor, Marco Tezzele, Andrea Lario and Gianluigi Rozza

Pareto Front Analysis On the Number of Modes for Non-Intrusive
Adaptive Reduced Order Models of Transient Aeronautical Flows............ 1865
Gaetano Pascarella, Giuseppe Fortunato and Marco Fossati

Proper Generalized Decomposition For Geothermal Application............... 1866
Vincenzo Trombetta, Alessandro Mauro and Nicola Massarotti

Advances in numerical methods for linear and
non-linear dynamics and wave propagation
MS Organizer(s): Alexander Idesman, Hauke Gravenkamp and Elena Atroshchenko

MS125 - Advances in Numerical Methods for Linear and Non-Linear
Dynamics and Wave Propagation............................................................. 1869
Alexander Idesman, Hauke Gravenkamp and Elena Atroshchenko

A Combination of the Scaled Boundary Finite Element Method with
the Mortar Method................................................................................... 1870
Jannis Bulling and Hauke Gravenkamp

A Model For Diffusively Coupled Self-Oscillating Droplets With Delay...... 1871
Marcello A. Budroni, Dajana Conte, Raffaele D’Ambrosio, Giovanni Pagano, Beatrice
Paternoster and Federico Rossi

A New Numerical Approach to the Solution of PDEs with Optimal
Accuracy on Irregular Domains and Cartesian Meshes. Application
to the Wave, Heat, Helmholtz, Poisson and Elasticity Equations. ............ 1873
Alexander Idesman

A Semi-Analytical Isogeometric Analysis for Leaky Wave
Propagation in Waveguides Immersed in Fluids...................................... 1874
Fakhraddin Seyfaddini, Hung Nguyen-Xuan and Vu-Hieu Nguyen

A Simple and Fast Time Integration Algorithm for Nonlinear
Structural Dynamics................................................................................ 1875
Junjie Xu, Yuli Huang and Zhe Qu

Adapted Numerical Modeling for Evolutionary Problems ......................... 1876
D. Conte, Raffaele D’Ambrosio, M. P. D’Arienzo, G. Giordano and B. Paternoster
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Adaptive Pht-Splines with Global Plane-Wave Enrichment for
Time-Harmonic Acoustics........................................................................ 1877
Chintan Jansari, Javier Videla, Sundararajan Natarajan, Stéphane P.A. Bordas and Elena
Atroshchenko

Explicit Time Integrator for Frictional Contact/Impact Problems:
Application to Bridge Cranes Under Earthquake Using Explicit/Implicit
Co-Simulation.......................................................................................... 1878
S. Li, M. Brun , A. Gravouil, R. Duval and F.-E. Fekak

Hybrid Numerical-Analytical Scheme for Locally Inhomogeneous
Elastic Waveguides.................................................................................. 1879
Evgeny V. Glushkov, Natalia V. Glushkova and Alexander A. Evdokimov

Impact Between Reinforced Concrete Structures Under Seismic Loading..... 1880
José Ambiel, Michael Brun, Alfred Thibon and Anthony Gravouil

Implicit Linear Two-Step Methods with Spectral Consistent
Starting for Structural Dynamics Analysis................................................ 1881
Jie Zhang

Long-term conservation properties of stochastic $ heta$-methods
for nonlinear stochastic oscillators.......................................................... 1882
Raffaele D’Ambrosio and Carmela Scalone

Mitigation of Vibration Induced by Railway Traffic Using
Granular Barriers..................................................................................... 1883
Patryk Dec, Régis Cottereau and Baldrik Faure

Model Order Reduced Transient Acoustic Finite Element Simulations
with Impedance Boundary Conditions..................................................... 1884
Max Miller, Sjoerd van Ophem, Elke Deckers and Wim Desmet

Node Averaged Nodal Integral Method.................................................... 1885
Nadeem Ahmed, Niteen Kumar and Suneet Singh

Nonlinear Stability Analysis for Selected Stochastic Numerical Methods...... 1886
Raffaele D’Ambrosio and Stefano Di Giovacchino

Numerical Boundary Conditions for Schemes with Centered and
Biased Differences in Subsonic Gas Dynamics.......................................... 1887
I. V. Abalakin and Ludwig W. Dorodnicyn

Real Time Simulation Of The Pantograph-Catenary Dynamic Interaction..... 1888
Jaime Gil, Manuel Tur, Jose E. Tarancon, Santiago Gregori, Ana Pedrosa,
F. Javier Fuenmayor and Antonio Correcher

Simulation of Guided Waves in Cylinders Subject to Arbitrary Boundary
Conditions Using the Scaled Boundary Finite Element Method................. 1889
Dominik Itner, Hauke Gravenkamp, Dmitrij Dreiling, Nadine Feldmann and Bernd Henning

Three-Dimensional Hybrid Asynchronous Perfectly Matched Layer
for Ground Wave Propagation and Wave Barriers.................................... 1890
Sijia LI, Michael Brun, Irini Djeran-Maigre and Sergey Kuznetsov
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Wave Propagation Simulation On Hierarchical Meshes Using the
Sbfem and Explicit Time Integration........................................................ 1891
Hauke Gravenkamp and Chongmin Song

Advances in polygonal and polyhedral methods
MS Organizer(s): Andrea Borio, Simon Lemaire, Ilario Mazzieri and Giuseppe Vacca

MS227 - Advances in Polygonal and Polyhedral Methods......................... 1895
Andrea Borio, Simon Lemaire, Ilario Mazzieri and Giuseppe Vacca

A Posteriori Error Estimates For Discontinuous Galerkin Methods
On Polygonal And Polyhedral Meshes...................................................... 1896
Andrea Cangiani, Zhaonan Dong and Emmanuil Georgoulis

A Three-Dimensional Hybrid High-Order Method for Magnetostatics........ 1897
Florent Chave, Daniele A. Di Pietro and Simon Lemaire

Agglomeration-Based Solvers for High-Order Discontinuous
Galerkin Method On Polygonal/Polyhedral Grids..................................... 1898
Paola F. Antonietti, Paul Houston, Giorgio Pennesi and Endre Suli

Curved Virtual Elements in Solid Mechanics............................................. 1899
L. Beirao da Veiga, E. Artioli, F. Dassi, A. Russo and G. Vacca

Generation and Refinement Techniques for Polytopal Meshes
and Some Applications to Geophysical Simulations.................................. 1900
Alessandro D’Auria, Stefano Berrone and Andrea Borio

Hybrid High-Order Methods for the Stokes Interface Problem
On Unfitted Meshes................................................................................. 1901
Erik Burman, Guillaume Delay and Alexandre Ern

Incompressible Navier-Stokes Equations with Compatible Discrete
Operator Schemes................................................................................... 1902
J. Bonelle, A. Ern and R. Milani

Recent Advances On Fully Discrete Methods for Polytopal Meshes........... 1903
D. Di Pietro and J. Droniou

The Arbitrary-Order Virtual Element Method for Linear
Elastodynamics Models............................................................................ 1904
Paola Antonietti, Gianmarco Manzini, Hashem Mourad and Marco Verani

Approaches, Applications, and Analysis of
Heterogeneous Numerical Methods
MS Organizer(s): Paul Kuberry, Pavel Bochev and Rob Jacob

MS233 - Approaches, Applications, and Analysis of Heterogeneous
Numerical Methods.................................................................................. 1907
Paul Kuberry, Pavel Bochev and Rob Jacob
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A Gpu Accelerated Framework for Partitioned Solution of
Fluid-Structure Interaction Problems...................................................... 1908
Amin Totounferoush, Alireza Naseri, Jorge Chiva, Assensi Oliva and Miriam Mehl

A Method for Concurrent Multirate Fluid-Fluid Calculations On
Large Coupling Windows......................................................................... 1909
Jeffrey Connors and Robert Dolan

Accurate and Efficient Partitioned Approaches for Conjugate
Heat Transfer.......................................................................................... 1910
Jeffrey Banks

Comparison Study of Spatial Remapping Schemes in Climate
Simulations for High-Order Field Discretizations..................................... 1911
Vijay Mahadevan and Paul Ullrich

Conservative Remap and Interpolation for the Discrete Element
Model for Sea Ice (demsi)....................................................................... 1912
Kara Peterson, Adrian Turner and Dan Bolintineanu

Interface Flux Recovery Coupling Method For The Ocean-Atmosphere
System.................................................................................................... 1913
Chad Sockwell, Kara Peterson, Paul Kuberry and Pavel Bochev

Quasi-Newton Waveform Iteration for Solving Coupled Problems
in a Partitioned Fashion........................................................................... 1914
Benjamin Rüth, Benjamin Uekermann, Miriam Mehl, Philipp Birken,
Azahar Monge and Hans-Joachim Bungartz

Solving the Multiscale Modeling Problem of Plasma Physics with
Heterogeneous Methods.......................................................................... 1915
M. Bettencourt, E. Cyr and E. Phillips

Boundary element methods and mesh reduction methods
MS Organizer(s): Xiao-Wei Gao, Yi-Jun Liu and Wen-Jing Ye

MS430 - Boundary Element Methods and Mesh Reduction Methods......... 1919
Xiao-Wei Gao, Yi-Jun Liu and Wen-Jing Ye

3-D Inverse Scattering Analysis For Defect In Viscoelastic Media Using
Convolution Quadrature Time-Domain Boundary Element Method........... 1920
Haruhiko Takeda and Takahiro Saitoh

Analysis of Contact Problems in Turbojet Engines Using the
Boundary Element Method....................................................................... 1921
Leonardo B. Silva, Fernando M. Loyola, Eder L. Albuquerque and Jon Trevelyan

Coupling Isogeometric Boundary Elements and Finite Elements As
An Efficient Framework for Solving Multiphysical Problems..................... 1922
M. P. Rajski and R. A. Sauer
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Computational analysis and methods for solids,
structures and metamaterials within generalized continua
MS Organizer(s): Jarkko Niiranen, Josef Kiendl, Luca Placidi and Antti H. Niemi

MS217 - Computational Analysis and Methods for Solids, Structures
and Metamaterials Within Generalized Continua...................................... 1927
Jarkko Niiranen, Josef Kiendl, Luca Placidi and Antti H. Niemi

A New Boundary Element Technique for One- and Two-Temperature Models
of Biothermomechanical Behavior Of Anisotropic Biological Tissues........... 1928
Mohamed Abdelsabour Fahmy

Geometrically nonlinear finite element analysis of structures obeying
3D strain gradient elasticity.................................................................... 1929
Jalal Torabi, Jarkko Niiranen and Reza Ansari

Nonlocal Continuum Damage Modelling Of Nonlinear Plates By
Using Isogeometric Analysis.................................................................... 1930
Tuan Nguyen and Jarkko Niiranen

Thermodynamically Consistent Johnson-Cook-Like Material Model
in Cosserat Media Under Large Deformations for Future
Manufacturing Simulation........................................................................ 1931
Raffaele Russo, Franck Mata and Samuel Forest

Three-Dimensional Solids and Structures Within Strain Gradient
Elasticity: a Conforming Isogeometric Implementation with Model
Comparisons and Applications................................................................. 1932
Jarkko Niiranen and Seyyed B. Hosseini

Discrete method in computational mechanics
MS Organizer(s): Jérémie Girardot, Damien André and Cédric Hubert

MS375 - Discrete Method in Computational Mechanics............................ 1935
Jérémie Girardot, Damien André and Cédric Hubert

From Discrete to Continuum Modeling of Crack Induced Anisotropy
in Concrete.............................................................................................. 1937
Cécile Oliver-Leblond, Rodrigue Desmorat and Boris Kolev

Study On The Effects Of Adding Diagonal Springs In A Rigid Body
Spring Model With Quadrilateral Elements............................................... 1938
Vito Tateo

Dynamics of nonlinear structures with contact interfaces
MS Organizer(s): Evgeny Petrov, Stefano Zucca,
Georges Jacquet-Richardet and Robert Kuether

MS275 - Dynamics of Nonlinear Structures with Contact Interfaces........ 1941
Evgeny Petrov, Stefano Zucca, Georges Jacquet-Richardet and Robert Kuether
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An Application of the Platform Centered Reduction to the Design of
Dampers According to Blade Size . .......................................................... 1942
Chiara Gastaldi and Muzio Gola

An Improved Explicit Cd-Lagrange Time Integrator for Non-Smooth
Dynamics................................................................................................. 1943
J. Di Stasio, D. Dureisseix, A. Gravouil, G. Georges and T. Homolle

Effective Methods for Frequency Domain Analysis of Stability
and Isolated Solutions of Nonlinear Vibrations of Structures
with Contact Interfaces........................................................................... 1944
Evgney Petrov

Motion Control of Mechanical Systems with Cable Contacting the Ground.... 1945
Maria Mikami, Takeshi Yamamoto, Yoshiki Sugawara and Masakazu Takeda

High order numerical methods and high order mesh generation
MS Organizer(s): Bo Liu

MS108 - High Order Numerical Methods and High Order
Mesh Generation..................................................................................... 1949
Bo Liu

A Curvilinear Discontinuous Galerkin Method for 3d Inviscid Flow
On Tetrahedral Grids............................................................................... 1950
Junhui Yin, Li Xu, Lan Zhu, Shucheng Huang, Zhonghai Yang and Bin Li

Numerical Study of Hydrogen Explosion Initiated by Shock Wave
and Vorticity Interactions........................................................................ 1951
Luc Lecointre, Christian Tenaud, Sergey Kudriakov, Etienne Studer and Ronan Vicquelin

High performance computing for structural
mechanics from academic developments to industrial challenges
MS Organizer(s): Pierre Gosselet, Christophe Bovet and Augustin Parret-Fréaud

MS297 - High Performance Computing for Structural Mechanics
From Academic Developments to Industrial Challenges........................... 1955
Pierre Gosselet, Christophe Bovet and Augustin Parret-Fréaud

A Non-Overlapping Domain Decomposition Method with High-Order
Transmission Conditions and Cross-Point Treatment for Helmholtz
Problems................................................................................................. 1956
Axel Modave, Xavier Antoine, Anthony Royer and Christophe Geuzaine

Adaptive Multigrid Local Defect Correction Method for Nonlinear
Solid Mechanics....................................................................................... 1957
Daria Koliesnikova, Isabelle Ramière and Frédéric Lebon

Global Local Analysis with Robin Parameters:
Applications to Crack Propagation in 2d and 3d Models........................... 1958
Ignacio Fuenzalida-Henriquez and Jorge Hinojosa
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Hierarchichal Substructuring and Parallel Mesh Generation of
Hetrogeneous Structures for Domain Decomposition Methods................. 1959
Yannis El Gharbi, Pierre Gosselet, Augustin Parret-Fréaud and Christophe Bovet

High-Performance Modelling of Reinforced Concrete............................... 1960
Michal Habera and Andreas Zilian

Mixed Domain Decomposition for 3d Heterogeneous Problems................ 1961
Paul Oumaziz, Pierre Gosselet and Karin Saavedra

Recent Numerical Work On Sparse Direct Solvers Impacting
Performance of Iterative Solvers............................................................. 1962
Patrick R. Amestoy, Alfredo Buttari , Jean-Yves L’Excellent, Theo Mary, Chiara Puglisi and
François-Henry Rouet

Robust Solvers for Time-Harmonic Problems in Heterogeneous Media..... 1963
Niall Bootland, Victorita Dolean, Pierre Jolivet, Stephane Operto and Pierre-Henri Tournier

Three-Level Extensions for the Fast and Robust Overlapping
Schwarz (frosch) Preconditioners............................................................ 1964
Friederike Röver, Alexander Heinlein, Axel Klawonn and Oliver Rheinbach

When Should One Stop Iterations in a Domain Decomposition Method?...... 1965
Sarah Ali Hassan, Caroline Japhet, Mihel Kern and Martin Vohralík

High-accuracy finite-volume methods on
unstructured meshes for aviation applications
MS Organizer(s): Frederic Alauzet, Alain Dervieux, Adrien Loseille and Tatiana Kozubskaya

MS286 - High-Accuracy Finite-Volume Methods On Unstructured
Meshes for Aviation Applications............................................................. 1969
Frederic Alauzet, Alain Dervieux, Adrien Loseille and Tatiana Kozubskaya

A Robust Face-Centred Finite Volume Paradigm for Large Scale
Flow Simulations..................................................................................... 1971
Matteo Giacomini, Ruben Sevilla and Antonio Huerta

Convergence Study of the Turbulent Navier-Stokes Equations On
Anisotropically Adapted Meshes.............................................................. 1972
Frédéric Alauzet, Francesco Clerici and Julien Vanharen

Curvilinear Reconstructions for Ebr Schemes On
Semistructured Meshes........................................................................... 1973
Pavel A. Bakhvalov, Alexey P. Duben, Tatiana K. Kozubskaya and Pavel V. Rodionov

Implementation of An Efficient Selective Frequency Damping
Method in a Rans Solver.......................................................................... 1974
V. Liguori, F. Plante and É. Laurendeau

Simulation of Helicopter Rotors On Unstructured Hybrid Meshes
Using Edge-Based Reconstruction Schemes............................................. 1975
Pavel Bakhavalov, Vladimir Bobkov, Andrey Gorobets and Tatiana Kozubskaya
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Slope-and-Bound Limiters: An Extension to 2d........................................ 1976
C. Paulin, A. Llor, T. Vazquez-Gonzalez and E. Heulhard de Montigny

Some Recent Developments of Ebr Schemes............................................ 1977
I.V. Abalakin, Pavel Bakhvalov and Tatiana Kozubskaya

Verification and Validation of a Pressure Based Solver for
Incompressible and Compressible Flows................................................. 1978
Francisco C. G. Martins, Duarte M. S. Albuquerque and José C. F. Pereira

Inelasticity at finite strains: models, identification and numerics
MS Organizer(s): Alexey V. Shutov, Ralf Landgraf and Bernhard Eidel

MS244 - Inelasticity at Finite Strains: Models, Identification
and Numerics.......................................................................................... 1981
Alexey V. Shutov, Ralf Landgraf and Bernhard Eidel

A Systematic and Thermodynamically Consistent Extension of ThermoElastoviscoplastic Constitutive Equations at Finite Deformations:
Numerical Implementation in a Commercial Code.................................... 1982
M. Abatour, Samuel Forest, Kais Ammar, Cristian Ovalle, Basile Marchand,
Nikolay Osipov and Stéphane Quilici

An Efficient Way to Generalize One-Dimensional Material Models
to Multi-Axial Constitutive Laws.............................................................. 1983
Alexey Shutov

Automated Generation of Material Laws at Large Strain Using a
Genetic Algorithm.................................................................................... 1984
Hans Wulf, Robert Kießling, Richard Gypstuhl and Jörn Ihlemann

Energy-Momentum-Entropy Consistent Discretization in Space and
Time of Finite Strain Thermo-Viscoelasticity............................................ 1985
Peter Betsch, Mark Schiebl and Marlon Franke

Extension of the Morph Model by Time-Dependent Phenomena............... 1986
Ralf Landgraf and Jörn Ihlemann

Finite Element Modelling of 3d-Printed Hybrid Bioresorbable Stents........ 1987
Ayodeji Awojobi, Michael Okereke and Dennis Douroumis

Modelling the Inelastic Effects of Filled Rubber Using Continuous
Stress Softening and Load Dependent Relaxation Times.......................... 1988
Alexander Ricker, Jan Plagge, Nils Kröger, Manfred Klüppel and Peter Wriggers

Numerical Integration of Geometrically Nonlinear Inelasticity with
Incompressibility Constraint Via a Projection Method.............................. 1989
Stephan Wulfinghoff, Marian Sielenkämper and Jan Dittmann

On a Projection Method for the Numerical Integration of Constitutive
Equations Involving Large Inelastic and Incompressible Deformations... 1990
Marian Sielenkämper, Jan Dittmann and Stephan Wulfinghoff
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Simulation of Inelastic Behaviour of Pre-Stressed Composites in
Geometrically Exact Setting..................................................................... 1991
Igor I. Tagiltsev and Alexey V. Shutov

Isogeometric Methods
MS Organizer(s): Alessandro Reali, Yuri Bazilevs, David J. Benson, René De Borst,
Thomas J.R. Hughes, Trond Kvamsdal, Giancarlo Sangalli and Clemens V. Verhoosel

MS210 - Isogeometric Methods............................................................... 1995
Alessandro Reali, Yuri Bazilevs, David J. Benson, René De Borst, Thomas J.R. Hughes,
Trond Kvamsdal, Giancarlo Sangalli and Clemens V. Verhoosel

A Comprehensive Study of the Hierarchical Quadrature Element
Method with Applications to Structural Mechanics................................... 1996
Bo Liu, Mao Guo, Cuiyun Liu and Yufeng Xing

A Fast and Low-Memory Isogeometric Galerkin Method for
Karhunen-Loève Approximation of Random Fields................................... 1997

Michał Mika, Mona Dannert, Dominik Schillinger, Udo Nackenhorst, Thomas Hughes and René
Hiemstra

A Posteriori Error Estimates for Isogeometric Analysis of the
Boussinesq Equations.............................................................................. 1998
A. Abdulhaque, Trond Kvamsdal, Mukesh Kumar and Arne Morten Kvarving

An a Posteriori Error Estimator for Analysis-Based Defeaturing............... 1999
Annalisa Buffa, Ondine Chanon and Rafael Vázquez Hernández

An Isogeometric Based Study of Contact Behaviour for Rotating
Structures............................................................................................... 2000
Z. Naveed, A. Kühhorn and M. Kober

An Isogeometric Mortar Method with Optimal Convergence at
Crosspoints............................................................................................. 2001
W. Dornisch and J. Stöckler

An Isogeometric Phase-Field Based Shape and Topology
Optimization for Flexoelectric Structures................................................. 2002
Jorge A. López, Navid Valizadeh and Timon Rabczuk

Bezier-Based Isogeometric Analysis Suitable for Existing Fe Data
Structures and Extension to Multipatch Framework................................. 2003
Ncamisile Khanyile, Ahlem Alia, Philippe Dufrénoy and Géry De Saxcé

Comparing Flexible Multibody Impact Simulations Based On
Isoparametric and Isogeometric Finite Element Models........................... 2004
Tobias Rückwald, Alexander Held and Robert Seifried

Effects Of Parameterization And Knot Placement Techniques On
Primal And Mixed IGA-C Formulations Of Three-Dimensional
Shear-Deformable Beams With Varying Curvature And Torsion............... 2005
Enzo Marino, Seyed Farhad Hosseini, Ali Hashemianand and Alessandro Reali
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High-Order Generalized-α Methods: Implicit And Explicit
Approaches For Isogeometric Analysis Of Structural Dynamics............... 2006
Pouria Behnoudfar, Gabriele Loli, Alessandro Reali, Giancarlo Sangalli and Victor Calo

Isogeometric Collocation Method for Pde-Based Analysis-Suitable
Parameterization..................................................................................... 2008
Zulfiqar Ali and Weiyin Ma

Isogeometric Design and Optimisation of Lattice-Skin Structures........... 2009
Xiao Xiao and Fehmi Cirak

Modern Design of a C++17 Continuum Mechanics Simulation Code:
Algorithmic Differentiation and Flexible Coupling Strategies................... 2010
Daniel Wolff, Florian Zwicke, Eugen Salzmann and Stefanie Elgeti

Non-Overlapping Domain Decomposition for Isogeometric Collocation
Method.................................................................................................... 2011
Dimitrios Tsapetis, George Stavroulakis and Manolis Papadrakakis

Penalty-Coupled Trimmed Nurbs Shells in Explicit Dynamic Analysis:
Explicit Ibra, Time Step Size, and Stabilization........................................ 2012
Lukas F. Leidinger, Michael Breitenberger, Jun-hyoung Kwon, Ramesh K. Murugan,
A.M. Bauer, R. Wüchner, S. Hartmann, David J. Benson, Kai-Uwe Bletzinger,
Fabian Duddeck and Lailong Song

Refined Isogeometric Analysis for Generalized Real-Symmetric
Eigenvalue Problems............................................................................... 2013
Ali Hashemian, David Pardo and Victor M. Calo

Robust and Efficient Large Deformation Analysis of Kirchhoff-love
Shells: Locking, Patch Coupling and Iterative Solution............................ 2014
Domenico Magisano, Francesco Liguori, Leonardo Leonetti, Antonio Madeo,
Giovanni Garcea, Josef Kiendl and Alessandro Reali

Stabilization Techniques for Convection/Reaction Dominated
Problems in Iga Discretization................................................................. 2015
Marek Brandner and Eva Turnerová

Isogeometric Spline Techniques on Complex Geometries
MS Organizer(s): Xiaodong Wei, Thomas Takacs, Deepesh Toshniwal,
Yongjie Zhang, Hendrik Speleers, Carla Manni and Jorg Peters

MS341 - Isogeometric Spline Techniques On Complex Geometries.......... 2019
Xiaodong Wei, Thomas Takacs, Deepesh Toshniwal, Yongjie Zhang,
Hendrik Speleers, Carla Manni and Jorg Peters

From B-Reps to Triangular Splines........................................................... 2020
Gerben Hettinga and Jiri Kosinka

Isogeometric Methods with $c^1$ Hierarchical Splines On
Multi-Patch Geometries........................................................................... 2021
Cesare Bracco, Carlotta Giannelli, Mario Kapl and Rafael Vàzquez
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Isogeometric V-Rep: Volumetric Trimming and Union.............................. 2022
Pablo Antolin, Annalisa Buffa and Xiaodong Wei

Material Transport Simulation in Complex Neurite Networks Using
Isogeometric Analysis and Machine Learning Techniques........................ 2023
Jessica Zhang

Rational Geometric Splines For Isogeometric Analysis............................. 2024
Carolina Vittoria Beccari and Mike Neamtu

Solving Fourth Order Problems with Isogeometric Approximate
C^1 Bases On Planar Domains................................................................. 2025
P. Weinmüller and T. Takacs

Towards Rate Optimality for Unstructured T-Splines............................... 2026
Philipp Morgenstern, Roland Maier and Thomas Takacs

Mathematical Problems in Aerospace Science
MS Organizer(s): Stefano Valvano, Calogero Orlando and Antonio Esposito

MS86 - Mathematical Problems in Aerospace Science.............................. 2029
Stefano Valvano, Calogero Orlando and Antonio Esposito

A Comparison Of Different Technologies For Thrust Vectoring In
A Linear Aerospike.................................................................................. 2030
Michele Ferlauto, Andrea Ferrero, Matteo Marsicovetere and Roberto Marsilio

A Gain Scheduling Control of Incompressible Airfoil Flutter Tuned
by the Population Decline Swarm Optimizer - Pdso.................................. 2031
Carmelo R. Vindigni and Calogero Orlando

A Simplified Blade Model for Reliable Seismic Assessments of Wind
Turbines.................................................................................................. 2032
Ahmer Ali and Raffaele De Risi

Advanced Kinematic Models for the Passive Damping Analysis of
Variable-Angle-Tow Composite Shells..................................................... 2033
Stefano Valvano, A. Alaimo and Calogero Orlando

An Analytical Electro-Magneto-Mechanical Study of Resonant Cavities.... 2034
Oleg A. Tretyakov, Fatih Erden and Ahmet Arda Çoşan

Analysis of 4 Degree of Freedom Biodynamic System with Uncertain
Parameters Model.................................................................................... 2035
A. Alaimo, Antonio Esposito, Francesco Lo Iacono, Giacomo C. Navarra and Calogero Orlando

Development and Assessment of Theoretical Induced-Drag
Prediction Methods.................................................................................. 2036
Kevin Singh, Ioannis Kokkinakis, Michael Frank, Dimitris Drikakis and Konstantinos Ritos

Effects Of Span Morphing On Flutter Characteristics Of Subsonic Wing.... 2037
Damla Durmuş and Metin Orhan Kaya
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Fully Coupled Thermo-Mechanical Analysis of Fibre Bragg Gratings
Embedded in Composite Panels............................................................... 2039
Luigi Fazzi, Stefano Valvano, Roger M. Groves and Andrea Alaimo

Multiphysics Modelling Of A Hybrid Rocket Engine................................... 2040
Andrea Ferrero, Filippo Masseni, Luca Muscarà and Dario Pastrone

Terminal Area Occupancy Rate Optimization Using Markov Chains
Concepts................................................................................................. 2041
Cátia Simão and Kouamana Bousson

Mathematics and numerical techniques related
to computational electromagnetism
MS Organizer(s): Daisuke Tagami, Amane Takei and Hajime Igarashi

MS464 - Mathematics and Numerical Techniques Related to
Computational Electromagnetism............................................................ 2045
Daisuke Tagami, Amane Takei and Hajime Igarashi

Analysis Method for Dielectric Breakdown Based On Maxwell’s Equations.... 2046
Misumi Nakamichi, Satoshi Noguchi and Kenji Oguni

Computational Electromagnetics From the Viewpoint of
Coupling Analysis.................................................................................... 2047
Satoshi Noguchi and Kenji Oguni

High Performance Implementation for Small-sized Abstract Data
Type in Numerical Simulation.................................................................. 2048
Hiroshi Kawai and Ryuji Shioya

Introduction of An Oblique Thin Wire Model in the Finite Volume Scheme
for Low-Frequency Emc Applications with Complex Geometries............... 2049
Ronan Cranny, Xavier Ferrieres and Thibault Volpert

Numerical Analysis of a Balancing Domain Decomposition Method
for Perturbed Magnetostatic Problems..................................................... 2050
D. Tagami

Parallel Microwave Analysis Code: Adventure_fullwave........................... 2051
Amane Takei

Space-Time Conformal Gauge Symmetry for a Unified Field Theory
of Electro-Magneto-Mechanical Phenomena............................................. 2052
Sanjeev Kumar and Debasish Roy

Model order reduction for nonlinear (time, space, parameter)
multiscale problems and applications
MS Organizer(s): David Neron, Udo Nackenhorst, Stefanie Reese and Pierre Ladeveze

MS415 - Model Order Reduction for Nonlinear (time, Space,
Parameter) Multiscale Problems and Applications................................... 2055
David Neron, Udo Nackenhorst, Stefanie Reese and Pierre Ladeveze
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A Fundamental Problem at the Core of a Data-Driven Computation
Approach for History Dependent Materials............................................... 2056
Paul-William Gerbaud, Pierre Ladevèze and David Néron

A Robust Model Order Reduction Scheme for Control-Oriented
Dynamic Systems.................................................................................... 2057
R. Masoudi and J. McPhee

Adaptive Projection-Based Model Order Reduction for Small Strain
Elasto-Plasticity....................................................................................... 2058
Yasemin Özmen, Paulo S. B. Nigro, Lisa Scheunemann and Jörg Schröder

Data-Enhanced System Design Using In-Situ Measurement
Advanced Signal Processing And Real-Time Simulation........................... 2059
Elisabeth Lacazedieu

Hyper-Reduction Method In Non-Linear Computational Mechanics.......... 2060
Davide Baroli, Stephane Pierre Alain Bordas, Raul Dhopeshwar, Karen Paula Veroy-Grepl and
Karen Paula Veroy-Grepl

Identification Using Meta-Model: Applied to the Resisitivity
Measurement........................................................................................... 2061
Johann Priou, Mathilde Chevreuil and Yann Lecieux

Latin-Pgd Multi-Scale In Time For Complex Fatigue Problems................. 2062
Sebastian Rodriguez Iturra, David Néron, Pierre Ladevèze,
Pierre Étienne Charbonnel and Georges Nahas

Model Order Reduction for Buoyancy-Aided Turbulent Flow of
Low-Prandtl Number Fluid Over a Backward-Facing Step........................ 2063
K. Star, G. Stabile, G. Rozza and J. Degroote

Multigrid Model Reduction Method Proposal for Fast Evolution
Problems of Heterogeneous Media........................................................... 2064
Elisabeth Lacazedieu, Cedric Zaccardi, David Neron, Ludovic Chamoin and Afsal Pulikkathodi

Non Intrusive Space -Time Pod Basis Interpolation From
Compact Stiefel Manifolds Apllied To Parametric Rigid-Viscoplastic
Fem Problems.......................................................................................... 2065
Orestis Friderikos and Marc Olive

Ntfa Inspired Model Order Reduction Including Ccontact and Friction..... 2067
B. Leturcq, P. Letallec, S. Pascal, O. Fandeur and J. Pacull

On a Non-Intrusive Version of the Latin-Pgd Method Suitable
with Non-Linear Industrial Softwares...................................................... 2068
Ronan Scanff, David Néron, Pierre Ladevèze, Philippe Barabinot,
Frédéric Cugnon and Jean-Pierre Delsemme

Parameter-Multiscale Pgd for High Dimensional Parametric Spaces......... 2069
David Néron, Pierre Ladevèze and Charles Paillet
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Model order reduction methods for
parametrized mechanical systems
MS Organizer(s): Angelo Iollo, Simona Perotto and Tommaso Taddei

MS152 - Model Order Reduction Methods for Parametrized
Mechanical Systems................................................................................ 2073
Angelo Iollo, Simona Perotto and Tommaso Taddei

Least-Order Model for the Transient Dynamics of the Fluidic Pinball........ 2074
Nan Deng, Luc R. Pastur, Bernd R. Noack and Marek Morzynski

Model Order Reduction Approach For Problems With Moving
Discontinuous Features........................................................................... 2075
Harshit Bansal, Stephan Rave, Laura Iapichino, Wil Schilders and Nathan van de Wouw

Model Order Reduction of Contact Problems Using Non-Intrusive
Methods.................................................................................................. 2076
K. S. Kollepara, J. V. Aguado, L. Silva, Y. Le Guennec and S. Colliou

Model Reduction of Parametric Bilinear Mechanical Systems................... 2077
P. Benner, S. Gugercin and S. W. R. Werner

Pod-Galerkin Reduction for Nonlinear Time Dependent Optimal Flow
Control Problems with Applications in Environmental Sciences................ 2078
M. Strazzullo, F. Ballarin and G. Rozza

Preserving General Physical Properties In Model Reduction Of
Dynamical Systems Via Constrained-Optimization Projection.................. 2079
Alexander Schein, Kevin Carlberg and Matthew J. Zahr

Sensor Placement and Quantification of Model Uncertainty Via
Model Order Reduction............................................................................ 2080
Karen Veroy

Solution of Transient Thermo-Hydro Mechanical Problems Using
Encapsulated Proper Generalized Decomposition.................................... 2081
Arash Moaven, Thierry J. Massart and Sergio Zlotnik

Windowed Least-Squares Model Reduction of Dynamical System............ 2082
Eric Parish

Windowed Space-Time Least-Squares Petrov-Galerkin Projection
for Nonlinear Model Reduction................................................................. 2083
Yukiko Shimizu

Modeling and numerical approximation of complex flows
MS Organizer(s): Stéphane Del Pino, Philippe Hoch and Emmanuel Labourasse

MS469 - Modeling and Numerical Approximation of Complex Flows......... 2087
Stéphane Del Pino, Philippe Hoch and Emmanuel Labourasse
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A Linear Discontinuous Finite Element Method for Spherical Harmonics
Approximation of Nonlinear Thermal Radiation Transport Equations....... 2088
Xavier Valentin

A Low-Mach / Acoustic Solver for Fluid Structure Interaction Problems.... 2089
Cong-Huan Phan, Alberto Beccantini and Christophe Corre

Asymptotic Preserving Schemes On Conical Meshes................................ 2090
X. Blanc, V. Delmas and P. Hoch

Dns Modelling Of Hydrogen Turbulent Buoyant Jet In A
Two-Opening Air-Filled Cavity................................................................. 2091
Yanshu Wang, Anne Sergent, Gilles Bernard-Michel and Patrick Le Quéré

Flight Dynamics Impact On Shape Optimization for Future Sst................ 2092
Catalin Nae

Implicit Semi-Lagrangian Schemes for Compressible Gas Dynamics
In One Dimension.................................................................................... 2093
S. Del Pino, B. Després and A. Plessier

Machine Learning and Vof Methods for Compressible Flows..................... 2094
Bruno Despres and Hervé Jourdren

Numerical Flow Simulation of Pipes with Microstructured Walls to
Determine Heat Transfer and Pressure Loss............................................ 2095
Simon Kügele and Peter Renze

Semi Implicit Relaxation Scheme for Multi-Scale Fluid Problems............. 2096
E. Franck, L. Navoret, C. Courtès and F. Bouchut

Surface Tension for Compressible Fluids in Ale Framework..................... 2097
T. Corot, P. Hoch and E. Labourasse

Numerical method for multi-material fluid flows
MS Organizer(s): Andrew Barlow, Raphael Loubere, Pierre-Henri Maire and Mikhail Shashkov

MS383 - Numerical Method for Multi-Material Fluid Flows....................... 2101
Andrew Barlow, Raphael Loubere, Pierre-Henri Maire and Mikhail Shashkov

A Priori Neural Networks Versus A Posteriori Mood Loop:
A High Accurate 1d Fv Scheme Testing Bed............................................. 2102
Alexandre Bourriaud, Raphaël Loubère and Rodolphe Turpault

A Stable and Accurate Diffuse-Interface Method with Application
to Exchange Models................................................................................. 2103
F. De Vuyst, C. Fochesato, R. Motte, S. Nandan and M. Peybernes

A Subscale Closure Model for 3d Cell-Centered Hydrodynamics
with Multi-Material Remap....................................................................... 2104
Vincent Chiravalle, Andrew Barlow and Nathaniel Morgan
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An Interface-Aware Sub-Scale Dynamics Multi-Material Cell Model
for Impacts at All Speeds........................................................................ 2105
Matej Klima, Andrew Barlow, Milan Kucharik and Mikhail Shashkov

Interface Sharpening Based On An Hll-Hllc Composite Riemann
Solver For Two-Phase Flow Calculations.................................................. 2106
Igor Menshov and Chao Zhang

Towards a Genuinely Non-Linear Accurate Finite Volume Scheme
with a Posteriori Stabilization.................................................................. 2107
Raphaël Loubère, Siengdy Tann and Feng Xiao

Vof Interface Reconstruction with Curvature and Corner Definition......... 2108
Jin Yao

Numerical Methods and Applications in Coastal Environments
MS Organizer(s): Paola Bacigaluppi, Maria Kazolea and James T. Kirby

MS402 - Numerical Methods and Applications in Coastal Environments... 2111
Paola Bacigaluppi, Maria Kazolea and James T. Kirby

An Efficient and Robust Gpgpu-Based Nearshore Wave Model for
Real-Time Computations of Coastal Processes......................................... 2112
Volker Roeber, Fatima-Zahra Mihami, Jonas Pinault, Ximun Lastiri,
Denis Morichon and S. Abadie

Calculating Sub-Surface Flow From Surface Wave Measurements............ 2113
Benjamin K. Smeltzer, Ida Seip Gundersen and Simen Å. Ellingsen

Dispersion and Non-Linearity in the Coastal Environment:
a Case Study............................................................................................ 2114
Jeffrey Harris, Reza Amouzgar and Nathan Grivault

Hyperbolic relaxation technique for solving the dispersive
Serre--Saint-Venant equations................................................................ 2115
E. Tovar, J.-L. Guermond, B. Popov and C. Kees

Inlet/Outlet Boundary Conditions for the Green-Naghdi Model
with Topography..................................................................................... 2116
Sebastian Noelle, Martin Parisot and Tabea Tscherpel

Lake Tsunamis: Generation, Propagation and Run-Up.............................. 2118
Paola Bacigaluppi and David F. Vetsch

New boundary conditions for the numerical modelling of spilling
breaking waves....................................................................................... 2119
N. Iravani, P. Badiei and M. Brocchini

Sensitivity Analysis for Two Wave Breaking Models Used by the
Green-Naghdi Equation........................................................................... 2120
Subodh Madhav Josh, Maria Kazolea and Mario Ricchiuto
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The Breaking Criteria: a Way to Predict and Characterize a
Breaking Wave........................................................................................ 2121
F. Desmons and P. Lubin

Tsunami-Induced Morphology Changes and Impacts On Hazard
Assessments........................................................................................... 2122
James Kirby, Babak Tehranirad, Fengyan Shi and Stephan Grilli

Uhaina : A Parallel High Performance Unstructured Near-Shore
Wave Model............................................................................................. 2123
Andrea G. Filippini, Subodh M. Joshi, Christopher Poette, Vincent Perrier, Fabien Marche,
Mario Ricchiuto, David Lannes and Philippe Bonneton

Well Balanced Discontinuous Galerkin Scheme for the Shallow
Water Equations in Spherical Geometry for Flooding Applications........... 2124
Luca Arpaia, Mario Ricchiuto and Rodrigo Pedreros

Numerical Methods for Eigenvalue Problems
arising from Partial Differential Equations
MS Organizer(s): Fleurianne Bertrand and Daniele Boffi

MS485 - Numerical Methods for Eigenvalue Problems Arising
From Partial Differential Equations.......................................................... 2129
Fleurianne Bertrand and Daniele Boffi

2d Self-Organized Gradient Percolation Model for Numerical
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Numerical Methods for Polygonal and Polyhedral Meshes
MS Organizer(s): Daniele A. Di Pietro, Jerome Droniou and Gianmarco Manzini

MS115 - Numerical Methods for Polygonal and Polyhedral Meshes.......... 2139
Daniele A. Di Pietro, Jerome Droniou and Gianmarco Manzini
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Method for Linear Second-Order Indefinite Elliptic Problems................... 2152
Carsten Carstensen, Rekha Khot and Amiya K. Pani

Optimized Schwarz Algorithms for Ddfv Discretization............................ 2153
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Numerical model reduction and data-driven
surrogates for multi-physics applications
MS Organizer(s): Ralf Jänicke, Felix Fritzen, Michel Rochette and David Ryckelynck
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Enforcing Accurate Boundary Conditions in Corrected Mps Method
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for Parametric Parabolic Pdes.................................................................. 2180
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Instability of Strong Shocks.................................................................... 2189
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Matrices with High Condition Number...................................................... 2193
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High Order Well-Balanced Discrete Kinetic Model for Shallow Water
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High-Order Mesh Optimization Techniques for Compressible Shock
Hydrodynamic Applications..................................................................... 2195
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Recent developments in computational interfacial
physics - methods and applications
MS Organizer(s): Frederic Gibou and Maxime Theillard
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A Coupled Level-Set and Reference Map Method for Interface
Representation with Applications to Two-Phase Flows Simulation........... 2206
Thomas Bellotti and Maxime Theillard

A Hybrid Level-Set/Embedded Boundary Numerical Method for
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Alexandre Limare, Stephane Popinet and Christophe Josserand

Explicit Modelling of Evolving Boundaries Through a New
Fe-Based Formulation with Application to Topology Optimisation............ 2208
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Numerical and Analytical Studies of the Chemical Reaction Interface
Stability................................................................................................... 2209
Aleksandr Morozov, Mikhail Poluektov, Alexander Freidin, Lukasz Figiel and Wolfgang Müller

Volume Preserving Reference Map Method for the Level Set Representation..
2210
Maxime Theillard

The summation-by-parts framework and CFD’s holy grail:
Non-linear stability and robustness
MS Organizer(s): Matteo Parsani, David Fernandez, Jason Hicken and Andrew Winters
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Recent Results On Time Integration Methods for Summation by
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Stability of Pure Continuous Galerkin Schemes........................................ 2217
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Towards industrialisation of high order methods
MS Organizer(s): Esteban Ferrer, Eusebio Valero, Vincent Couaillier,
Marta de la Llave, Charles Hirsch and Juan Guerra

MS189 - Towards Industrialisation of High Order Methods...................... 2221
Esteban Ferrer, Eusebio Valero, Vincent Couaillier, Marta de la Llave,
Charles Hirsch and Juan Guerra

A P-Adaptive Discontinuous Galerkin Approximation for
Multiphase Flows..................................................................................... 2223
Gerasimos Ntoukas, Juan Manzanero, Gonzalo Rubio and Esteban Ferrer
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A Robust High-Order Discontinuous Galerkin Solver for
Multiphase Flows..................................................................................... 2224
Gonzalo Rubio, Juan Manzanero, David A. Kopriva, Esteban Ferrer and Eusebio Valero
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Methods for Les of Combustor Flow Fields............................................... 2225
Vishal Saini and Gary J. Page

Adaptive Discontinuous Galerkin Approach Based On Local
Multiwavelets Analysis............................................................................ 2226
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An Integrated High-Order Framework for Multi-Stage
Turbomachinery Simulations................................................................... 2227
Anna Schwarz, Patrick Kopper, Marius Kurz and Andrea Beck

Anisotropic Element-Local Implicit Time Stepping for High Order
Flux Reconstruction................................................................................. 2228
Semih Akkurt, Freddie D. Witherden and Peter E. Vincent
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Simulation in Industrial Environment...................................................... 2229
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Vincent Couaillier

Efficient Implicit Time-Marching Solvers For The Compressible
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Enate, a High-Order Scheme for Complex Flows...................................... 2231
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High-Order Flux Reconstruction Based On Immersed
Boundary Method.................................................................................... 2232
Jiaqing Kou, Saumitra Joshi, Aurelio Hurtado-de-Mendoza, Kunal Puri, Charles Hirsch and
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Hp-Multigrid for Rans-Modeled Turbulent Flows in a High-Order
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P-Adaptive Large Eddy Simulations Using Discontinuous
Galerkin Methods..................................................................................... 2241
Fabio Naddei, Marta de la Llave Plata and Vincent Couaillier
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Numerical Techniques............................................................................. 2242
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Waves: advanced numerical methods and applications
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Solvers Mumps and Strumpack................................................................ 2246
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Galerkin Solver........................................................................................ 2247
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Causal And Noncausal Space-Time Discontinuous Galerkin Methods
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Layered Structures.................................................................................. 2253
Bernardo Junqueira, Daniel Castello, Ricardo Leiderman and Arthur Braga

Elastic-Wave Full-Waveform Inversion for the Reconstruction of
Material Profiles Using An Explicit Spectral Element Method.................... 2254
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Higher-Order Space-Time Continuous Galerkin Methods for the
Wave Equation........................................................................................ 2256
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Multiscale Analysis of Impact Problems Using Split Hopkinson
Pressure Bar Principles............................................................................ 2257
Avshalom Ganz, Erez Gal and Oren Vilnay

Parallel Sweeping Preconditioners for Checkerboard Domain
Decompositions with Cross Points Applied to the Helmholtz Equation..... 2259
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Rbf Networks Based On Sobolev Training to Approximate the Solution
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800 - UNCERTAINTY QUANTIFICATION,
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Certification of Simulations & Model Adaptation
MS Organizer(s): Ludovic Chamoin, Jens Lang, Serge Prudhomme and Juan José Rodenas
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Solving Elliptic Pdes with Random Data................................................... 2272
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Comparison Of Discretization Methods For Flow And Transport
In Fractured Media.................................................................................. 2277
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Discontinuous Galerkin Methods with Arbitrary Elements........................ 2278
Andrea Cangiani
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MS Organizer(s): Daniel Seidl, John Stephens, Brian Adam and Gianluca Geraci
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Quantification.......................................................................................... 2302
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Superposition Method.............................................................................. 2306
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Nonlinear Random Vibrations of High-Dimensional Nanomechanical
Systems................................................................................................... 2307
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Improving predictive capabilities through
model error quantification
MS Organizer(s): Kathryn Maupin and Brian Freno
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Interplay between discretization, algebraic,
and linearization errors
MS Organizer(s): Kenan Kergrene, Ani Miraci, Jan Papež and Martin Vohralik

MS335 - Interplay Between Discretization, Algebraic, and
Linearization Errors................................................................................. 2323
Kenan Kergrene, Ani Miraci, Jan Papež and Martin Vohralik
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A Posteriori Error Estimates for Flow in Fractured Porous Media............. 2324
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Algebraic Systems Arising in Goal-Oriented Mesh Adaptation.................. 2325
Vit Dolejsi and Petr Tichy

Coupled Parareal - Optimized Schwarz Waveform Relaxation
Method for Advection-Diffusion Problems................................................ 2326
Duc Quang Bui, Caroline Japhet, Yvon Maday and Pascal Omnes

Equilibrated Stress Approximation and Error Estimation with
Application to Solid Mechanic.................................................................. 2327
Fleurianne Bertrand

Optimal Convergence Rates for Goal-Oriented Fem with
Quadratic Goal Functional........................................................................ 2328
Roland Becker, Michael Innerberger and Dirk Praetorius

Optimal Step-Sizes and Adaptive Number of Smoothing Steps in
P-Robust Multigrid Solvers...................................................................... 2329
Ani Miraçi, Jan Papež and Martin Vohralík

Semismooth and Smoothing Newton Methods for Nonlinear Systems with
Complementarity Constraints: Adaptivity and Inexact Resolution............ 2330
Joëlle Ferzly, Martin Vohralík, Soleiman Yousef and Ibtihel Ben Ghrabia
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Anoop Kodakkal, Rishith Ellath Meethal , Birgit Obst and Roland Wüchner

A Multifidelity Approach Using Discretization Error Bounds To
Estimate The Probability Of Failure Of Structures.................................... 2338
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Optimization for 4d Printing.................................................................... 2695
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Zumei Zheng, Guangtao Duan, Naoto Mitsume, Shunhua Chen, Wei Gao and Shinobu
Yoshimura

Ab Initio Calculation Based Multiscale Simulation for
Fuel-Cell Membrane................................................................................. 2989
Koji Okuwaki, Yuji Mochizuki, Naoki Shikazono and Shinobu Yoshimura

High-Performance Computing Of Plasma Dynamics For Fusion
Energy Research...................................................................................... 2990
Tomo-Hiko Watanabe, Yasuhiro Idomura, Yasushi Todo and Masanori Nunami

Large Eddy Simulation Of Palverized Coal Combustion In A Furnace
With A Realistic Multi-Burner System...................................................... 2991
Masaya Muto, Hiroaki Watanabe and Ryoichi Kurose

Numerical Study On the Feedback Control of
Fluid-Structure-Interaction Induced Vibration......................................... 2992
Shigeki Kaneko, Naoto Mitsume, Tomonori Yamada and Shinobu Yoshimura

Performance of Partitioned Parallel Coupling Analysis On K Computer.... 2993
Shinobu Yoshimura, Tomonori Yamada and Kaoru Yodo
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Structural and Fatigue Analysis of a 5 Mw Wind Turbine Composite
Blade Considering Wind Effects............................................................... 2994
Shunhua Chen, Shinobu Yoshimura, Kaworu Yodo, Naoto Mitsume, Yasunori Yusa and
Tomonori Yamada

Image-Based Simulation
MS Organizer(s): Scott A. Roberts, John P. Korbin, Nagi N. Mansour and Karel Matous

MS234 - Image-Based Simulation............................................................ 2997
Scott A. Roberts, John P. Korbin, Nagi N. Mansour and Karel Matous

Ct Segmentation of Woven Composite Materials Over Shifted
Domains Via Deep Learning..................................................................... 2999
Carianne Martinez, Brendan Donohoe, Matthew D. Smith and Scott A. Roberts

Geometric-Topologic Description of a Complex Road Junction
Considering the Requirements of Highly Automated Driving.................... 3000
Janos Mate Logo, Vivien Poto, Nikol Krausz and Arpad Barsi

Model and Mesh Selection in the Context of Model Identification
From Full-Field Measurements................................................................. 3001
Hai Nam Nguyen, Ludovic Chamoin and Cuong Ha-Minh

On the Use of a Rendering Model in Stereo Finite-Element Digital
Image Correlation................................................................................... 3002
Raphaël Fouque, Robin Bouclier, Jean-Charles Passieux and Jean-Noël Périé

Regularization of 3d Shape Measurements On Given Finite
Element Meshes Using Multilevel Splines................................................. 3003
M. Chapelier, R. Bouclier and J.-C. Passieux

Isogeometric and non-standard discretization
methods for the simulation of real world structures
MS Organizer(s): Robin Bouclier, Thomas Elguedj, Gregory Legrain and Dominik Schillinger

MS245 - Isogeometric and Non-Standard Discretization Methods
for the Simulation of Real World Structures............................................. 3007
Robin Bouclier, Thomas Elguedj, Gregory Legrain and Dominik Schillinger

Analysis-and-Optimization Suitable Geometric Models for the
Design of Aerostructures......................................................................... 3008
T. Hirschler, R. Bouclier, A. Duval, J. Morlier and T. Elguedj

Anisotropic Multilevel Hp-Reﬁnement On Structured and
Unstructured Meshes............................................................................... 3009
Nils Zander and Hadrien Beriot

Geomiso Tnl: A Software for Non-Linear Static T-Spline-Based
Isogeometric Analysis of Complex Multi-Patch Structures....................... 3010
P. Karakitsios, G. Karaiskos, A. Leontaris and P. Kolios

210

Isogeometric Analysis for Vehicle Model in Dynamic Explicit Method....... 3011
Y. Yokoyama, H. Sugiyama and S. Okazawa

Isogeometric Shape Optimisation of Aircraft Engines
Compressor Blades.................................................................................. 3012
Marie Guerder, Thomas Elguedj, Arnaud Duval, Josselyn Touzeau and Paul Feliot

Non-Negative Moment Fitting Quadrature Rules for Fictitious
Domain Methods...................................................................................... 3013
Grégory Legrain and Nicolas Moës

P-Multigrid Block Preconditioning of An Arbitrary High Order
Extended Discontinuos Galerkin Solver.................................................... 3014
Jens Weber and Florian Kummer

Parameterization, Geometric Modeling, and Isogeometric
Analysis of Tricuspid Valves.................................................................... 3015
Emily Johnson, Devin Laurence, Chung-Hao Lee and Ming-Chen Hsu

Shape Optimization of Rotating Electric Machines Using
Isogeometric Analysis and Mortaring...................................................... 3016
Melina Merkel, Peter Gangl and Sebastian Schöps

Leveraging extended CAE technology toward
the realization of human-centered Society5.0
MS Organizer(s): Tohru Hirano

MS196 - Leveraging Extended Cae Technology Toward the
Realization of Human-Centered Society5.0.............................................. 3019
Tohru Hirano

A Mathematical Principle of Human Perceptions and Emotions................ 3020
Hideyoshi Yanagisawa

Design Ideation Using Delta Design Map of Structures, Functions
and User Experiences.............................................................................. 3021
Tamotsu Murakami

Modeling and Simulation of Human/Society and System/Service
With Uncertainty..................................................................................... 3022
T. Hirano

Regional Power Demand Estimation Based On Residential Location
Choice Simulation.................................................................................... 3023
Hideaki Uchida, Tomofumi Tahara, Hideki Fujii, Masahiko Kuroki and Shinobu Yoshimura

Verification and Validation in Computational Mechanics for
Manufacturing Industries........................................................................ 3024
Seiichi Koshizuka
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Math 2 Product (M2P): Emerging Technologies in
Computational Science for Industry, Sustainability and Innovation
MS Organizer(s): Matteo Giacomini, Simona Perotto and Gianluigi Rozza

MS462 - Math 2 Product (m2p): Emerging Technologies in
Computational Science for Industry, Sustainability and Innovation......... 3027
Matteo Giacomini, Simona Perotto and Gianluigi Rozza

Computational Simulations for Industrial Applications in Additive
Manufacturing......................................................................................... 3028
Simone Morganti, Gianluca Alaimo, Alberto Cattenone, Mauro Murer,
Giovanni Formica and Ferdinando Auricchio

Coupling Topology Optimisation and Computational Mechanics for
the Production of Foot Orthotics Through Additive Manufacturing........... 3029
Raffaele Ferrante, Marco Mannisi, Daniele Bianchi, Nicola Ferro and Simona Perotto

Design Optimization, Cost and Risk Analysis of Cng Vessels
Transportation......................................................................................... 3030
A. Clarich, Z. Wen and G. Fratti

Digital Twins for the Sustainable Digital Mine of the Future..................... 3031
M. García-Camprubí, D. de Paz, S. Izquierdo and J. R. Valdés

Enabling sensor monitoring optimization and data assimilation
for Earthfill Dams.................................................................................... 3032
Christina Nasika, Pedro Diez, Pierre Gerard, Thierry Massart and Sergio Zlotnik

Real-Time Reconfiguration of Manufacturing Lines Based On
Model Order Reduction............................................................................ 3033
José M. Navarro-Jiménez, José V. Aguado, Vicente Albero and Domenico Borzacchiello

Real-Time Simulation of Differential Models: Digital Twins for
Industrial Applications............................................................................ 3034
Marta Gatto, Fabio Marcuzzi and Paolo Martin

Reduced Order Modelling of a Packaging System..................................... 3035
Nicola Parolini, Jacopo Corno, Andrea Manzoni, Chiara Riccobene and Elisa Schenone

Shape Parameterization and Model Reduction Applications for
Naval Hydrodynamics Problems............................................................... 3036
Andrea Mola, Marco Tezzele, Saddam Hijazi, Nicola Demo, Giovanni Stabile and Gianluigi
Rozza

Methodical Advances in the Industrial Application
of Numerical Methods in Computational Mechanics
MS Organizer(s): Frank Ihlenburg and Uwe SChramm

MS412 - Methodical Advances in the Industrial Application of
Numerical Methods in Computational Mechanics..................................... 3039
Frank Ihlenburg and Uwe SChramm
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A Multi-Level Approach for the Numerical Simulation of Mechanical
Noise in Wind Turbines............................................................................ 3040
M. Zarnekow, T. Grätsch and F. Ihlenburg

Efficient Characterization and Modelling of the Nonlinear Behaviour
of Lft for Crash Simulations..................................................................... 3041
H. Grimm-Strele, M. Kabel, H. Andrä, J. Lienhard and T. Schweiger

Industrial Non-Parametric Sensitivity Based Shape and Bead
Optimization for Large and Plastic Deformations..................................... 3042
Sinan Gezgin, Kingshuk Bose, Rong Fan and Claus B.W. Pedersen

New Scheme to Overcome Local Optima in the Voxel-Based
Topology Optimization of Sheet Metal Structures.................................... 3043
P. Clemens and A. Schumacher

Multiphysics and multiscale modelling for industrial applications
MS Organizer(s): Thomas Sayet, Alain Gasser, Eric Blond and Sido Sinnema

MS295 - Multiphysics and Multiscale Modelling for
Industrial Applications............................................................................ 3047
Thomas Sayet, Alain Gasser, Eric Blond and Sido Sinnema

A Multiscale Model for Numerical Modelling of Homogenized
Elastic-Viscoplastic Behavior of Mortarless Refractory Masonry
Structures............................................................................................... 3048
M. Ali, T. Sayet, A. Gasser and E. Blond

Influence of Residual Stresses Computed by 3d Numerical Analysis
On Fatigue Life Prediction....................................................................... 3049
Bastien Agard, Pierre Monnet, Jean-Christophe Roux, Francoise Fauvin and Eric Feulvarch

Numerical model of optical-fiber gyroscope coil under homogeneous
thermal field ........................................................................................... 3050
Jérémie Pillon, Hugo Boiron , François Louf, Emmanuelle Peter, Maxime Rattier, Pierre-Alain
Boucard and Hervé C. Lefèvre

Numerical Simulation of the Transient Thermal Response of a
Blast Furnace Main Trough...................................................................... 3051
Patricia Barral, Luis J. Pérez-Pérez and Peregrina Quintela

Nonlocal models in computational mechanics:
challenges and applications
MS Organizer(s): Marta D’Elia, Ugo Galvanetto, Mirco Zaccariotto and Pablo Seleson

MS103 - Nonlocal Models in Computational Mechanics:
Challenges and Applications.................................................................... 3055
Marta D’Elia, Ugo Galvanetto, Mirco Zaccariotto and Pablo Seleson
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A Hybrid Fem-Peridynamic Approach For The Simulation Of
Multi-Physics Phenomena Involving Fracture.......................................... 3057
Ugo Galvanetto, Tao Ni, Francesco Pesavento, Mirco Zaccariotto, Quzhi Zhu, Francesco
Scabbia and Bernhard Schrefler

An Asymptotically Compatible Formulation for Local-to-Nonlocal
Coupling Problems Without Overlapping Regions.................................... 3058
Yue Yu, Huaiqian You and David Kamensky

Challenges in Nonlocal Modeling: Nonlocal Boundary Conditions
and Interfaces......................................................................................... 3059
M. D’Elia

Convergence Studies in Meshfree Peridynamic Wave and
Crack Propagation................................................................................... 3060
Pablo Seleson, Marco Pasetto and Yohan John

Finite Element Methods and Shape Optimization for Nonlocal Models...... 3061
Marta D’Elia, Max Gunzburger, Manuel Klar, Volker Schulz and Christian Vollmann

Finite Element Methods for Nonlocal Models............................................ 3062
Manuel Klar, Christian Vollmann and Volker Schulz

Material Stability in Anisotropic Bond-Based Peridynamics...................... 3063
Jeremy Trageser and Pablo Seleson

Modeling And Simulation Of A Variable-Order Space-Time
Fractional Partial Differential Equation.................................................... 3064
Xiangcheng Zheng and Hong Wang

Nonlocal Brittle Fracture Modeling With Applied Traction Forces............. 3065
Prashant Jha and Robert Lipton

Nonlocal Models in Elasticity.................................................................... 3066
J. C. Bellido, J. Cueto and C. Mora-Corral

Numerical Simulation Of Hydraulic Fracturing In Turbulent
Flows Via Peridynamics And Navier-Stokes Equations............................. 3067
Federico Dalla Barba, Mirco Zaccariotto, Ugo Galvanetto and Francesco Picano

Out of Balance Forces in Computational Methods Coupling
Peridynamics with Classical Mechanics.................................................... 3068
Mirco Zaccariotto, Greta Ongaro, Tao Ni, Pablo Seleson and Ugo Galvanetto

Toward Validation of Peridynamic Failure Models of
Fiber-Reinforced Composite Laminates.................................................... 3069
Bo Ren, C.T. Wu, Pablo Seleson, Danielle Zeng and Dandan Lyu

Numerical computations for renewable energy
MS Organizer(s): Anne-Claire Bennis, Vincent Moureau and Julien Salomon

MS360 - Numerical Computations for Renewable Energy......................... 3073
Anne-Claire Bennis, Vincent Moureau and Julien Salomon
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Comparison Study Between Using Air Data And Soil Data In
Predicting Soil Temperature.................................................................... 3074
Samia Hamdane, Luis Pires, Pedro Dinho and Abdelhafid Moummi

Eulerian Pressure-Velocity/ Lagrangian Vorticity Coupling Applied
to Wake and Forces Calculation of Biofouled Tidal Turbines..................... 3076
Ilan Robin, Anne-Claire Bennis, Jean-Claude Dauvin and Hamid Gualous

Evaluation of Load Estimation Approaches for Different Immersed
Boundary Methods................................................................................... 3078
I. Tsetoglou, P. Bénard, G. Lartigue, V. Moureau and J. Reveillon

Hierarchical Modeling and Finite Element Analysis of Piezoelectric
Energy Harvesting From
Fluid-Structure-Piezoelectric-Circuit Interaction..................................... 3079
Prakasha Chigahalli Ramegowda, Daisuke Ishihara, Rei Takata, Tomoya Niho and Tomoyoshi
Horie

Openfoam Computational Fluid Dynamics Simulations of Thermal
Wind Generation in Mountain/Valley Configurations................................ 3080
Rathan B. Athota, Adeline Montlaur, Jose I. Rojas and Santiago Arias

Transmission and Radiation of Sound From Wind Turbines:
Methodical Case Studies with the Fem..................................................... 3081
Frank Ihlenburg, Marc Zarnekow and THomas Grätsch

Vibration and Noise Identification of a Commercial Refrigerator.............. 3082
W. Hörtnagel, S. Plagg and F. Dohnal

Numerical simulation of natural hazards
MS Organizer(s): Massimiliano Cremonesi, Alessandro Franci and Antonia Larese

MS290 - Numerical Simulation of Natural Hazards................................... 3085
Massimiliano Cremonesi, Alessandro Franci and Antonia Larese

3d Numerical Modelling of Landslides Impact On Water Reservoirs......... 3086
Alessandro Franci, Massimiliano Cremonesi, Umberto Perego and Eugenio Oñate

3d Numerical Simulation of Induced Earthquakes in the Groningen
Gas Field................................................................................................. 3087
Roberto Paolucci, Chiara Smerzini, Ilario Mazzieri, Manuela Vanini,
Giovanni Piunno and Ali Guney Ozcebe

Earthquake Ground Motion Simulations for Seismic Risk Analysis............ 3089
Paola F. Antonietti, Carlo Cauzzi, Ilario Mazzieri, Laura Melas, Roberto Paolucci,
Alfio Quarteroni, Chiara Smerzini and Marco Stupazzini

Non-Newtonian Fluid Simulation Using a Particle Method For
Landslide Simulations.............................................................................. 3090
Mitsuteru Asai and Daniel Morikawa
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Simulation Of Large Mass Movements And Their Interaction With
Protection Structures Using An Implicit Mpm-Fem Coupling And
Non-Conforming Boundary Conditions..................................................... 3091
Antonia Larese, Bodhinanda Chandra, Riccardo Rossi and Roland Whuecner

Open-Source Scientific Software and the
Application to Real World Problems
MS Organizer(s): Hiroshi Okuda and Guy Lonsdale

MS368 - Open-Source Scientific Software and the Application to
Real World Problems............................................................................... 3095
Hiroshi Okuda and Guy Lonsdale

Pylife: An Example Of Oss Industrialization For Durability And
Structural Analysis Methods.................................................................... 3096
Daniel Kreuter and Johannes Mueller

Simulation of the Human Skin Burns and Evaluation of Different
Treatments Using Adventure System....................................................... 3097
A M M Mukaddes, Sannyal Mridul and Ryuji Shioya

Thermal Fluid Coupled Analysis of Hydrothermal
Destruction Reactor................................................................................. 3098
Tokihiro Sugimoto, Hiroyuki Kuramae, Masahide Matsumoto and Nobuhisa Watanabe

Solid and Structural Responses to Extreme Loading
MS Organizer(s): Stephen Beissel, Kent Danielson, David Littlefield and Mike Puso

MS352 - Solid and Structural Responses to Extreme Loading................... 3101
Stephen Beissel, Kent Danielson, David Littlefield and Mike Puso

Applications of a Second-Order Pyramid Element for Explicit
Dynamic Solid Mechanics......................................................................... 3103
Robert S. Browning, Kent T. Danielson and David L. Littlefield

Modelling Material Failure Due to Ballistic Loading.................................. 3104
Muge Fermen-Coker

Phase Transformation, Twinning, and Failure in Single Crystal
Iron Under Shock Loading Conditions at Atomic Scales........................... 3105
Ke Ma and Avinash M. Dongare

Recent Advances In Second-Order Finite Elements For
Lumped-Mass Explicit Modeling............................................................... 3106
Kent Danielson and Robert Browning

Validation of Impact Simulations Using Higher-Order Elements............... 3107
Stephen Beissel
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1300 - INVERSE PROBLEMS, OPTIMIZATION AND DESIGN
Accelerating the design optimization process
MS Organizer(s): Simona Perotto, Gilho Yoon, Oded Amir, Nicolar Ferro and Youngsoo Choi

MS232 - Accelerating the Design Optimization Process............................ 3113
Simona Perotto, Gilho Yoon, Oded Amir, Nicolar Ferro and Youngsoo Choi

A Moving Morphable Components (mmc) -Based Research On Dynamic
Topology Optimization of Structures Loaded by Moving Excitations......... 3114
Jialin Li, Youwei Zhang and Xu Guo

A Significant Input Variable Selection Strategy for High-Dimensional
Expensive Black-Box Constrained Optimization Problems........................ 3115
Hansu Kim and Tae Hee Lee

Accelerating Aerodynamic Design Optimization Through a Full-Spaced
Newton Approach.................................................................................... 3116
Doug Shi-Dong and Siva Nadarajah

Accelerating the Design Optimization of Acoustically Small Devices
by Novel Boundary-Layer Modeling.......................................................... 3117
M. Berggren, A. Bernland, A. Massing, D. Noreland and E. Wadbro

Component-Wise Reduced Order Model Lattice Design............................ 3118
Sean McBane and Youngsoo Choi

Computation of Changes in Local Quantities of Interest Due to
Design Modifications................................................................................ 3119
Daniel Materna

Design of Morphing Shape Memory Polymer Structures Via
Multimaterial Topology Optimization....................................................... 3120
Anurag Bhattacharyya and Kai A. James

Electrochemical Systems Optimization Using Physics-Based
Homogenization of the Microscopic Continuum Models............................ 3121
Victor Beck, Seth Watts, Jonathan Wong, Daniel Tortorelli, Sarah Baker,
Eric Duoss and Marcus Worsley

Hybrid Optimization: Machine Learning Tools To Break Barriers
Between Topology And Shape Optimization............................................. 3122
Enrique Nadal, David Muñoz, José Albelda and Juan José Ródenas

Model Order Reduction for Aerodynamic Shape Optimization Using An
Interpolation Method............................................................................... 3123
Simao Marques, Weigang Yao, Liang Sun and Trevor Robinson

Parallel Computing In Hp-Ocp................................................................. 3126
George Kazakis, Stefanos Sotiropoulos, Nikos Kallioras, Stavros Xynogalas,
Chara Mitropoulou, Stavros Chatzieleftheriou, Spyros Damikoukas,
Pantelis Tsakalis and Nikos Lagaros
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Sensitivity Analysis of Eigenvectors Corresponding to
Multiple Eigenvalues................................................................................ 3127
G. Yoon, A. Donoso, J. Bellido and D. Ruiz

Topology Optimization in Quasi-Brittle Fracture Mechanics
Using Level-Sets...................................................................................... 3128
Jeet Desai, Grégoire Allaire and François Jouve

Topology Optimization of Continuum Structures Subjected to
Random Excitations Via Mmc Approach and Pem..................................... 3129
You-wei Zhang, Jia-lin Li and Xu Guo

Adjoint methods for multi-physics, including applications
MS Organizer(s): Michael Meheut, Shahrokh Shahpar and Kyriakos Giannakoglou

MS391 - Adjoint Methods for Multi-Physics, Including Applications......... 3133
Michael Meheut, Shahrokh Shahpar and Kyriakos Giannakoglou

Adjoint-Based Sensitivity Analysis Of Unsteady Single Coal
Particle Combustion................................................................................ 3134
Ahmed Hassan, Taraneh Sayadi, Vincent Le-Chenadec and Antonio Attili

Aeroacoustic Propeller Design Using High-Fidelity Cfd and
Ffowcs-Williams-Hawkins Analogy.......................................................... 3135
Bambang Soemarwoto and Harmen van der Ven

Coupled Adjoint Fluid-Structure Interaction Technique For
Flexible Wing Shape Optimization........................................................... 3136
Konstantinos Tsiakas, Gilbert Roge, Olivier Amoignon, Xenofon Trompoukis,
Varvara Asouti, Bony Quach, Steven Kleinveld and Kyriakos GIannakoglou

Evaluation and Comparison of Mesh Deformation Techniques
for Industrial Aerospace Applications...................................................... 3137
Alistair John, Ning Qin, Varvara Asouti , Xenofon Trompoukis ,
Konstantinos Tsiakas and Gabriel Fougeron

Gradient-Based Shape Optimisation On Irregular Grids with the
Vertex Morphing Method......................................................................... 3139
Armin Geiser, Altug Emiroglu and Kai-Uwe Bletzinger

Madeleine Project: Challenges Of Adjoint-Based
Multi-Disciplinary Optimisation In Industry............................................. 3140
Michael MEHEUT

On The Mesh Divergence Of Inviscid Adjoint Solutions............................ 3141
Carlos Lozano and Jorge Ponsin

Surface Metrics and Geometrical Constraints Within Cad-Free
Adjoint-Based Hydrodynamic Shape Optimization................................... 3142
Niklas Kühl, Martin Siebenborn and Thomas Rung
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Advances in topology optimization and applications
MS Organizer(s): Zhen Luo, Zhan Kang and Michael Wang

MS73 - Advances in Topology Optimization and Applications................... 3145
Zhen Luo, Zhan Kang and Michael Wang

An Efficient Adjoint Sensitivity Analysis for Level Set-Based
Topology Optimization of Flexible Multibody Systems.............................. 3146
Ali Azari Nejat, Alexander Held and Robert Seifried

Bridge Frequency Measurement By a Test Vehicle in Non-Moving
and Moving States................................................................................... 3147
Y. B. Yang, Hao Xu and Z. L. Wang

Conditional Explicit Formulation Of Sensitivity Analysis For
Nonlinear Topology Optimization............................................................. 3148
Hiroya Hoshiba and Junji Kato

Damage Sensitivity of Multiple Influence Lines in Bridge Structures........ 3149
S. Zhu, Q. L. Cai and Z. W. Chen

Design Of Three-Dimensional Pentamode Metamaterials
Using Topology Optimization................................................................... 3150
Zhen Luo, Shuhao Wu and Zuyu Li

Extracting Bridge Frequencies by Wheel Size Embedded Two-Mass
Vehicle Model.......................................................................................... 3151
Judy Yang and Cheng-Yi Cao

Finite Strain Topology Optimization with Internal Contact....................... 3152
Gore Lukas Bluhm, Ole Sigmund and Konstantinos Poulios

Multi-Scale Topology Optimisation of Cellular Structures by Means
of a Pseudo-Density Algorithm Based On Nurbs Hyper-Surfaces.............. 3153
Giulia Bertolino, Marco Montemurro, Nicolas Perry and Franck Pourroy

Multiscale Concurrent Isogeometric Topology Optimization with
Unified-Skeleton Microstructures............................................................. 3154
C. Yu, Q. Wang, C. Mei and Z. Xia

Simultaneous Optimization of the Stiffener Pattern and Their
Individual Topology for Rectangular Stiffeners On Shells........................ 3155
Coen Bakker, Lidan Zhang and Fred van Keulen

Stress-Based Topology Optimization Under Load Position Uncertainty
with Stress Penalization Function............................................................ 3156
Minkyu Oh and Jeonghoon Yoo

Study On the High-Resolution Boundary Representation of
Reaction-Diffusion Equation-Based Topology Optimization...................... 3157
Cheolwoong Kim, Mingook Jung, Takayuki Yamada and Jeonghoon Yoo
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Topology Optimisation of the Lattice Representative Volume
Element by Using a Nurbs-Based-Simp Algorithm.................................... 3158
Thibaut Roiné, Giulia Bertolino, Marco Montemurro and Jérôme Pailhès

Topology Optimization Based On a Homogenization Approach for
Distribution of Seamless Microstructures................................................ 3159
M. Matsui, H. Kamada, H. Hoshiba and Junji Kato

Topology Optimization of a Heat Exchanger with the Volume
Fraction and the Level Set Methods......................................................... 3160
M. Salazar de Troya and V. Beck

Topology Optimization of Load Bearing Capacity of Structures with
Different Tensile/Compressive Strengths................................................ 3162
Leyla Mourad, Jérémy Bleyer, Romain Mesnil, Joanna Nseir, Wassim Raphael and Karam Sab

Topology Optimization of Supports with Imperfect Bonding in
Additive Manufacturing........................................................................... 3163
Grégoire Allaire, Beniamin Bogosel and Matías Godoy

Efficient Methods for Multi-Disciplinary Optimisation,
Probabilistic Design and Optimisation under Uncertainty
MS Organizer(s): Jens-Dominik Mueller, Marcus Meyer and Totomm Verstraete

MS312 - Efficient Methods for Multi-Disciplinary Optimisation,
Probabilistic Design and Optimisation Under Uncertainty........................ 3167
Jens-Dominik Mueller, Marcus Meyer and Totomm Verstraete

Barzilai-Borwein Method in Constrained Node-Based Shape
Optimization Problems............................................................................ 3168
Ihar Antonau, Majid Hojjat and Kai-Uwe Bletzinger

Cad-Based Adaptive Shape Parametrisation Foraerodynamic
Shape Optimisation................................................................................. 3169
Rejish Jesudasan and Jens-Dominik Mueller

Improvements to the Adjoint-Based Multilevel Multifidelity
Monte Carlo Framework Fastuq............................................................... 3170
Pavanakumar Mohanamuraly and Jens-Dominik Mueller

Kinship-Based Differential Evolutionary Algorithms................................. 3171
Giovanni Formica and Franco Milicchio

Multi-Fidelity Aerodynamic Optimization Using Deep Neural Network..... 3172
Xinshuai Zhang, Fangfang Xie, Tingwei Ji and Zaoxu Zhu

Multi-fidelity Non-Intrusive Reduced Basis surrogates and infill
technique for aeronautical optimization.................................................. 3173
Hanane Khatouri, Tariq Benamara, Piotr Breitkopf, Jean Demange and Paul Feliot

Multifidelity Simulations For Water Treatment Reactor Design................ 3174
Cristina Bengoechea-Cuadrado, Mario Miana, Ana Martínez Santamaría,
Salvador Izquierdo, Gorka García and Jose B Carbajo
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Simulation Project Management by Modified Gaussian S_curve............... 3175
V. Križaić, T. Rodriger and S. Baksa

Topology Optimization of Additive Layer Manufacturing Products
Using Generalized Geometric Projection.................................................. 3176
Gabriele Capasso, Simone Coniglio, Christian Gogu and Joseph Morlier

Uncertainty Propagation for Reliability Analysis by Combining
Regression and Classification Surrogates................................................ 3177
Paul Beaucaire, Tariq Benamara, Rudy Chocat, Loic Debeugny, Caroline Sainvitu,
Piotr Breitkopf and Eric Wyart

Evolutionary and deterministic methods for design,
optimization and control in engineering and societal applications
MS Organizer(s): David Greiner, Pekka Neittaanmäki, Jacques Periaux and Tero Tuovinen

MS121 - Evolutionary and Deterministic Methods for Design,
Optimization and Control in Engineering and Societal Applications.......... 3181
David Greiner, Pekka Neittaanmäki, Jacques Periaux and Tero Tuovinen

A Wholly Automated Optimization System Regardless of Computing
Platforms for Evaluating Aero/Aerothermodynamic Performance............ 3182
K. Chiba, M. Sawahara and M. Kanazaki

Fast Aerodynamic Predictions Using Neural Networks............................. 3183
Kensley Balla, Ruben Sevilla, Oubay Hassan and Kenneth Morgan

Mixing Efficiency Enhancement of a Steam Boiler Premix Channel
with a Surrogate Based Optimization....................................................... 3184
Alessandro Morelli, Antonio Ghidoni and Roberto Baldrani

Optimisation of the Lift Based Vertical Axis Wind Turbine Design............ 3185
Tomasz Krysiński, Zbigniew Buliński, Łukasz Marzec and Jakub Tumidajski

Optimization Of Preform Thickness Distribution For Plastic Injection
Blow Molding........................................................................................... 3186
Renê Pinto, João P. Nunes, Fernando Duarte and António Gaspar-Cunha

Proposal of a Design Method for Satellite Constellations for Regional
Coverage Via Evolutionary Multiobjective Optimization........................... 3187
Kanako Machii, Kazuhisa Chiba and Yasuhiro Kawakatsu

Solving Multi-Objective Optimal Design and Maintenance for Systems
Based On Calendar Times Using Gde3...................................................... 3188
Andres Cacereño, David Greiner and Blas Galvan

Variational Problem of Vibration Suppression for Thermoelastic
Axially Moving Web................................................................................. 3189
N. Banichuk, T. Tuovinen, S. Ivanova, E. Makeev and P. Neittaanmäki

221

Identification of heterogeneous material properties
MS Organizer(s): Vincent Magnier and Jean-François Witz

MS163 - Identification of Heterogeneous Material Properties.................. 3193
Vincent Magnier and Jean-François Witz

Determination of Thermal Bond Quality From Coupled
Measurement and Modelling.................................................................... 3194
Louise Wright, Jiyu Wu and Ateeb Farooqui

Identification of a very high temperature constitutive model for
additive manufacturing by non-contact techniques and inverse
numerical method .................................................................................. 3195
Feng Gao, Michel Bellet and Yancheng Zhang

Identification of Elastoplastic Properties of Coated Nanostructured
Optical Windows From Berkovich Nanoindentation Experiments
Using Femu Method................................................................................. 3197
Vincent Fauvel, Yves Gaillard, Raphael Guillemet, Patrick Garabedian,
Gaelle Lehoucq and Fabrice Richard

Material Identification of the Human Abdominal Wall Based On
the Isogeometric Shell Model.................................................................. 3199
Bartosz Borzeszkowski, Thang X. Duong, Izabela Lubowiecka and Roger A. Sauer

On Accuracy Improvement of Microscopic Strain Measurement for Frp
with Kriging-Digital Image Correlation and Region Splitting Method....... 3201
Yuki Arai and Sei-ichiro Sakata

Parameter Identification of Hyperelastic Constitutive Laws Using
Nano-Indentation and Shape-Manifold Approach..................................... 3202
O. Ezzaamari, G. Le Quilliec, F. Lacroix and S. Méo

Realistic Microstructure Modelling of Multiphase Steels Using
Laguerre-Voronoi Diagrams..................................................................... 3203
Carola Celada-Casero, David Bourne, Steven Roper, Wil Spanjer and Piet Kok

Set-Valued Inverse Problem: Application to Damage Detection............... 3204
Krushna Shinde, Pierre Feissel and Sébastien Destercke

Inverse problems, design and optimization in heat transfer
MS Organizer(s): George Dulikravich, Marcelo Colaço, Helcio Orlande and Zbigniew Bulinski

MS81 - Inverse Problems, Design and Optimization in Heat Transfer....... 3207
George Dulikravich, Marcelo Colaço, Helcio Orlande and Zbigniew Bulinski

A Gradient Descent Akin Method for Large-Scale Inequality
Constrained Shape Optimization.............................................................. 3208
Long Chen, Wenyi Chen and Kai-Uwe Bletzinger
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Approximate Bayesian Computation Applied to Model Selection
and Calibration in Cell Proliferation......................................................... 3209
Nilton Silva, Bruna Loiola, José Costa and Helcio Orlande

Damage Localization Using Time-Varying Index and Convolutional
Neural Network....................................................................................... 3210
Shengyuan Zhang, Chun Min Li and Wenjing Ye

Isogeometric Shape Optimization of Piezoelectric Energy Harvesters...... 3211
Andres Calderon Hurtado, Patricio Peralta, Rafael Ruiz, Sundararajan Natarajan
and Elena Atroshchenko

Numerical Optimization Of A Rectangular Mhd Pump............................... 3212
Matheus Campos, Gabriel Verissimo and Marcelo Colaco

Parametric Optimization of Structures Positions in Acoustic Cavity Based
On Xfem, Reduced Order Model and a Gradient-Based Surrogate Model.. 3213
Luc Laurent and Antoine Legay

Rapid Identification of the Diffusion Properties of Polymer-Matrix
Composite Materials with Complex Texture............................................. 3214
Marianne Beringhier, Marco Gigliotti and Paolo Vannucci

Shape Optimization of a Fish-Like Hyperelastic Body Vibrating with
a Swimming Mode................................................................................... 3215
T. Hayashi and H. Azegami

Simultaneous Biomass Flame Temperature and Spectral Emissivity
Estimation by Inverse Method................................................................. 3216
Carlos T. Salinas, Leonardo Gonzales, Paulo Roberto T. Cândido and Daniel Marcelo-Aldana

Topology Optimization of Extruded Heatsinks Subjected to Convection... 3218
Kristian Jensen

New trends in topology optimization
MS Organizer(s): Emilio C. Nelli Silva, Alicia kim, Glaucio Paulino and Wilfredo M. Rubio

MS89 - New Trends in Topology Optimization.......................................... 3221
Emilio C. Nelli Silva, Alicia kim, Glaucio Paulino and Wilfredo M. Rubio

A Topological Derivative-Based Hydro-Mechanical Fracture Model........... 3222
J.M. Filho and A.A. Novotny

A Topology Optimization Approach to the Inverse Problem in
Isotropic Elastic Media............................................................................ 3223
Mohammad M. Ghorbani, Juliano F. Gonçalves and Emílio C.N. Silva

A Topology Optimization Procedure For Brittle Fracture.......................... 3224
Jian Zhang, Fred van Keulen and Alejandro M. Aragón

Acoustic Tomography by Topology Optimizatio in the Time Domain......... 3225
João B. D. Moreira, Ruben A. Salas, Bruno S. Carmo and Emílio C. N. Silva
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Adaptive Absorbing Layers For Inverse Problems By Using
Topology Optimization............................................................................. 3226
Ruben Andres Salas, Andre L. Ferreira Da Silva, João B. D. Moreira
and Emilio Carlos Nelli Silva

Coupled Aeroelastic Shape and Topology Optimization Using Panel
Methods and Fem.................................................................................... 3227
Lukas Christian Høghøj, Cian Conlan-Smith, Erik Albert Träff, Ole Sigmund,
A. Niels and Casper Schousboe Andreasen

Multi-Material Topology Optimization with Stress Constraints Under
a High Temperature Environment............................................................ 3228
Daiki Watanabe, Hiroya Hoshiba and Junji Kato

Multi-Scale Topology Optimization for Transient Heat Transportation
in Porous Material................................................................................... 3229
Naruethep Sukulthanasorn, Hiroya Hoshiba, Mao Kurumatani, Junji Kato and Kenjiro Terada

Multiple Architected Material Optimization.............................................. 3230
Tej Kumar and Krishnan Suresh

On The Effect Of Nonlinear Material For Synthesizing Compliant
Mechanisms Using A Stress-Based Topology Optimization Formulation... 3231
Daniel M. De Leon, Juliano F. Gonçalves and Carlos Eduardo de Souza

Penalization in Density-Based Topology Optimization:
A Mathematical Perspective..................................................................... 3232
M. Abdelhamid and Aleksander Czekanski

Revisiting the Ge Engine Bracket - Towards a Set of Standard
Test Cases for Topology Optimization...................................................... 3233
Erik Träff, Ole Sigmund and N. Aage

Similarity-Based Topology Optimization for Crash and Statics................. 3234
Mariusz Bujny, Muhammad Salman Yousaf and Fabian Duddeck

Spimfo Method Applied to Hyperelastic Fiber Reinforced Material............ 3235
André Luis Ferreira da Silva, Ruben Andres Salas and Emilio Carlos Nelli Silva

Structural Topology Optimization with Accurate Boundary
Representation Using Spline-Based Unstructured Meshes
and Iso-Geometric Analysis..................................................................... 3236
Emad Shakour and Oded Amir

Thermomechanical Topology Optimization Of Shape-Memory
Alloy Structures....................................................................................... 3237
Ziliang Kang and Kai A. James

Topology Optimization Applied to Nanostructures Using
Atomic-Scale Finite Element Method........................................................ 3239
William Vicente, Daniela Damasceno, Renato Picelli, Euclides Mesquita and Renato Pavanello

Topology Optimization Design Considering 2d Swirl Turbulent Flow........ 3240
Diego Hayashi Alonso and Emílio Carlos Nelli Silva
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Topology Optimization of Frequency Gap for Composite Materials........... 3241
Heitor N. Lopes and Renato Pavanello

Topology Optimization of Viscous Compressible Flows Using
the Adjoint Method.................................................................................. 3242
Carlos Okubo and Emílio Silva

Two-Dimensional (2d) Swirl Topology Optimization of Labyrinth Seal:
Diodicity Approach.................................................................................. 3243
Shahin Ranjbarzadeh, Bruno Caldas de Souza, Renato Picelli and Emilio Carlos Nelli Silva

Recent trends in topology optimization
MS Organizer(s): Shinji Nishiwaki and Takayuki Yamada

MS443 - Recent Trends in Topology Optimization.................................... 3247
Shinji Nishiwaki and Takayuki Yamada

A Study On Integrated Optimization Strategy of Motor Structure
and Its Control System............................................................................ 3249
Taishi Yamasaki, Kazuhiro Izui, Takayuki Yamada, Shinji Nishiwaki, Kozo Furuta,
Sunghoon Lim, Kenji Fujimoto, Sukhwa Jung, Naoki Watanabe and Naoki Kurimoto

An Introduction to Generalized Geometry Projection, a Unified
Framework for Feature-Based Topology Optimization Methods............... 3250
Simone Coniglio, Joseph Morlier, Christian Gogu and Rémi Amargier

Application of Level-Set Type Topology Optimization Analysis for
Cavity Shape Estimation Problem in Structures Based On
Non-Destructive Hammering Test............................................................ 3251
Takahiko Kurahashi, Yuki Murakami, Shigehiro Toyama, Fujio Ikeda,
Teturo Iyama and Ikuo Ihara

Considerations On Relationship Between Each Sensitivity Term and
Results of Topology Optimization in Unsteady Oscillation Problem
for 3d Cantilever Beam............................................................................ 3252
Masayuki Kishida and Takahiko Kurahashi

Drag Minimization in Navier-Stokes Flows Via Topology Optimization
Under the Projected Area Constraint....................................................... 3253
Naoyuki Morishita, Kazuhiro Izui, Shinji Nishiwaki, Tsuguo Kondoh and Takayuki Yamada

Multi-Material Level Set-Based Topology Optimization for 3d
Structures Considering a Material Interface Effect................................... 3254
Kozo Furuta, Sunghoon Lim, Ryota Misawa, Shinichi Maruyama, Takayuki Yamada,
Kazuhiro Izui and Shinji Nishiwaki

Multi-Scale Design Method of Acoustic Metamaterials Using
Topology Optimization............................................................................. 3255
Hiromasa Kurioka, Yuki Noguchi, Takayuki Yamada, Kazuhiro Izui and Shinji Nishiwaki

Optimum Design Of An Acoustic Metasurface Having Ventilation
And Soundproofing Function.................................................................... 3256
Kazunori Fukada, Takayuki Yamada, Kazuhiro Izui and Shinji Nishiwaki
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Structural Optimization Using Physics-Informed Neural Networks.......... 3257
Atsuto Hashimoto, Shinji Nishiwaki, Kazuhiro Izui and Takayuki Yamada

Topology Optimization Design of Metasurfaces for Anomalous
Reflection of Elastic Waves...................................................................... 3258
Joong Seok Lee, Byungseong Ahn, Hyuk Lee and Yoon Young Kim

Topology Optimization For Particle Motion In Fluid.................................. 3259
Gil Ho Yoon

1400 - SOFTWARE, HIGH PERFORMANCE COMPUTING
Developments in automatic code-generation
software for computational mechanics
MS Organizer(s): Jeremy Bleyer, Jack S. Hale and Garth N. Wells

MS365 - Developments in Automatic Code-Generation
Software for Computational Mechanics.................................................... 3265
Jeremy Bleyer, Jack S. Hale and Garth N. Wells

Composable Kernels in Fenics-X.............................................................. 3267
Christopher Richardson, Joseph Dean and Garth Wells

External Operators in Firedrake............................................................... 3268
Nacime Bouziani and David Ham

Generating High-Order Time Stepping Methods....................................... 3269
Robert Kirby, Jorge Marchena-Menendez and Patrick Farrell

Mfront: An Open-Source Code Generator For Complex
Constitutive Laws.................................................................................... 3270
Thomas Helfer, Gentien Marois and Jérémy Bleyer

Practical Aspects of the Bank-Weiser Estimator Implementation
and Biomechanics Applications................................................................ 3272
Raphaël Bulle, Stéphane P. A. Bordas, Franz Chouly, Alexei Lozinski and Jack S. Hale

Rbnics and Multiphenics: Two Fenics-Based Packages for Reduced
Order Modelling and Multiphysics Problems............................................. 3273
F. Ballarin

Enabling Technologies and Simulation Practices
for Advanced Scientific and Engineering Computation
MS Organizer(s): Alvaro Coutinho, William Barth and Guillaume Houzeaux

MS487 - Enabling Technologies and Simulation Practices for
Advanced Scientific and Engineering Computation................................... 3277
Alvaro Coutinho, William Barth and Guillaume Houzeaux

A fully parallel in time and space scheme for 3D transient simulations ... 3279
Youssef Mesri and Yuekun Yang
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Coupling Of Geothermal Potential And Urban Energy Demands
For Urban Heating And Cooling Assessment............................................ 3280
Kyle Davis and Miriam Mehl

Exascale Excellence in Engineering - Supporting the Community............. 3281
Bastian Koller and Ralf Schneider

Extracting Spatio-Temporal Coherent Structures of Turbidity
Current Simulations................................................................................. 3282
Gabriel F. Barros, Adriano M. A. Côrtes and Alvaro L. G. A. Coutinho

Finite Element Tools for Performance Portability of Implicit and
Imex Simulations On Next Generation Architectures............................... 3283
Roger P. Pawlowski, Matthew T. Bettencourt, Eric C. Cyr, Sean T. Miller,
Edward G. Phillips, Nathan V. Roberts, John N. Shadid and Christian T. Trott

Gmsh-Fem: An Efficient Finite Element Library Based On Gmsh............... 3284
A. Royer, E. Béchet and C. Geuzaine

Parallel Location and Redistribution Algorithms and Io-Avoiding
Schemes for Massively Parallel Unstructured Mesh-Based Cfd................. 3285
Yvan Fournier

Performance of Amg-Based Preconditioners for Fully-Coupled
Newton-Krylov Methods for Implicit Continuum Plasma
Large-Scale Simulations.......................................................................... 3286
Paul Lin, John Shadid, Edward Phillips and Roger Pawlowski

Reduced Order Methods in Cfd: State of the Art and Perspectives
for Advanced Scientific and Engineering Computation............................. 3287
Gianluigi Rozza

Runtime Hyperparameter Tuning Of Dnn Surrogates For Uq Analysis
In Seismic Imaging................................................................................. 3288
Carlos Barbosa, Liliane Kunstmann, Deborah Pina, Rodolfo Freitas, Gabriel Guerra,
Fernando Rochinha, Marta Mattoso and Alvaro Coutinho

Simulations for Scientific Discovery in the Era of
Extreme Heterogeneity............................................................................ 3289
Anshu Dubey, Jared O’Neal and Klaus Weide

Workflows for Construction of Probabilistic Hazard Maps for
Volcanic Risk Assessment and Mitigation................................................. 3290
Abani Patra, Renette Jones-Ivey and Marcus Bursik

HPC methods for linear systems and eigenproblems
in large scale applications
MS Organizer(s): Carlo Janna, Massimo Bernaschi and Nicolò Spiezia

MS267 - Hpc Methods for Linear Systems and Eigenproblems in
Large Scale Applications.......................................................................... 3293
Carlo Janna, Massimo Bernaschi and Nicolò Spiezia
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A General-Purpose Amg Linear Solver for High Performance
Computing............................................................................................... 3294
Giovanni Isotton, Nicolò Spiezia, Seid Koric, Qiyue Lu and Carlo Janna

Agmg: Fast, Robust and Scalable Linear System Solver........................... 3295
Yvan Notay

Algebraic Multigrid Methods for Constraint Problems.............................. 3296
G. Hülsmann and A. Krechel

Gpu Based Acceleration of Linear Solvers for Underground Simulations....... 3297
G. Isotton, N. Spiezia, C. Janna, M. Bernaschi, A. Cominelli, S. Mantica and G. Scrofani

High Performance Computing for Structural Engineers- Matching
model size and hardware resources......................................................... 3298
P. Louat

Massively Parallel Polynomial Preconditioners for Large Linear
Systems Arising in Structural Mechanics................................................. 3299
Luca Bergamaschi and Angeles Martinez

Multiple Precision Iterative Refinement for the Solution of Large
Sparse Linear Systems............................................................................ 3300
Patrick Amestoy, Alfredo Buttari, Jean-Yves L’Excellent, Nicholas Higham, Théo Mary and
Bastien Vieublé

Preconditioning Krylov Method for Compressible Cfd Problems............... 3301
Niels Guilbert, Cedric Content, Bruno Maugars, Bertrand Michel and François-Xavier Roux

HPC-Based simulations for the wide industrial realm:
aerospace, automotive, bio, construction, heavy...
MS Organizer(s): Makoto Tsubokura, Mariano Vázquez,
Takayuki Aoki and Andreas Lintermann

MS90 - Hpc-Based Simulations for the Wide Industrial Realm:
Aerospace, Automotive, Bio, Construction, Heavy.................................... 3305
Makoto Tsubokura, Mariano Vázquez, Takayuki Aoki and Andreas Lintermann

A Numerical Simulation Of Two-Phase Oil-Jet Injected From
A Circulaer Bent Nozzle With Interface-Adapted Amr Method.................. 3306
Shintaro Matsushita, Takayuki Aoki, Ritsuya Aoki and Yang Kai

A Parallel Multilevel Bddc Solver and Its Application to Adaptive Fem..... 3307
Jakub Šístek and Pavel Kůs

Adapting complex and clumsy CFD code to rapidly changing supercomputing
realities .................................................................................................. 3308
Andrey Gorobets

Aeroacoustic Simulation On Sibilant Fricative Production Using
a Volume Penalization Method................................................................. 3309
T. Yoshinaga, K. Nozaki, H. Yokoyama and A. Iida
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An Iterative Pressure Evolution Based Solver On Collocated
Grid for Incompressible Two-Phase Flow................................................. 3310
Kai Yang and Takayuki Aoki

Astronomical Data Analysis Using Artificial Intelligence Tools................. 3311
J. Klapp, C. R. Fierro-Santillán, L. Di G. Sigalotti and I. Gitler

Investigating the Biodegradation of Metallic Biomaterials Using
Hpc-Based Simulation Techniques........................................................... 3313
Mojtaba Barzegari and Liesbet Geris

Large Deformation Solid Dynamics Using Marker Particles Based
On Eulerian Formulation.......................................................................... 3314
Masafumi Otaka, Koji Nishiguchi, Tokimasa Shimada, Makoto Tsubokura,
Hirofumi Sugiyama and Shigenobu Okazawa

Multilevel Bddc for Incompressible Flows................................................ 3315
Martin Hanek, Jakub Šístek and Pavel Burda

Numerical Simulation of Flow in a Fuel-Injector of An Aircraft
Engine Combustor Using Building-Cube Method....................................... 3316
Younghwa Cho, Rahul Bale, Tomonari Satoh and Nobuyuki Oshima

Parallel Numerical Solution of Two-Phase Flow in Porous
Media On Non-Orthogonal Geometries: a Performance Study
Using Different Gpu Architectures........................................................... 3317
V. Leonardo Teja-Juarez, Luis M. de la Cruz and Bruno A. Lopez Jimenez

Parallel Partitioned Approach On Fluid-Structure Interaction
Simulations Using the Multi-Scale Universal Interface
Coupling Library...................................................................................... 3318
Wendi Liu, Wei Wang, Alex Skillen, Stephen Longshaw, Charles Moulinec and David Emerson

Software Development To Analyse Genes And Ribonucleic
Acid (rna) Sequences From Public Databases And Obtained
By Next Generation Sequencing............................................................... 3319
Nestor Munive-Arguelles, Ruben Duarte-Bernal, Nubia Castro-López,
C. Acuña-Carvajal, M. Agudelo-Rodriguez, Maciel Peña-Gonzalez,
Laura Jimenez-Gutierrez, Lola Bautista-Rozo, Carlos Barrios-Hernandez
and Francisco Martinez-Perez

The mathematical consistency of the SPH method and applications
to fluid dynamic problems ...................................................................... 3321
Jaime Klapp, Leonardo Di G Sigalotti, Otto Rendon, Jose Manuel Ramirez Velásquez
and Isidoro Gitler

Towards Overnight Les Simulations for Cars............................................ 3323
Alejandro Figueroa and Rainald Lohner

Towards Scale-Resolving Simulations of Industrial Relevant
Turbulent Flows....................................................................................... 3324
O Lehmkuhl, D Mira, R Borrell, G Oyarzun, H Owen and G Houzeaux
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Problem solving environment (PSE) in scientific computing
MS Organizer(s): SHIGEO Kawata, Soonwook Hwang, Dong Soo Han,
Shinji Hioki, MASAMI MATSUMOTO and Kazuo Kashiyama

MS83 - Problem Solving Environment (pse) in Scientific Computing........ 3327
Shigeo Kawata, Soonwook Hwang, Dong Soo Han, Shinji Hioki, Masami Matsumoto
and Kazuo Kashiyama

A Mr System for Underground Structure in Construction Site................... 3328
Fei Teng, Kazuo Kashiyama, Takashi Yoshinaga, Tsuyoshi Kotoura and Hitoshi Ishida

Construction of Programming Education Environment Using
Problem Solving Environment.................................................................. 3329
Shinji Hioki

Development of Educational Card-Based Hardware Control
Programming Framework Problem Solving Environment......................... 3330
Masami Matsumoto

Review of Pse (problem-Solving Environment) in Computing Science...... 3331
S. Kawata

Software Design and Implementation for Hierarchical Parallel
Architectures
MS Organizer(s): David Littlewood, Henry Tufo and Hiroshi Okuda

MS495 - Software Design and Implementation for Hierarchical
Parallel Architectures.............................................................................. 3335
David Littlewood, Henry Tufo and Hiroshi Okuda

A Treatment of Compressible and Nearly Incompressible 3d Linear
Elasticity with High-Order Finite Elements in Parallel.............................. 3336
Arash Mehraban, Jeremy Thompson, Henry Tufo, Richard Regueiro, Jed Brown and Valeria
Barra

Hierarchical Parallelism for Transient Solid Mechanics Simulations......... 3337
David Littlewood, Julia Plews, Nicolas Morales and Reese Jones

Numa-Aware Strategies for the Heterogeneous Execution of
Spmv On Modern Supercomputers........................................................... 3338
Xavier Álvarez-Farré, Andrey Gorobets, F. Xavier Trias and Assensi Oliva

1500 - FLUID-STRUCTURE INTERACTION, CONTACT AND
INTERFACES
Aeroacoustics: modelling and numerical simulation
MS Organizer(s): Manfred Kaltenbacher and Stefan Becker

MS441 - Aeroacoustics: modelling and numerical simulation................... 3343
Manfred Kaltenbacher and Stefan Becker
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Aero-Vibro-Acoustic Simulation of a Simplified Car Model........................ 3344
Stefan Becker and Katrin Nusser

Analysis of the Sound Sources of Swirl Burners....................................... 3345
Konrad Pausch, Sohel Herff and Wolfgang Schröder

Flexible Discretization for Computational Aeroacoustics.......................... 3346
Manfred Kaltenbacher, Klaus Roppert and Stefan Schoder

Influence of the Length of a Cylinder On Its Aeolian Tone Level:
Measurement and Modelling.................................................................... 3347
Florent Margnat and Wagner J. G. S. Pinto

Non-Overlapping Schwarz Domain Decomposition for Flow Acoustics..... 3348
P. Marchner, A. Lieu, G. Gabard, H. Bériot, X. Antoine and C. Geuzaine

True Amplitude One-Way and Bremmer Series for Euler Equations
in Complex Flow...................................................................................... 3349
Clément Rudel, Sébastien Pernet and Jean-Philippe Brazier

Analytical and numerical multi-scale and
multi-field interface models
MS Organizer(s): Michele Serpilli, Raffaella Rizzoni, Frédéric Lebon and Serge Dumont

MS192 - Analytical and Numerical Multi-Scale and Multi-Field
Interface Models..................................................................................... 3353
Michele Serpilli, Raffaella Rizzoni, Frédéric Lebon and Serge Dumont

Asymptotic Analysis of Conewise Linear Elastic Materials,
Unilaterality and Adhesion....................................................................... 3354
Frédéric Lebon and Raffaella Rizzoni

Higher Order Interface Conditions For Multi-Physics Composites............. 3355
Serge Dumont, Michele Serpilli, Raffaella Rizzoni and Frédéric Lebon

Interface Laws For The Evolution Problem Of A Thermoelastic
Composite............................................................................................... 3356
Michele Serpilli, Serge Dumont, Raffaella Rizzoni and Frédéric Lebon

Role Of Boundary/Interface Conditions And Structural Properties
On The Perfusion Of Ocular Tissues: A New Conjecture On The
Etiology Of Disc Hemorrhages In Glaucoma............................................. 3357
Giovanna Guidoboni, Riccardo Sacco, Lorena Bociu, Maurizio Verri and Alon Harris

Contact mechanics
MS Organizer(s): Michel Raous, Peter Wriggers and Giorgio Zavarise

MS71 - Contact Mechanics....................................................................... 3361
Michel Raous, Peter Wriggers and Giorgio Zavarise

A Dual Pass Mortar Approach for Unbiased Constraints and Self-Contact...... 3362
M. Puso and J. Solberg
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A Multigrid Method for Contact Problems in Unfitted Finite
Element Methods..................................................................................... 3363
H. Kothari and R. Krause

A Multiscale Approach to Friction On Surfaces of Polymeric Solids
and in Bulk Polymeric Materials............................................................... 3364
A. Zmitrowicz

A Polynomial Expansion Based Model for Evaluating Wear of Thin
Surface Coatings in Fea........................................................................... 3365
T. Tiirats, N. Chevaugeon, N. Moës, C. Stolz and N. Marouf

A Shape Optimization Approach For Simulating The Obstacle Problem.... 3366
Ramsharan Rangarajan

A Small-Sliding Beam-to-Beam Contact Formulation For The Fatigue
Estimate Of Spiral Strand Wire Ropes...................................................... 3368
Pierre-Alain Guidault, Federico Bussolati, Martin Guiton and Olivier Allix

A Solution Technique Using Clarke Generalized Jacobian To Solve
Non-Smooth Contact Problems................................................................ 3369
Dzifa Kudawoo, Philippe Martinuzzi and Frederic Lebon

A Unified Contact Detection Approach for Modeling
Non-Smooth Contact............................................................................... 3370
Yongyi Zhu, Tim Pawlak and Grama Bhashyam

About the Nonsmooth Generalized-Alpha Method and Contact
Constraints at Acceleration Level............................................................. 3371
Alejandro Cosimo, Federico Cavalieri, Alberto Cardona and Olivier Brüls

An Accurate and Efficient Varying-Order Nurbs Discretization
Method for Three-Dimensional Isogeometric Contact Analysis................ 3372
V. Agrawal and Sachin S. Gautam

Approximation of Frictional Contact for Plates Using Nitsche’s Method.... 3373
C. Pozzolini, M. Fabre and Y. Renard

Development and Identification of a Non-Linear Bolt Connector.............. 3374
Richard Verwaerde, Pierre-Alain Guidault and Pierre-Alain Boucard

Effect of Contact Forces On Cnts Heat Conduction................................... 3375
Vasilis Merevis, Kostas Margaronis and Vissarion Papadopoulos

From Integral Constraints to Overconstrained Formulations - On
the Treatment of Interfacial and Volume Constraints.............................. 3376
Rolf Krause, Maria Nestola, P. Zulian and Martin Weiser

Modeling the Evolution of Dynamic Contact Patterns of Bio-Inspired
Soft Material............................................................................................ 3377
Libang Hu, Yu Cong and Zhiqiang Feng

Mortex Method for Interface Problems: Mesh Tying, Frictional
Contact and Wear.................................................................................... 3379
Basava R. Akula, Vladislav A. Yastrebov and Julien Vignollet
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Motion Analysis Method for Mechanical System with Elastic-Plastic
Deformation............................................................................................ 3380
Shun Yamaguchi, Yoshiki Sugawara and Masakazu Takeda

Multibody Simulations of Gear Contacts with Dynamic Flexibility
Phenomena............................................................................................. 3381
Pavel Jiránek, Sara Grbčić Erdelj and Tommaso Tamarozzi

Multilevel Saddle Point Preconditioners for Mortar Contact Problems...... 3382
Matthias Mayr and Alexander Popp

Nitsche’s Method for Finite Deformation Thermomechanical
Contact and Friction................................................................................ 3383
Alexander Popp, Wolfgang A. Wall and Alexander Seitz

On the Analysis of Steady State Sliding Wear Processes in the
Case of Inhomogeneus Matarials and Varying Contact Loads................... 3384
Istvan Paczelt, Zenon Mroz and Attila Baksa

On The Transient Thermoelastic Ideal Plastic Contact Simulation
for Dry Rough Sliding Surfaces................................................................ 3385
L. J. Oestringer and C. Proppe

Simulation Of Fluid-Structure Interaction And Impact Force On A
Reed Valve.............................................................................................. 3386
Pablo Castrillo, Eugenio Schillaci and Joaquim Rigola

Topology Optimization of Elasto-Plastic Contact Problems....................... 3387
Andrzej Myśliński

Fluid-structure interaction algorithms and applications
MS Organizer(s): Scott T. Miller and Justin A. Kauffman

MS140 - Fluid-Structure Interaction Algorithms and Applications............ 3391
Scott T. Miller and Justin A. Kauffman

A Stable Added-Mass Partitioned Algorithm for Elastic Solids and
Incompressible Flow............................................................................... 3392
Donald Schwendeman

Comparison of Different Quasi-Newton Techniques for Coupling of
Black Box Solvers.................................................................................... 3393
N. Delaissé, T. Demeester, D. Fauconnier and J. Degroote

Direct Numerical Sumulations Of Turbulent Periodic Flows Using
Lattice Boltzmann Method....................................................................... 3394
Ming-Chun Lee, Wei-Jie Lin, Tzu-Hsuan Chiu and Chao-An Lin

Fast Dynamic Multi-Model Coupling for Complex Flows is a
Finite-Volume Framework....................................................................... 3395
Alexis Picard, Olivier Jamond, Nicolas Lelong, Christian Tenaud and Vincent Faucher
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Fluid-Shell Structure Interactions Using Openifem with
Non-Intrusive Coupling........................................................................... 3396
L. Zhang, N. Nanal, C. Shen and S. Miller

Fluid-Structure Interaction Analysis of Flapping-Wing Flight
On Mars................................................................................................... 3397
Kosuke Kawakami, Shigeki Kaneko, Giwon Hong and Shinobu Yoshimura

Fluid-Structure Interaction and Actuation Control for Smart Shape
Memory Alloys Microfluidic Valves........................................................... 3398
Ahmed Aissa Berraies, Ferdinando Auricchio, Harald Van Brummelen and Francesco Butera

Fluid-Structure Interaction for Large Scale Assemblies:
Algorithms and Applications.................................................................... 3400
Jerome Solberg

Intelligent Fluid-Solid Coupling Simulation System for Design
Optimization............................................................................................ 3401
Haonan Ji, Bin Zou, Carlos F. Lange, Jikai Liu and Lei Li

Modeling and Simulation of the Effect of Weak Winds On High and
Very High Voltage Overhead Conductors................................................. 3402
T. Ghoudi, J. Redford, E. Cieren, F. Hafid, M. Gueguin, J. M. Ghidaglia and L. Zhang

Monolithic Co-Simulation Method for Fluid-Structure Interaction
Using Open Source Softwares.................................................................. 3403
M. Gibert, A. Bel-Brunon, M. Brun, A. Gravouil and M. Rochette

Numerical Investigation Of The Fluid-Structure Interaction
Phenomenon Coupling 2-Phase Flow And Structures In A
Nuclear Reactor Core............................................................................... 3404
Sofiane Houbar, Antoine Gerschenfeld, Daniel Broc and Grégoire Allaire

Fluid-structure Interaction, Contact and Interfaces
MS Organizer(s): Zhongguo Sun, Xiangyu Hu and Zhe Li

MS169 - Fluid-Structure Interaction, Contact and Interfaces................... 3409
Zhongguo Sun, Xiangyu Hu and Zhe Li

Fluid-Structure Interaction Modelling of a Row of Sfr Fuel Pins
Subjected to Turbulent Flow.................................................................... 3411
Xiaoshu Ma, Guillaume Ricciardi, Jean-Marie Gatt, Victor Blanc,
Stéphane Bourgeois and Bruno Cochelin

Modeling and Simulation of Suction Blow Molding Process for
Producing Curved Ducts.......................................................................... 3412
K. Kabanemi and Jean-Philippe Marcotte
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Frictional contacts with lubrication - basics and applications
MS Organizer(s): Michael Müller and Thomas Hagemann

MS129 - Frictional Contacts with Lubrication - Basics and Applications... 3415
Michael Müller and Thomas Hagemann

An Experimental Approach to the Investigation of Friction and
Flow Behaviour Under Starved Lubrication.............................................. 3416
Michael Müller, Lukas Stahl and Georg-Peter Ostermeyer

Characterization of the Viscous Behaviour of Gears Oils by Ehl
Simulation............................................................................................... 3417
Lionel Simo Kamga, Manuel Oehler and Bernd Sauer

On the Shear Flow in Partially Filled Gaps................................................ 3418
Lukas Stahl, Michael Müller and Georg-Peter Ostermeyer

Overview of An Approach to Numerical Modelling and Experimental
Validation of Journal Bearings................................................................. 3419
Michael Stottrop and Beate Bender

Sensitivity of tilting-pad journal bearings rotordynamic coefficients
to different model approaches ................................................................ 3420
Thomas Hagemann, Philipp Zemella and Hubert Schwarze

Two-Phase Flow Cfd Analysis On Journal Bearings for High Speed
Rotating Machinery with Experiment....................................................... 3421
Masayuki Ochiai and Hiromu Hashimoto

High-performance tools for free-surface
flows and floating bodies
MS Organizer(s): Jeffrey C. Harris and Christian F. Janssen

MS298 - High-Performance Tools for Free-Surface Flows and
Floating Bodies........................................................................................ 3425
Jeffrey C. Harris and Christian F. Janssen

Nlfk4all: An Open-Source Demostration Toolbox for Computationally
Efficient Nonlinear Froude-Krylov Force Calculations............................... 3426
G. Giorgi, G. Bracco and G. Mattiazzo

Numerical analysis of effect of lane rope floats on wave dissipation ....... 3438
Minoru Shirazaki and Kohei Shiraishi

Numerical Simulation of Sloshing in Lng Tank Including Irregular
Tank Motion Using Moving Grid Technique............................................... 3439
Kunihide Ohashi

Simulation of Wave-Structure Interactions Within a Two-Way
Coupled Vof/Bem Model.......................................................................... 3440
P. Landesman, J. C. Harris, C. Peyrard and M. Benoit
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Immersed boundary methods for fluid-structure
interactions and their applications
MS Organizer(s): Fang-Bao Tian, Li Wang, Wei-Xi Huang, Gang Chen and Andres Goza

MS367 - Immersed Boundary Methods for Fluid-Structure
Interactions and Their Applications......................................................... 3443
Fang-Bao Tian, Li Wang, Wei-Xi Huang, Gang Chen and Andres Goza

A Diffused Interface Immersed Boundary-Lattice Boltzmann
Method for Simulation of Channel Flow.................................................... 3444
Q. Huang, F.-B. Tian, J. Young and J. Lai

A Monolithic Projection Framework for Constrained Fsi Problems
with the Immersed Boundary Method...................................................... 3445
Luohao Wang, Chunmei Xie and Weixi Huang

A Prediction-Correction Immersed Boundary Method For
Compressible Fluid-Structure Interaction Simulation............................... 3446
N. Jianguo, Z. Hetao, X. Xiangzhao and M. Tianbao

An Embedded Formulation for Fluid-Structure Interaction with Contact..... 3447
P. Zulian, M. Nestola, L. Gaedke-Merzhäuser and R. Krause

An Ib-Lbm for Fsi Problems Involving Viscoelastic Fluids and
Complex Geometries................................................................................ 3448
J. Ma, Z. Wang, Y. Sui and F.-B. Tian

An Immersed Boundary Method and Its Application On
Modelling Sound Generation by Flapping Wings....................................... 3449
Li Wang and Fangbao Tian

An Immersed Boundary Method Based Fluid-Structure Interaction
Solver with Applications in Energy Harvesting......................................... 3450
Gaurav Sharma and Rajneesh Bhardwaj

Blood Flow Past the Distal Avg Anastomosis with Intimal Hyperplasia.... 3451
Luoding Zhu and Kaoru Sakai

Implementation of Charcteristic Based Volume Penalization Method
On Unstructured Meshes.......................................................................... 3452
I. V. Abalakin, Tatiana K. Kozubskaya, Oleg V. Vasilyev and Natalia S. Zhdanova

Influence of Serrated Trailing Edge On Flapping Wing Noise.................... 3453
Xueyu Ji, Fangbao Tian and Joseph Lai

Numerical Performance Assessment of Different Fsi
Non-Boundary Conforming Methods........................................................ 3454
David Oks, Cristóbal Samaniego, Mariano Vázquez and Guillaume Hozeaux

Simulation of Fish Adaptive Behaviours with Deep Reinforcement
Learning and Lattice Boltzmann Method.................................................. 3455
Yi Zhu, Fang-Bao Tian, John Young, Joseph C.S. Lai and James C. Liao
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Simulation of Flight States for Flexible Falling Plates by the
Immersed Boundary Method................................................................... 3456
Edwin M. Lau and Wei-Xi Huang

Stomachsim: Coupled Chemo-Fluidic Computational Modeling of
Drug Dissolution in the Human Stomach.................................................. 3457
Jung-Hee Seo and Rajat Mittal

Immersed methods for cfd and fluid-structure interaction
MS Organizer(s): Hugo Casquero, Carles Bona-Casas and Ming-Chen Hsu

MS241 - Immersed Methods for Cfd and Fluid-Structure Interaction....... 3461
Hugo Casquero, Carles Bona-Casas and Ming-Chen Hsu

A Fictitious Domain Approach for the Finite Element
Discretization of Fsi................................................................................. 3462
Lucia Gastaldi

A Topology-Free Immersed Boundary Method for Incompressible
Turbulence Flows.................................................................................... 3463
Keiji Onishi and Makoto Tsubokura

An Embedded Fsi Formulation Based On Variational Transfer and
Its Application to Bio-Prosthetic Aortic Valves Simulations..................... 3464
M.G. Chiara Nestola, B. Becsek, P. Zulian, D. De Marinis, D. Obrist and R. Krause

Direct Numerical Simulations of Multi-Phase Flow at Low
Reynolds Number.................................................................................... 3465
Jenny Suckale and Zhipeng Qin

Divergence-Conforming Method for the Solution of Brush-Type
Structures in Fluid Flow........................................................................... 3466
Antonio Cerrato Casado, Hugo Casquero, Joan J. Cerdà Pino and Carles Bona-Casas

Fluttering Wings for Energy Harvesting: a Numerical Study Using a
Parallel Immersed Boundary Method....................................................... 3467
Stefano Olivieri, Francesco Viola, Roberto Verzicco, Marco Edoardo Rosti and Andrea Mazzino

Model-Based Surface Force Reconstructions For
Immersed-Boundary Methods In Turbulent Flows................................... 3468
Shizhao Wang, Marcos Vanella and Elias Balaras

Soft-Body Migration in Soft-Coated Shear Flow Via
Divergence-Conforming Immersed Boundary (dcib) Formulation............ 3469
Antonio Cerrato, Hugo Casquero, Joan Josep Cerda and Carles Bona-Casas

Innovative Methods for Fluid-Structure Interaction
MS Organizer(s): Harald van Brummelen, Trond Kvamsdal and Roger Ohayon

MS96 - Insivative Methods for Fluid-Structure Interaction...................... 3473
Harald van Brummelen, Trond Kvamsdal and Roger Ohayon
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3D Interaction Between Lagrangian Fluids and Highly
Deformable Structures............................................................................ 3474
Massimiliano Cremonesi, Simone Meduri and Umberto Perego

A 3d Nitsche-Xfem Method For Immersed Fsi With
Thin-Walled Solids................................................................................... 3475
Frédéric Alauzet, Daniele C. Corti, Miguel A. Fernández and Fannie M. Gerosa

A Fully Eulerian Approach to Fluid-Solid Interaction in
Elasto-Capillarity..................................................................................... 3476
S. Aland

A Mixed-Dimensional Fluid-Structure Interaction Formulation
for Immersed Slender Bodies.................................................................. 3477
Nora Hagmeyer, Matthias Mayr and Alexander Popp

Adaptive Immersed Mesh Method for Fluid-Structure Interaction............ 3478
Ramy Nemer, Aurelien Larcher, Thierry Coupez and Elie Hachem

Adaptive Isogeometric Analysis of Elasto-Capillary
Fluid-Solid Interaction............................................................................. 3479
Harald van Brummelen, Mahnaz Shokrpour-Roudbari, Tristan Demont, Gertjan van Zwieten,
Jacco Snoeijer and Herman Wijshoff

Comparison of Monolithic and Partitioned Approaches for Ponding
Analysis On Membrane Structures........................................................... 3481
N. Kodunthirappully Narayanan, R. Wüchner and J. Degroote

Computational Fluid-Structure-Contact Interaction In Temper
Rolling Of Aluminum................................................................................ 3482
Thomas Spenke, Daniel Hilger, Norbert Hosters and Marek Behr

Data Driven Approximation of Parametrized Structural Mechanics
by Reduced Basis and Neural Networks................................................... 3483
Simone Deparis, Luca Pegolotti, Niccolò Dal Santo and Felipe Rocha

Discover Active Flow Control Strategies to Suppress Vortex
Induced Vibration of Cylinders by Reinforcement Learning Method......... 3484
Changdong Zheng, Fangfang Xie, Tingwei Ji, Lixing Xie and Yao Zheng

Effects of Structural Geometrical Nonlinearities On the
Hydroelastic Vibrations of Liquid-Storage Flexible Tanks......................... 3485
Jean-François Deü, Christophe Hoareau and Roger Ohayon

Feature Analysis and Turbulence Modeling Based on Machine Learning... 3486
Yuhui Yin, Pu Yang and Yufei Zhang

Fluid-structure Interaction Modeling With Non-Matching
Interface Discretizations For Compressible Flow Problems...................... 3487
Manoj R. Rajanna, Emily L. Johnson and Ming-Chen Hsu

Learning Mesoscale and Submesoscale Ocean Surface
Dynamics From Lagrangian Drifters......................................................... 3488
Nikolas O. Aksamit, Themistoklis Sapsis and George Haller
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Numerical Simulation On The Hydrodynamic Characteristics Of
Lateral Free Flexible In The Wake Of Flapping Wing................................ 3490
Xinyi He, Guoyi He, Zhen Wang, Qi Wang and Longsheng Chen

Optimization with Nonstationary, Nonlinear Monolithic
Fluid-Structure Interaction...................................................................... 3493
T. Wick and W. Wollner

Quasi-Newton Waveform Iteration for Partitioned
Fluid-Structure Interaction...................................................................... 3494

Benjamin Uekermann, Benjamin Rüth, Miriam Mehl, Philipp Birken and Harald van Brummelen

Recent Developments In Fluid-Structure Interaction With
Unstructured Space-Time Finite Elements............................................... 3495
Norbert Hosters, Max von Danwitz and Marek Behr

Reduced Order Modelling of Flutter-Induced Energy Harvesters.............. 3496
Christophe Hoareau, Lan Shang and Andreas Zilian

Reduced Order Models for Fluid-Structure Interaction:
Monolithic and Partitioned Approaches.................................................... 3497
Monica Nonino, Francesco Ballarin, Efthymios Karatzas, Gianluigi Rozza and Yvon Maday

Robust Active Flow Control Over a Range of Reynolds Numbers
Using Deep Reinforcement Learning........................................................ 3498
Hongwei Tang, Jean Rabault, Alexander Kuhnle, Yan Wang and Tongguang Wang

Multiphase flows with surface tension and capillarity
MS Organizer(s): Julien Bruchon, Nicolas Moulin and Luisa Silva

MS148 - Multiphase Flows with Surface Tension and Capillarity.............. 3501
Julien Bruchon, Nicolas Moulin and Luisa Silva

A Collision Model for Simulation of Particle Interactions at
Fluid-Fluid Interfaces.............................................................................. 3503
Erfan Pirmorad and Markus Bussmann

A P1/P1 Finite Element Framework for Taking Into Account
Capillary Effects in Biphasic Flow Simulations......................................... 3504
Julien Bruchon, Loïc Chevalier, Aubin Geoffre, Nicolas Moulin,
Pierre-Jacques Liotier and Sylvain Drapier

Adaptive Higher-Order Finite Element Modeling of Multiphase Flow........ 3505
Modesar Shakoor and Chung Hae Park

An Enriched Fem/Ls Method for 3d Simulation of Two-Phase
Flows with Moving Contact-Line.............................................................. 3506
Mohammad R. Hashemi, Pavel B. Ryzhakov and Riccardo Rossi

Anisotropic Grain Growth Modelling Using a Level-Set Finite
Element Formulation............................................................................... 3507
Brayan Murgas, Julien Fausty, Sebastian Florez, Baptiste Flipon, Nathalie Bozzolo
and Marc Bernacki
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Modeling and Simulation of Moving Contact Line Problems
with Complex Flows................................................................................. 3508
Zhen Zhang and Weiqing Ren

Numerical Investigation On Fluid Flow of Protruding Branching Duct
in a Dividing Junction of a Minichannel Heat Exchanger........................... 3509
Mohamed Settati, Carles Oliet and Assensi Oliva

Numerical Simulation of Bi-Fluid Flow in Porous Media with
Consideration of Capillary Effects Through a Pressure Discontinuity........ 3510
Nicolas Moulin, Koloina Andriamananjara, Julien Bruchon, Pierre-Jacques Liotier
and Sylvain Drapier

Sorting Cells in Microfluidics Based On Their Intrinsic Properties............ 3511
Wei Chien, Zunmin Zhang, Ewan Henry, Gerhard Gompper and Dmitry Fedosov

Study of the Dynamic Contact Line by the Volume-of-Fluid Method
On Hierarchical Adaptive Mesh................................................................ 3512
Tomas Fullana, Stéphane Zaleski and Stéphane Popinet

Nonstandard methods for highly nonlinear problems
MS Organizer(s): Rolf Krause, Martin Weiser and Gabriel Wittum

MS463 - Nonstandard Methods for Highly Nonlinear Problems................ 3515
Rolf Krause, Martin Weiser and Gabriel Wittum

A Nonlinear Update for Finite Strain Elasticity......................................... 3517
Anton Schiela, Julian Ortiz and Matthias Stöcklein

A Unified Nitsche Approach for Fluid-Structure Interactions
and Contact............................................................................................. 3518
Stefan Frei, Erik Burman and Miguel A. Fernández

Adaptive 3d Brittle Damage Simulations Using Geometric Multigrid......... 3519
A. Vogel and P. Junker

Multilevel Augmented-Lagrangian Methods for Overconstrained
Contact Discretizations............................................................................ 3520
M. Weiser and R. Krause

Solvers for Coupled Pde Problems in Porous Media Science..................... 3521
Arne Nägel

Numerical methods for fluid-structure interaction
MS Organizer(s): Bernhard Müller and Tore Flåtten

MS403 - Numerical Methods for Fluid-Structure Interaction.................... 3525
Bernhard Müller and Tore Flåtten

A One-Field Monolithic Fictitious Domain Method for
Fluid-Structure Interaction...................................................................... 3526
Y. Wang, P. Jimack, M. Warkley and H Thompson
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Combining Black-Box Techniques with Physics-Based Surrogates
in Quasi-Newton Methods........................................................................ 3527
T. Demeester, E. H. van Brummelen and J. Degroote

Efficient Fluid-Structure Interaction Analysis Via Projection-Based
Reduced Order Model.............................................................................. 3528
SiHun Lee, Haeseong Cho, Haedong Kim and SangJoon Shin

Fluid-Structure Interaction and Immersed Boundary Method for
Viscous Compressible Flow Using High Order Methods............................ 3529
M. Ehsan Khalili, Knut Emil Ringstad, Martin Larsson and Bernhard Müller

Modelling the Coupled Interaction of Free Surfaces and Rigid Bodies
Using a Continuous Forcing Immersed Boundary Method........................ 3531
T. Martin and H. Bihs

The Good, the Bad, and the Ugly of Dancing Particles in Turbulent Flows..... 3532
Wolfgang Schröder and Lennart Schneiders

1600 - GEOMECHANICS AND NATURAL MATERIALS
Advances in particle methods for geomechanics
MS Organizer(s): Xue Zhang, Sergio Torres and Ning Guo

MS444 - Advances in Particle Methods for Geomechanics........................ 3537
Xue Zhang, Sergio Torres and Ning Guo

Coupled Spfem/Dem Approach for Multiscale Modelling of Large
Deformation Geotechnical Problems........................................................ 3539
Ning Guo, Zhongxuan Yang and Weihai Yuan

Recent developments of the particle finite element method and
its applications to geotechnical problems ............................................... 3540
Xue Zhang, Jingjing Meng and Sheng Zhang

Sph-Dem Coupling for Debris Flows......................................................... 3541
Mario Germán Trujillo-Vela, Sergio Andres Galindo-Torres, Xue Zhang,
Alfonso Mariano Ramos-Cañón and Jorge Alberto Escobar-Vargas

Strain Localization Analysis Using Cosserat-Iga Method.......................... 3542
Hongxiang Tang and Feng Zhu

Computational Geomechanics
MS Organizer(s): WaiChing Sun, Richard Regueiro, Ronaldo Borja,
Jiun-Shyan Chen, Mohamed Rouainia and Claudio Tamagnini

MS280 - Computational Geomechanics.................................................... 3545
WaiChing Sun, Richard Regueiro, Ronaldo Borja, Jiun-Shyan Chen,
Mohamed Rouainia and Claudio Tamagnini

A Second Gradient Dilatation Model for Claystone Behaviour................... 3546
Maxime Gantier, Pierre Bésuelle, Eric Lorentz, Simon Raude and Denis Caillerie
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Ale-Formulation for Saturated and Unsaturated Soils Loaded
by Rolling Tires........................................................................................ 3547
Ines Wollny, WaiChing Sun and Michael Kaliske

Computational Costs and Flexibility of Level Set-Discrete
Element Method....................................................................................... 3548
J. Duriez, C. Galusinski, S. Bonelli and F. Golay

Convergence and Stability of Criterion-Based and Energy-Based
Models of Discrete Cohesive Fracture...................................................... 3549
M. Reza Hirmand, Katerina D. Papoulia, Mohammad Vahab and Nasser Khalili

Coupling 3d Geomechanics to Classical Petroleum System Simulation..... 3550
A. Brüch, D. Colombo, J. Frey, J. Berthelon, M.-C. Cacas-Stentz and T. Cornu

Deformation-Gradient-Based Formulation of Cam-Clay Plasticity
Model with Anisotropic Rotational Hardening and Subloading
Surface Concept...................................................................................... 3551
Yuki Yamakawa, Takuya Iguchi and Jiahua Luo

Effect of Boundary Conditions On the Liquefaction Behaviour of
Granular Materials: 2d Dem Study........................................................... 3552
Jagan M Padbidri

Extreme Multiscale Earthquake Simulation with and Adaptive
Spacetime Discontinuous Galerkin Method.............................................. 3554
Amit Madhukar, Xiao Ma, Robert Haber, Ahmed Elbanna and R. Abedi

Geomechanical Modeling Using Variable Order Spectral Element
Method at Non-Conformal Meshes........................................................... 3555
Anatoly Vershinin, Dmitry Konovalov, Alexey Kukushkin and Vladimir Levin

High Resolution Sea Ice Modeling with the Discrete Element Method...... 3558
Devin O’Connor, Brendan West, Andrew Davis, Taylor Hodgdon and Matthew Parno

Linearization of Nonlinear Yield and Plastic Potential Functions
for Elastic-Brittle-Plastic Rock................................................................. 3559
S. Sharan

Numerical Simulation of Coupled Thermo-Hydro-Mechanical
Processes in Freezing Soils...................................................................... 3560
Maxim Zhelnin, Anastasiia Kostina, Oleg Plekhov and Lev Levin

Numerical Simulation of Load Transfer in Mooring Anchor Systems......... 3561
K. Quiroz, J. Tamayo, S. Maghous and A. Braun

Phase-Field Modeling of Shear Bands in Geomaterials............................. 3562
Jinhyun Choo and Fan Fei

The Simulation of Rockfill in a Characteristic of Three-Dimensional
Strength.................................................................................................. 3563
Xuefeng Li and Ruijie Li
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Towards a More Realistic 3d Seismic Input Motion Definition for
Soil-Structure Interaction Studies........................................................... 3565
M. Korres, F. Gatti, V. Alves Fernandes, F. Lopez-Caballero, I. Zentner and F. Voldoire

Computational mechanics of wood, wood-based
products and timber structures
MS Organizer(s): Josef Füssl, Josef Eberhardsteiner, Markus Lukacevic and Michael Kaliske

MS150 - Computational mechanics of wood, wood-based products
and timber structures.............................................................................. 3569
Josef Füssl, Josef Eberhardsteiner, Markus Lukacevic and Michael Kaliske

A Computational Approach To Predict Warp Of Sawn Lumber Due
To Residual Growth Stress In A Log......................................................... 3570
Hiroyuki Yamamoto, Miyuki Matsuo-Ueda, Tsubasa Tsunezumi, Masato Yoshida,
Kana Yamashita, Yukari Matsumura, Yosuke Matsuda and Yuji Ikami

Buckling Analysis of Anti-Symmetrically Loaded Timber Beams............... 3571
Hans Petersson

Computational Mechanics Concepts for Wood-Based Products and
Timber Structural Elements..................................................................... 3572
Markus Lukacevic, Josef Füssl and Josef Eberhardsteiner

Modelling of Wood Forming Processes and Multi-Physical Material
Characteristics of Moulded Wooden Structures ....................................... 3573
Michael Kaliske and Robert Fleischhauer

Moment Transmitting Beam-to-Column Timber Connections:
Finite Element Modelling and Experimental Validation............................. 3574
Mar Basterrechea-Arévalo, Jose M. Cabrero, Borja Iraola and Rufino Goñi

Numerical Simulation of Moisture Transport in Wood Including
Free Water Transport.............................................................................. 3575
Maximilian Autengruber, Markus Lukacevic and Josef Füssl

Phase Field Method-Based Modeling of Fracture in Wood........................ 3576
Sebastian Pech, Markus Lukacevic and Josef Füssl

Using Computed Tomography Data for Finite Element Models of
Wood Boards........................................................................................... 3577
Johannes A. J. Huber, Mats Ekevad and Olof Broman

Computational modelling of internal erosion
MS Organizer(s): Carlo Callari, Stéphane Bonelli and Francesco Froiio

MS132 - Computational Modelling of Internal Erosion............................. 3581
Carlo Callari, Stéphane Bonelli and Francesco Froiio

A Coupled Hydro-Mechanical Model for Soil Erosion................................. 3582
Irene Scheperboer, Akke Suiker, Emanuela Bosco and François Clemens
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Micromechanical Analysis of Detachment Mechanisms of Suffusion......... 3583
Qirui MA, Antoine Wautier and Wei Zhou

Multiscale Modeling of Backward Erosion Piping...................................... 3584
A. Fascetti and C. Oskay

Numerical Modelling of Soil Suffusion Using Openfoam........................... 3585
Li-Hua Luu, Abdelkader Izerroukyene, Doan Nguyen, Nadia Benahmed,
Guillaume Veylon and Pierre Philippe

Simulation of a Small Scale Model of Dike Susceptible to Suffusion......... 3586
Rachel M. Gelet, Alaa Kodieh and Didier Marot

The Contribution Of Vegetation To The Shallow Slopes Stability.............. 3587
Piera Paola Capilleri, Diego Lo Presti and Stefeno Stacul

Recent advances in the numerical simulation
of hydraulic fracture growth
MS Organizer(s): Brice Lecampion, Sergey Golovin, Egor Dontsov and Anthony Peirce

MS334 - Recent Advances in the Numerical Simulation of Hydraulic
Fracture Growth...................................................................................... 3591
Brice Lecampion, Sergey Golovin, Egor Dontsov and Anthony Peirce

A robust three-dimensional non-planar fully-coupled hydraulic
fracturing simulation with xfem method ................................................. 3593
Lin Xia, Zhen-zhong Du, Shekhar Gosavi, Sandeep Kumar, Jorge Garzon,
Kingshuk Bose, Chris Wohlever and Mohan Kulkarni

Comparison of Theoretical and Experimental Data On Hydraulic
Fracturing............................................................................................... 3594
Mariia Trimonova, Helen Novikova, Viktor Nachev, Sergey Turuntaev,
Evgeniy Zenchenko and Petr Zenchenko

Coupling Strategies for Hydraulic Fracture Models with
Proppant Transport................................................................................. 3596
Endrina Rivas and Robert Gracie

Improved Fracture Front Reconstruction in Planar 3d Fluid
Driven Fractures Simulation.................................................................... 3597
Carlo Peruzzo, Brice Lecampion and Haseeb Zia

Numerical Model for a Radial Hydraulic Fracture with
Pressure-Dependent Leak-Off and Inflow................................................ 3598
E. Kanin, D. Garagash, E. Dontsov and A. Osiptsov

Refracturing In The Same Borehole (lab Experiments)............................ 3600
Sergey Turuntaev, Evgeny Zenchenko, Petr Zenchenko, Maria Trimonova
and Nikolai Baryshnikov

Simulations of Hydraulic Fracture Initiation, Growth and Closure
Driven by a Viscoplastic Mud................................................................... 3601
Haseeb Zia, Brice Lecampion, Carlo Peruzzo and Jean Desroches
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Theoretical, experimental and numerical analysis of
sea ice in the antarctic marginal ice zone
MS Organizer(s): Jörg Schröder, Carina Nisters, Doru C. Lupascu, Tim Ricken,
Marcello Vichi and Sebastian Skatulla

MS128 - Theoretical, Experimental and Numerical Analysis of Sea
Ice in the Antarctic Marginal Ice Zone..................................................... 3605
Jörg Schröder, Carina Nisters, Doru C. Lupascu, Tim Ricken, Marcello Vichi
and Sebastian Skatulla

Computational Modeling of Ice Floe Dynamics in the Antarctic
Marginal Ice Zone.................................................................................... 3606
R. Marquart, A. Bogaers, A. Alberello, A. Toffoli, M. Vichi and S. Skatulla

Grease Ice In The Antarctic Marginal Ice Zone........................................ 3607
Felix Paul, Tommy Mielke, Carina Nisters, Jörg Schröder, Tokoloho Rampai,
Sebastian Skatulla, Marcello Vichi and Doru C. Lupascu

In Silico Modeling of Coupled Physical-Biogeochemical (p-Bgc)
Processes in Antarctic Sea Ice................................................................. 3608
Andrea Thom and Tim Ricken

Integration of Experimental Data to the Simulation of Non-Newtonian
Fluid Flow Using the Least-Squares Finite Element Method..................... 3609
S. Averweg, A. Schwarz, C. Nisters and J. Schröder

Investigation of Finite Element Methods for Sea Ice Dynamics in
the Marginal Ice Zone of Antarctica......................................................... 3610
Carina Nisters and Jörg Schröder

Remarks On Sea Ice Modeling Within the Framework of the
Theory of Porous Media........................................................................... 3611
Alexander Schwarz, Joachim Bluhm and Jörg Schröder

Sea Ice Simulations in the Global Climate Model Icon.............................. 3612
Carolin Mehlmann

Viscoelastic Modeling of Small-Scale Calving at Antarctic Ice Shelves..... 3613
J. Christmann, R. Mueller and A. Humbert

1700 - DATA SCIENCE AND MACHINE LEARNING
Data-Based engineering & computations
MS Organizer(s): F Chinesta, E. Cueto, C. Farhat, P. Ladeveze and F. J. Montans

MS223 - Data-Based Engineering & Computations................................... 3619
F Chinesta, E. Cueto, C. Farhat, P. Ladeveze and F. J. Montans

A Data-Driven Computation for Complex Materials with Memory
and Application....................................................................................... 3620
Pierre Ladeveze, David Neron and Paul-W Gerbaud
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A Machine Learning Model to Detect Flow Disturbances During
Manufacturing of Composites by Liquid Moulding.................................... 3621
Carlos González and Joaquín Fernández-León

A Non-Intrusive S-Pgd Technique For Self-Learning Digital Twin............. 3622
Beatriz Moya, Alberto Badías, Iciar Alfaro, Francisco Chinesta and Elias Cueto

A Simple Formulation for Visco-Hyperelastic Behavior for Soft
Materials Suitable for Different Loading Types......................................... 3623
Olatz Garcia-Bañales, Luis Saucedo-Mora, José María Benítez and Francisco J Montáns

A Variational Data Assimilation Method Based On Complexity Reduction
and Model Error Inclusion for Real-Time Monitoring Applications............ 3624
Willy Haik, Yvon Maday and Ludovic Chamoin

An Adaptive Sampling Procedure for Training a Neural Network Based
On a Gaussian Process............................................................................. 3625
N. Al Hazmi, Y. Ghazi, R. Tezaur and C. Farhat

Analytical and Experimental Study of the Identification Strategy in
Magnetic Resonance Imaging.................................................................. 3626
Samuel Kurtz, Giuseppe Geymonat, Françoise Krasucki, Elijah Van Houten and Bertrand
Wattrisse

Application Of The Proper Generalized Decomposition To Wave
Propagation Simulations.......................................................................... 3627
Dimitri Goutaudier, Laurent Berthe and Francisco Chinesta

Automated Constitutive Modeling of Isotropic Hyperelasticity
Based On Machine Learning Algorithms................................................... 3628
Karl Kalina, Jörg Brummund, Lennart Linden and Markus Kästner

Breast Cancer Effect On Osteoporosis Development: Finite Element
Study Based On Dxa Scans...................................................................... 3629
I. Ait Oumghar, Abdelwahed Barkaoui and Partick Chabrand

Calibration of Plasticity Model Parameters From Full-Field Data
with Automatic Differentiation-Based Sensitivities.................................. 3631
Daniel Seidl and Brian Granzow

Constitutive Modeling Lessons From Data-Driven Hyperelasticity:
On the Affine Deformations Assumption in Polymers............................... 3632
Victor Jesús Amores, Khanh Nguyen, José María Benitez and Francisco Javier Montáns

Extracting Constitutive Manifold for Computational Elasticity:
a Kernel-Based Method............................................................................ 3633
Yoshihiro Kanno

Ffr Model Parameters Estimation With Machine Learning........................ 3634
Timur Gamilov and Ilya Nizhenko

Hybrid Twins for Fluid Applications......................................................... 3635
Beatriz Moya, Flavien Alonzo, Iciar Alfaro, David Gonzalez and Francisco Chinesta
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Inverse Design of Polymer Alloy Using Machine Learning Based
On Macroscopic Property......................................................................... 3636
Kazuya Hiraide, Kenta Hirayama, Katsuhiro Endo and Mayu Muramatsu

Inversion of Densely Located Point-Like Scatterers in An Elastic
Half-Space by the Foldy Method and Pseudo Projection Approach........... 3637
T. Touhei

Large-Strain Compressible Orthotropic Hyperelasticity Compatible
With The Small-Strains Theory................................................................ 3638
Javier San Millán, Víctor Jesús Amores, Ismael Ben-Yelun and Francisco J. Montans

Learning Physics Through Themodynamically-Informed
Neural Networks..................................................................................... 3639
Quercus Hernández, Alberto Badías, David González, Icíar Alfaro, Elías Cueto and Francisco
Chinesta

Numerical Prediction Of Springback In Sheet Metal Forming In
Anisotropic Elastoplastic Finite Strains.................................................... 3640
Raúl Díaz, Khanh Nguyen, Francisco J. Montáns and Miguel A. Sanz

Parallelized Machine Learning for the Analysis of Hybrid Rocket
Combustion Data..................................................................................... 3641
Alexander Ruettgers, Charlotte Debus, Anna Petrarolo, Mario Kobald and Martin Siggel

Patch Reduced Order Mechanical Model................................................... 3642
Agathe Reille, Fatima Daim, Nicolas Hascoët and Francisco Chinesta

Probabilistic Agent Based Model For Tumoral Cells, And 3d Model
For Angiogenesis..................................................................................... 3643
José María Benítez-Baena, Luis García-Mozos, Juan Ramos-Lojo,
Marta Benítez-Aguilar, Luis Saucedo-Mora and Francisco Javier Montáns

Reduced-Order Model of Concrete Microstructure Based On
X-Ray Microtomographic Imaging............................................................ 3644
Anna Madra, Brett Williams, Jesse Sherburn, William Heard, Xu Nie and Michael Hillman

Resolution of the Cauchy Problem and Uncertainty Quantification
Via the Steklov-Poincaré Approach.......................................................... 3645
R. Ferrier, Pierre Gosselet and M. L. Kadri

Simulated Reality: Physics-Based Augmented Reality Using
Real-Time Data........................................................................................ 3646
Alberto Badias, David Gonzalez, Iciar Alfaro, Francisco Chinesta and Elias Cueto

Solving Inverse Problems In Steady-State Navier-Stokes
Equations Using Physics Constrained Machine Learning.......................... 3647
Tiffany Fan, Kailai Xu, Jay Pathak and Eric Darve

Strain-Driven Generative Design Framework Coupled With A
Mimetic Metamaterial: A Process Towards Mechanical And Shape
Adaptation To Observed Structures And Functionalities........................... 3649
Luis Saucedo-Mora, Hugo García-Modet, Guillermo Gómez-Carano,
Miguel Ángel Sanz-Gómez and Francisco Javier Montans
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Surface Deformation Modelling with Optimal Transport Interpolation..... 3650
Tarek Frahi, Antonio Falco, Francisco Chinesta and Anoop Ebey Thomas

Tape Surfaces Classification with Persistence Images............................. 3651
Tarek Frahi, Francisco Chinesta, Antonio Falco and Clara Argerich

The Characterization Of Metamaterials In Virtual Testing:
Macroscopic Effective Properties For Structural Applications................... 3652
Ivan Marín Gonzalez, Gonzalo Vera Rodríguez, Francisco Montans,
Luis Saucedo Mora and Miguel Angel Sanz Gómez

The Linear Sampling Method Applied to the Nondestructive Testing
of Elastic Waveguides.............................................................................. 3653
Vahan Baronian, Laurent Bourgeois, Bastien Chapuis and Arnaud Recoquillay

The Noise Collector for Sparse Recovery in High Dimensions................... 3654
Miguel Moscoso, Alexei Novikov, George Papanicolaou and Chrysoula Tsogka

Thermodynamics-Aware Machine Learning Of Non-Markovian
Physical Laws.......................................................................................... 3655
David Gonzalez, Francisco Chinesta and Elias Cueto

Unsupervised Learning Based Model Order Reduction For
Hyperelastoplasticity............................................................................... 3656
Soumianarayanan Vijayaraghavan, Lars Beex, Ludovic Noels and Stephane Bordas

Data-driven mechanics - Is inelastic material modelling possible?
MS Organizer(s): Stefanie Reese, Laurent Stainier and Michael Ortiz

MS98 - Data-Driven Mechanics - Is Inelastic Material Modelling
Possible?................................................................................................. 3659
Stefanie Reese, Laurent Stainier and Michael Ortiz

A Finite Element Reduced Order Model Based On Adaptive Mesh
Refinement and Artificial Neural Networks.............................................. 3660
Joan Baiges, Ramon Codina, Inocencio Castañar and Ernesto Castillo

Data Driven Approach for Coupled Electro-Mechanical Problems............. 3661
Eduard Marenic, Guillem Seychal and Jean-Charles Passieux

Data-Driven Identification for Heterogeneous Materials.......................... 3662
Gabriel Valdés-Alonzo, Christophe Binetruy, Benedikt Eck,
Alberto García-González and Adrien Leygue

Inelastic Homogenization Through Machine Learning.............................. 3663
Julian Rimoli and Hernan Logarzo

Model-Free Data-Driven Idenification and Simulation for
Inelastic Material Behavior...................................................................... 3664
Robert Eggersmann, Laurent Stainier, Michael Ortiz and Stefanie Reese

Problem-Tailored Training Sets For the Reduced Basis Method................ 3665
Sridhar Chellappa, Lihong Feng and Peter Benner
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Reconstruction of 3d Velocity and Pressure Fields in the Carotid Artery
Using Reduced Models and Doppler Ultrasound Velocity Images............. 3666
Felipe Galarce, Damiano Lombardi and Olga Mula

Surrogate Models for Fe^2: Classic Mesoscale Modeling, Black-Box
Data-Driven Modeling and Physics-Informed Subspace Projection.......... 3667
Iuri B.C.M. Rocha, Pierre Kerfriden and Frans P. van der Meer

Using of Md-Informed Neural Networks for Prediction of Plasticity
Incipience in Fcc Single Crystal Metals.................................................... 3668
Alexander Mayer, Vasiliy Krasnikov, Victor Pogorelko and Eugeniy Fomin

Data-driven science with uncertainty quantification,
machine learning, and optimization.
MS Organizer(s): Christophe Desceliers, Christian Soize, J. Stewart, A.F. Alvarez,
K. Garikipati, M. Bessa, Marc Mignolet, Florent Pled and Roger Ghanem

MS184 - Data-Driven Science with Uncertainty Quantification,
Machine Learning, and Optimization........................................................ 3671
Christophe Desceliers, Christian Soize, J. Stewart, A.F. Alvarez, K. Garikipati,
M. Bessa, Marc Mignolet, Florent Pled and Roger Ghanem

A Graph Theoretic Framework for Representation, Exploration,
Analysis and Reduced Order Modelling On Computed States of
Physical Systems..................................................................................... 3672
Matthew Duschenes, Elizabeth Livingston, Gregory Teichert, Arjun Sundararajan,
Xiaoxuan Zhang and Krishna Garikipati

A Robust Analysis Of A Mistuned-Detuned Bladed Disk With
Geometrical Nonlinearities...................................................................... 3673
Anthony Picou, Evangéline Capiez-Lernout, Christian Soize and Moustapha Mbaye

Artificial Neural Network for a Robust Identification of Apparent
Elasticity Properties at Mesoscale with Limited Experimental
Measurements......................................................................................... 3674
Christophe Desceliers, Florent Pled and Tianyu Zhang

Bayesian Identification of Mesoscale Random Fields Based On
Material Microstructure........................................................................... 3675
Dimitrios Savvas, Iason Papaioannou and George Stefanou

Bayesian Uncertainty Quantification for Data-Driven Hierarchical
Modeling in Structural Dynamics............................................................. 3676
X. Jia and C. Papadimitriou

Data-Driven Inverse Design of Cellular (meta-)materials with
Tunable Anisotropy................................................................................. 3677
Siddhant Kumar, Stephanie Tan, Li Zheng and Dennis M. Kochmann

Data-driven probabilistic modeling through generalized lambda
distributions and vine copulas................................................................. 3678
Stefano Marelli, Xujia Zhu and Sudret Bruno
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Deep Interval Neural Network for Spatiotemporal Uncertainty
Quantification.......................................................................................... 3679
David Betancourt and Rafi Muhanna

Deep Learning Application to Large-Scale Riverine Surface Flow
Velocity Estimation.................................................................................. 3680
Mojtaba Forghani, Yizhou Qian, Jonghyun Lee, Matthew Farthing, Tyler Hesser,
Peter Kitanidis and Eric Darve

Fourier Integral Operators, Computational Statistics, and Damage
Detection................................................................................................. 3681
Michael Oberguggenberger and Martin Schwarz

Grassmannian Diffusion Maps for Uncertainty Quantification in
High Dimensional Engineering Systems................................................... 3682
Dimitris Giovanis, Ketson R. M Dos Santos and Michael Shields

Hierarchical Regularization and Sparse Representation of Noisy
Data Sets................................................................................................. 3683
Prashant Shekhar and Abani Patra

Inference of Nonlinear Dynamical Systems From Data Using
Sparse Regression................................................................................... 3684
Diego Matos and Americo Cunha Jr

Maneuver-Based Cross-Validation Approach for Angle-of-Attack
Estimation............................................................................................... 3685
Alberto Brandl and Manuela Battipede

Multiphysical Property Forecasting Using 3d-Image Data........................ 3686
Julian Lißner and Felix Fritzen

Non-Gaussian Vectors Modeling by Compressed Principal
Component Analysis................................................................................ 3687
Marc Mignolet and Christian Soiize

Novel stochastic model for producing voice based on the unification of
existing deterministic models and represented by a neural network....... 3688
Edson Cataldo, Christian Soize , Raiane Lima and Lucas Monteiro

Quantum Gaussian Processes.................................................................. 3689
M. A. Bessa and G. Kus

Real-Time Tsunami Simulation Using a Mode Decomposition
Technique................................................................................................ 3690
Kenta Tozato, Shinsuke Takase, Shuji Moriguchi, Kenjiro Terada, Yu Otake, Yo Fukutani,
Kazuya Nojima, Masaaki Sakuraba and Hiromu Yokosu

Reduced Order Model For Random Vibroacoustic Problems..................... 3691
Mathilde Chevreuil

Robust Identification of Geometrical and Mechanical Properties
Using Artificial Neural Networks for Cortical Bone Damage Prediction..... 3692
Florent Pled, Christophe Desceliers and Amir H. Gandomi
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Uncertainty Quantification in Structural Vibration Analysis of
Spent Nuclear Fuel Containers................................................................. 3693
Olivier Ezvan, Xiaoshu Zeng, Roger Ghanem and Bora Gencturk

Uncertainty Quantification of Nearshore Bathymetry Using Deep
Learning Techniques............................................................................... 3695

Yizhou Qian, Mojtaba Forghani, Jonghyun Lee, Matthew Farthing, Tyler Hesser, Peter Kitanidis
and Eric Darve

Deep and machine learning methodology in the
context of application to computational mechanics
MS Organizer(s): Yoshitaka Wada, Yasushi Nakabayashi, Masao Ogino and Akio Miyoshi

MS324 - Deep and Machine Learning Methodology in the
Context of Application to Computational Mechanics................................. 3699
Yoshitaka Wada, Yasushi Nakabayashi, Masao Ogino and Akio Miyoshi

A Manifold Learning Approach for Multiscale Simulation of Fracture
in Fiber- Reinforced Composites.............................................................. 3700
Zhaoyang Hu, Yangyuanchen Liu, Xufei Suo, Kexin Weng, Yu Zhu and Yongxing Shen

Automatic Flow Visualization Using Self-Organizing Map......................... 3701
Yoshiaki Tamura and Masato Masuda

Deep Neural Networks for Learning Geometric Features in
Topology Optimization............................................................................. 3702
Nivesh Dommaraju, Mariusz Bujny, Stefan Menzel, Markus Olhofer and Fabian Duddeck

Development of Daily Necessities Identification System by
Transfer Learning.................................................................................... 3703
Changming Sun, Masato Masuda, Hongjie Zheng and Yasushi Nakabayashi

Development of Fire Protection System Based On Yolo............................ 3704
Jiaheng Li, Yasushi Nakabayashi, Masato Masuda and Hongjie Zheng

Estimation of Load-Time Curves Using Recurrent Neural Networks
Based On Can Bus Signals....................................................................... 3705
Dominik Herz, Constantin Krauß, Clemens Zimmerling and Benedikt Grupp

Long-Time Molecular Dynamics: Parallel-in-Time Integration and
Machine Learning Interatomic Potentials................................................ 3706
Lijun Liu and Yoji Shibutani

Minimum-Volume Design of Steel Frames Using Reinforcement Learning.....3707
Kazuki Hayashi and Makoto Ohsaki

Structural Design Optimization of Reinforced Concrete Slabs Using
a Machine Learning Approach.................................................................. 3708
T. Rukavina, C. Macqueron, J.-P. Tardivel, A. Boulkertous and J. Guillemet

Study On Particle Setup Methods with Machine Learning for
Particle Methods...................................................................................... 3709
Masao Ogino
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Deep Machine Learning based solutions
for Partial Differential Equations
MS Organizer(s): Pattabhi Ramaiah Budarapu, Cosmin Anitescu and Timon Rabczuk

MS317 - Deep Machine Learning Based Solutions for Partial
Differential Equations.............................................................................. 3713
Pattabhi Ramaiah Budarapu, Cosmin Anitescu and Timon Rabczuk

A Generative Model to Solve Steady Navier-Stokes Equations
with Reduced Training Data..................................................................... 3714
Shen Wang, Joshua Agar and Yaling Liu

An Autoencoder-Based Surrogate Modeling Approach for
Parametrized Time-Dependent Pdes........................................................ 3715
Stefanos Nikolopoulos, Vissarion Papadopoulos and Ioannis Kalogeris

Data-Driven Full-Field Stress and Strain Measurements and
Their Applications.................................................................................... 3716
Tung-Huan Su, Nian-Hu Lu, Chih-Hsuan Chen and Chuin-Shan Chen

Deep Artificial Neural Networks in the Numerical Approximation
of Pdes.................................................................................................... 3717
P. Grohs, A. Jentzen and D. Salimova

Deep Neural Network Solvers for Time-Dependent Partial
Differential Equations.............................................................................. 3718
Cosmin Anitescu, Abhishek Mishra, Pattabhi R. Budarapu and Timon Rabczuk

Discovering State Equations Using Physically-Guided Neural Networks:
Coupling Universal Physics and Data Information Under the Deep
Learning Framework............................................................................... 3719
Jacobo Ayensa-Jiménez, Mohamed H. Doweidar and Manuel Doblaré

Essentials for Self-Evolving Computational Material Models Inspired
By Deep Learning.................................................................................... 3720
In Ho Cho, Mohammed Bazroun and Yicheng Yang

Estimation Of Biaxial Tensile Deformation Behavior Of Aluminum
Alloy Sheet Using Deep Learning............................................................. 3721
Ryunosuke Kamijo, Akinori Yamanaka, Kouta Koenuma, Ikumu Watanabe and Toshihiko
Kuwabara

Exploring Machine Learning Techniques to Obtain Salient
Relationship Between Thermal History and Mechanical
Properties of Additively Manufactured In718........................................... 3722
Sourav Saha, Zhengtao Gan, Xiaoyu Xie and Wing Kam Liu

Geometric Deep Learning for Computational Mechanics........................... 3724
Nikolaos Vlassis, Ran Ma and WaiChing Sun
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Machine Learning for Physical Systems
MS Organizer(s): George Karniadakis and N. Adams

MS328 - Machine Learning for Physical Systems...................................... 3727
George Karniadakis and N. Adams

An Augmented Multi-Fidelity Approach for Computational Mechanics...... 3728
Roland C. Aydin, Kevin Linka, Lu Trong Khiem Nguyen and Christian J. Cyron

Artificial Viscosity and Machine Learning................................................. 3729
R. Abgrall and M. Han Veiga

Combinatorial Pde-Constrained Optimal Control with Deep
Reinforcement Learning.......................................................................... 3730
Gradey Wang, Adrian Lew and Eric Darve

Constitutive Artificial Neural Networks.................................................... 3731
Kevin Linka and Christian Cyron

Data-Driven Discovery of Pde with Discontinuous Data........................... 3732
K. Huang, Y. Teng and S. Tang

Data-Driven Inverse Modeling and Deep Learning with Incomplete
Observations........................................................................................... 3733
Kailai Xu and Eric Darve

Data-Driven Model Order Reduction for Fast and Reliable Solution
of Differential Equations: Application to Multiscale Cardiac Modeling....... 3734
Francesco Regazzoni, Luca Dedè and Alfio Quarteroni

Deep Neural Networks for Data-Driven Turbulence Models...................... 3735
Andrea Beck, David Flad, Marius Kruz and Claus-Dieter Munz

Learning Computable Models From Data.................................................. 3736
B. Cheeseman, S. Maddu, C. Müller and I. Sbalzarini

Learning Continuum-Scale Models From Micro-Scale Dynamics
Via Operator Regression.......................................................................... 3737
Ravi G. Patel, Nathaniel Trask, Mitchell Wood and Eric C. Cyr

Machine Learning for Fluid Mechanics: Discovering Dynamical
Systems Models for Control..................................................................... 3738
S. Brunton

Physical-Informed Neural Networks for Shock Wave Problems............... 3739
Zhiping Mao, N. Adams and George Karniadakis

Physics-Aware, Deep Probabilistic Modeling of Multiscale
Dynamics in the Small Data Regime......................................................... 3740
S. Kaltenbach and P.-S. Koutsourelakis

Physics-Constrained, Machine-Learning Closures for Prediction
and Uncertainty Quantification in Turbulent Fluid Flows.......................... 3741
Themistoklis Sapsis
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Physics/Dns-Informed Dnn Surrogates of Turbulent
Thermal Convection................................................................................. 3742
Didier Lucor, Atul Agrawal and Anne Sergent

Thermodynamics-Base Artificial Neural Networks for the
Constitutive Modeling of Inelastic Materials............................................ 3743
Filippo Masi and Ioannis Stefanou

2000 - CONTROL THEORY AND OPTIMIZATION
Advanced control and optimization methods
in fluid dynamics problems
MS Organizer(s): Sandro Manservisi, Giorgio Bornia, Eugenio Aulisa,
Andrea Chierici, Leonardo Chirco and Valentina Giovacchini

MS481 - Advanced Control and Optimization Methods in Fluid
Dynamics Problems................................................................................. 3749
Sandro Manservisi, Giorgio Bornia, Eugenio Aulisa, Andrea Chierici,
Leonardo Chirco and Valentina Giovacchini

A Time Parallelised Adjoint Based Optimization Strategy,
Applied to Incompressible Flow Configurations....................................... 3750
S. Costanzo, T. Sayadi, M. Fosas de Pando, P. J. Schmid and P. Frey

Adjoint-Based Optimisation of Interfacial Flows in the Sharp
Interface Limit........................................................................................ 3751
T. Fullana, T. Sayadi, V. Le Chenadec, B. Després and S. Zaleski

An Adjoint Method for the Optimal Boundary Control of Turbulent
Flows Modeled with the Rans System...................................................... 3752
Andrea Chierici, Leonardo Chirco, Valentina Giovacchini and Sandro Manservisi

Machine Learning Control and Explorative Gradient Search On An
Actuated Light Truck Model..................................................................... 3753
Philipp Oswald, Nico Nordhoff, Yiqing Li, Bernd R. Noack and Richard Semaan

Optimal Pressure Boundary Control of Steady Multiscale
Fluid-Structure Interaction Shell Model Derived From Koiter Equations... 3755
Andrea Chierici, Leonardo Chirco, Valentina Giovacchini, Sandro Manservisi
and Emanuela Marzi

2100 - OTHER
ECCOMAS Young Investigators Minisymposium
MS Organizer(s): Alexander Popp, Stefanie Elgeti, Joan Baiges,
Ludovic Chamoin and Frans van der Meer

MS160 - Eccomas Young Investigators Minisymposium........................... 3761
Alexander Popp, Stefanie Elgeti, Joan Baiges, Ludovic Chamoin and Frans van der Meer

A Posteriori Error Estimation by Flux and Stress Reconstructions............ 3763
F. Bertrand and A. Miraci
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Accurate Element Partitioning for High Order 3d Extended
Finite Elements........................................................................................ 3764
Sergio Nicoli, K. Agathos and Eleni Chatzi

Creating a Computational Mechanics Version of Mnist............................. 3765
Emma Lejeune

Increasing Robustness of Large Deformation Eas Elements in
Newton-Raphson Iterations..................................................................... 3766
R. Pfefferkorn, S. Bieber, B. Oesterle, P. Betsch and M. Bischoff

Instabilities in Petrov-Galerkin Methods for Elastodynamics................... 3767
Michael C. Hillman

Is Adaptive Sampling for Kriging a Good Idea?........................................ 3768
Amelie Fau and Jan Fuhg

The Cartesian Grid Finite Element Method: An Interesting
Alternative To Body-Fitted Fe Simulations............................................... 3769
Enrique Nadal and José Manuel Navarro-Jiménez

Theory And Practice Of Space-Time Finite Elements................................ 3770
Max von Danwitz, Igor Voulis, Norbert Hosters and Marek Behr

Topological Optimization of Triangulations On Graphics Processing
Units: a Bad Idea?................................................................................... 3771
Modesar Shakoor and Lambert Delbeke

Experimental validation of phase-field models
for solid, fluid and porous media
MS Organizer(s): Yousef Heider, Fadi Aldakheel, WaiChing Sun,
Thomas Wick and SeonHong Na

MS408 - Experimental Validation of Phase-Field Models for Solid,
Fluid and Porous Media............................................................................ 3775
Yousef Heider, Fadi Aldakheel, WaiChing Sun, Thomas Wick and SeonHong Na

A Diffuse-Interface Model for Capillarity-Driven Two-Phase Flow in
a Thin Channel......................................................................................... 3776
Tristan Demont, Gertjan van Zwieten, Ioannis Zarikos, ChaoZhong Qin,
Herman Wijshoff and Harald van Brummelen

A Numerical and Experimental Study of Porous Media
Phase-Field Fracture................................................................................ 3777
Yousef Heider, WaiChing Sun and Bernd Markert

Brittle Fracture Of Concrete Plates At Impact Loading With A
Directional Phase-Field Model.................................................................. 3778
Christian Steinke and Michael Kaliske

Fem Simulation of Crack Propagation In a Carbon Black Filled
Epdm Rubber Via Phase-Field Modelling.................................................. 3779
K. Mang, A. Fehse, N. Kroeger and T. Wick
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Liquid Freezing in Porous Media: Porous Media-Phase-Feild
Modeling and Comparison with Experimental Data.................................. 3780
Abdel Hassan Sweidan, Yousef Heider and Bernd Markert

Microscopic Modeling of Concrete Failure Under Fully
Saturated Conditions............................................................................... 3781
Fadi Aldakheel

Phase-Field Model for Fatigue Fracture and Its Experimental
Validation................................................................................................ 3782
Karlo Seles, Fadi Aldakheel, Jurica Sorić, Zdenko Tonković and Peter Wriggers

Masonry constructions
MS Organizer(s): Frederic Lebon, Paulo B. Lourenco, Elio Sacco, Gabriele Milani,
D. Addessi, Frederic Dubois, Maurizio Brocato and Fazia Fouchal

MS281 - Masonry Constructions............................................................... 3785
Frederic Lebon, Paulo B. Lourenco, Elio Sacco, Gabriele Milani, D. Addessi,
Frederic Dubois, Maurizio Brocato and Fazia Fouchal

A Multiscale Model for Brick Masonry with Special Focus On Bed
Joint Reinforcement................................................................................ 3787
Raphael Suda, Thomas Kiefer, Thomas Buchner and Josef Füssl

Geometry Dependence On the Behaviour of Masonry Clay Blocks
at High Temperatures.............................................................................. 3788
Alana P.C. Quispe, Rene Q. Rodriguez and Rogério C.A. Lima

Lower-Bound Limit Analysis of Masonry Arches and Buttresses:
a Unifying Computational Method............................................................ 3789
Nicola A. Nodargi and Paolo Bisegna

On The Modelling Of Environmental Ageing In Unreinforced And
Strengthened Masonry Structures........................................................... 3790
Antonio Maria D’Altri, Stefano de Miranda and Giovanni Castellazzi

Stability Analysis of Masonry Walls Performed Through a
Corotational Multiscale Beam Model........................................................ 3791
Paolo Di Re, D. Addessi and Elio Sacco

Mechanical and acoustic metamaterials
MS Organizer(s): Chiara Daraio, S. Adhikari and Maria Cinefra

MS248 - Mechanical and Acoustic Metamaterials..................................... 3795
Chiara Daraio, S. Adhikari and Maria Cinefra

A General Method for the Design of Elastic Metamaterials....................... 3796
H. Gao and Z. Xiang

Analytical Models for Dynamic Analyses of 1D Damped Acoustic
Metamaterials......................................................................................... 3797
Sabiju Valiya Valappil, Fred van Keulen and Alejandro Aragon
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Designing a Polymer Metamaterial with High Energy Absorption
Capability................................................................................................ 3798
T. Venkatesh Varma and Saikat Sarkar

Dynamic Crushing Strength and Stress-Strain States of
Hexagonal Honeycombs with Entrapped Gas........................................... 3799
Sri Datta Rapaka, Ratna Kumar Annabattula and Manoj Pandey

Efficient Modeling of Acoustic Metamaterials for Aeronautical
Applications............................................................................................. 3801
M. Cinefra

Exploring Microstructured (meta)materials with Wang Tilings................ 3802
Jan Zeman, Martin Doškář and Jan Novák

Flat-Bands in Phononic Crystal Cavity Lattices......................................... 3803
Tian-Xue Ma, Quan-Shui Fan, Chuanzeng Zhang and Yue-Sheng Wang

On the Smoothness of Boundaries for the Computational Design
of Phononic Crystals................................................................................ 3804
Sanne J. van den Boom, Fred van Keulen and Alejandro M. Aragón

Wave Propagation In Smart Metamaterials.............................................. 3805
Braion B. Moura and Marcela R. Machado

Modeling methods, signal algorithms and machine
learning for effective non-destructive testing &
evaluation and structural health monitoring
MS Organizer(s): Fangsen Cui, Menglong Liu and Gongfa Chen

MS429 - Modeling Methods, Signal Algorithms and Machine Learning
for Effective Non-Destructive Testing & Evaluation and Structural
Health Monitoring.................................................................................... 3809
Fangsen Cui, Menglong Liu and Gongfa Chen

A new method to determine elastic properties by ultrasonic waves ........ 3810
Yue Hu, Lei Zhang and Fangsen Cui

Simulation Based Damage Identification in Concrete Using
Coda Signals............................................................................................ 3811
Divya Singh, Giao Vu, Jithender J. Timothy, L. A. Saydak, Erik H. Saenger and Günther
Meschke

Total Focusing Method for Imaging Defect in Cfrp Composite
with Anisotropy and Inhomogeneity........................................................ 3812
Menglong Liu, Shifeng Guo and Fangsen Cui
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Ontology based materials modelling, optimization
and design applied to modelling translation
services and business decision support systems
MS Organizer(s): Natalia Konchakova and Peter Klein

MS216 - Ontology Based Materials Modelling, Optimization and
Design Applied to Modelling Translation Services and Business
Decision Support Systems....................................................................... 3815
Natalia Konchakova and Peter Klein

High Amplification of Experimental Data Leverage by Translation
to Materials Modelling and Simulation: Towards a Lean Approach
Based On Ontology.................................................................................. 3816
P. Klein, H. A. Preisig and N. Konchakova

Ontologies In Computational Engineering/ Part 1................................... 3818
Heinz A Preisig, Thomas F. Hatelien, Henrik Rusche, N. Abtahi, Salim Belouettar,
Peter Klein and Natalia Konchakova

Ontologies In Computational Engineering/ Part 2................................... 3820
Thomas Hagelien, Heinz A. Preisig, N. Abtahi, Jesper Friis, Petter Rønningen,
Henrik Rusche, Salim Belouettar, Natalia Konchakova and Peter Klein

Ontology Assistant Damage Modelling For Construction Sector............... 3822
Daniel Hoeche, Natalia Konchakova, Zahid Mir, Mikhail Zheludkevich,
Thomas F. Hagelien and Jesper Friis

Ontology Driven Open Translation Environment...................................... 3823
Gerhard Goldbeck, N. Adamovic and Emanuele Ghedini

Semantic Interoperability Based On the European Materials
and Modelling Ontology........................................................................... 3824

M. T. Horsch, S. Chiacchiera, G. Mogni, P. Schiffels, D. Toti, W. L. Cavalcanti and G. Goldbeck

Towards a Common Language for Materials Science................................ 3825
Emanuele Ghedini, Gerhard Goldbeck, Adham Hashibon, Georg J. Schmitz and Jesper Friis

Tutorial Workskop: A Practical Approach To Ontology-Based Semantic
Interoperability In Scientific Computing.................................................. 3827

Thomas F. Hagelien, Jesper Friis, Petter Rønningen, Heinz A. Preisig, Francesca L. Bleken and
Natalia Konchakova

2200 - STS - AERONAUTICS - SIMULATION AND VALIDATION
EU-China Aeronautics Research Cooperation - Drag Reduction
in Turbulent Boundary Layer via Flow Control
MS Organizer(s): Eusebio Valero, Yao Zheng and Gabriel Bugeda

STS22 - Eu-China Aeronautics Research Cooperation - Drag
Reduction in Turbulent Boundary Layer Via Flow Control......................... 3833
Eusebio Valero, Yao Zheng and Gabriel Bugeda
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A Revisit to Active/Passive Joint Drag Reduction Control in Bionics........ 3835
Yao Zheng and Yang Zhang

An Overview of the Chinese Activities Within the Eu-China Project
Dragy On Drag Reduction Technologies................................................... 3837
Yao Zheng

Drag Reduction Control in Turbulent Channel with Spanwise
Traveling Wave of Blowing and Suction................................................... 3839
Song Fu and Yi Huang

Hypersonic flight technology developments for
civil air transport in europe
MS Organizer(s): Marco Marini

STS16 - Hypersonic Flight Technology Developments for Civil
Air Transport in Europe........................................................................... 3843
Marco Marini

Combined Cycle Propulsion System Design and Challenges for
Stratofly Mr3 Power Plant........................................................................ 3845
B. H. Saracoglu

Hexafly-Int: Design of the Experimental Flight Test Vehicle.................... 3846
Sara Di Benedetto

Main Challenges of the Concept of Operations of Future
High-Speed Aircraft: the Case of Stratofly Mr3......................................... 3848
Nicole Viola

The Sabre Hypersonic Test Bed (htb) - A European Hypersonic
Flight Research Vehicle........................................................................... 3850
Richard Varvill

Progress in Simulation and Validation
of High-Lift System Aerodynamics
MS Organizer(s): Jochen Wild

STS07 - Progress in Simulation and Validation of High-Lift
System Aerodynamics............................................................................. 3853
Jochen Wild

A 2d Validation Experiment for Dynamic High-Lift
System Aerodynamics............................................................................. 3854
Jochen Wild, Moritz Schmidt, Antoon Vervliet and Geaoffrey Tanguy

Design and Testing a Full Scale Laminar Wing Leading Edge
High-Lift System...................................................................................... 3855
Jochen Wild, Salvatore Palazzo and Ionut Brinza
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Unsteady Cfd Results for Deflecting High-Lift Systems............................ 3856
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Additive Manufacturing (AM) – also known as 3D printing – is taking off in many industrial realms. In
particular, powder bed fusion for metal manufacturing has definitively changed the way of prototyping
metal parts as well as plastic 3D printing is changing modern engineering manufacturing in many
aspects. Accordingly, AM is opening the doors to new innovative applications and to a different way of
approaching, designing, and solving modern engineering problems.
However, AM is a complex process, involving physical phenomena at very different scales, resulting in
a coupled thermo-mechanical multi-physics problem. Therefore, to better understand the physics
beneath such a process and avoid a long and expensive trial-and-error design, numerical simulation is
fundamental to predict temperature and stress distributions during and after the printing process.
Furthermore, AM allows for new unknown freedom in terms of complex shapes which can be
manufactured, opening the door to a new set of optimization problems, requirements, and constraints.
After a short introduction to AM technologies and their possible applications, the presentation will focus
on the experience of the University of Pavia strategic theme (entitled "3D@UniPV. Virtual modeling
and additive manufacturing for advanced materials") and in particular on innovative computational
approaches to describe the complex physics as well as on the design of industrial components. In
particular, the following topics will be discussed.
 Optimization problems related to the new design freedom now possible thanks to AM (introducing
a novel graded-material design based on phase-field and topology optimization) [1-3], adaptive
isogeometric analysis [4], and new approaches for single material phase-field topology optimization
[5].
 The use of immersed methods to perform process simulations, in particular the Finite Cell Method
(FCM) employed to perform either melt-pool analysis (high-fidelity simulations) [6,8-9] or partscale analysis (low-fidelity simulations) [7], as well as a Fat Boundary two-level method as a
possible alternative to describe the different scales present in AM processes [10-11].
 Numerical characterization of SLM lattice structures in both tensile [12] and bending [13].
 The use of commercial codes to design industrial components [14].
 The development of innovative processes and materials [15-16].
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In this contribution, we give an overview of recent work in Cut Finite Element Methods (CutFEM).
We focus on discrete extensions for cut boundaries [1], interface problems with hybridisation variables
[2], and models for Darcy flow in fractures with increasing continuous and discrete model complexity
[3, 4, 5].
REFERENCES
[1] Burman, E., Hansbo, P., and Larson, M. G. Explicit time stepping for the wave equation using
CutFEM with discrete extension. ArXiv:2011.05386 (2020)
[2] Burman, E., Elfverson, D., Hansbo, P. Larson, M. G., and Larsson, K. Hybridized CutFEM for
elliptic interface problems. SIAM J. Sci. Comput. (2019) 41:A3354–A3380.
[3] Burman, E., Hansbo, P., and Larson, M G. A simple finite element method for elliptic bulk problems
with embedded surfaces. Comput. Geosci. (2019) 23:189–199.
[4] Burman, E., Hansbo, P., Larson, M. G., and Samvin, D. A cut finite element method for elliptic
bulk problems with embedded surfaces. GEM Int. J. Geomath. (2019) 10: Paper No. 10, 22 pp.
[5] Burman, E., Hansbo, P., and Larson, M. G. A cut finite element method for a model of pressure in
fractured media. Numer. Math. (2020) 146:783–818

275

HybridSagaut
Pierre
Regularized Lattice Boltzmann Method for complex turbulent flow simulations
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Hybrid Regularized Lattice-Boltzmann Method for complex turbulent flow
simulations
Pierre Sagaut¹
1

Aix Marseille Univ, CNRS, Centrale Marseille, M2P2 Laboratory, 38 rue Joliot-Curie, 13451
Marseille cedex 13, France, pierre.sagaut@univ-amu.fr, www.m2p2.fr

Key Words: Computational Fluid Dynamics, turbulent flows, lattice-Boltzmann method,
numerical method.
The presentation deals with recent development in the design of Lattice-Boltzmann methods
(LBM) for the simulation of turbulent flows in complex geometries, with a broad range of
applications ranging from urban physics, micrometeorology to aerospace engineering. Two key
issues are addressed, more precisely 1) accounting for realistic thermodynamics (from perfect
gas with compressibility effects to humid air with phase changes) while optimizing the
numerical efficiency of the method and 2) stabilizing the method while preserving the lowdispersion/low-dissipation feature of the original LBM method. The latter point will be
addressed within the Scale Resolving Approach for turbulent flow simulation, and the
optimization of the stabilizing procedure for Implicit LES, explicit LES and hybrid RANS-LES
methods will be discussed. Since LBM is based on the use of Cartesian grids, the development
of efficient immersed boundary techniques along with the coupling with turbulent wall models
is a key issue that will be illustrated. During the talk, the emphasis will be put on the Hybrid
Recursive Regularized LBM approach developed at the M2P2 laboratory that is implemented
in the ProLB software.
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Fluids, in press, 2021
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Abstract We are working on one of the nine priority issues of the FLAGSHIP 2020 project,
Japan towards Exsascale compuing such as the Supercomputert FUGAKU, i.e. Priority Issue
6: Accelerated Development of Innovative Clean Energy Systems. Any source of energy that
is superior in all aspects—cost, environmental impact, safety, and use of natural resources—
does not exist. Therefore various types of energy systems including clean energy systems have
been developed in worldwide. To accelerate the development of such energy systems,
computational simulations are strongly expected to play a key role. However, core physics in
such systems are very complex and tend to be multiscale and multiphysics among fluid, thermal,
solid, electromagnetics and so on. The Priority Issue 6 targets some innovative clean energy
systems, i.e. carbon-free coal gasification plants and large-scale offshore wind farm. These subissues are independent of each other in terms of energy sources, but they have many
commonalities in their central physical phenomena (structure, fluid, heat, material degradation,
etc.) and in the computational science and engineering problems to be overcome. For example,
the coal gasification is one of the key technologies to drastically reduce CO2 emission from coal
fired power generation. Coal is crushed into fine particulate matter and then partially burned
into gas in a high-pressure and elevated-temperature environment. We perform a large scale
two-way coupled simulation of thermo-combustion-fluid-melting-structure interaction of a fullscale testing reactor. In this talk, focusing on the coal gasification system, I explain the latest
developments and achievements of multiphysics and multiscale simulations towards exascale
computing, which we call Supersimlation.
Here a unique parallel coupler,
REVOCAP_Coupler, is used to integrate highly parallelized independent solvers such as LESbased flow and combustion solvers, solid and thermal conduction solvers, i.e. FFR-Comb and
ADVENTURE_Thermal.
REFERENCES
[1] S. Yoshimura, M. Hori, M. Ohsaki, High-performance computing for structural mechanics

and earthquake / tsunami engineering, Springer, 2015.

[2] S. Ahn, H. Watanabe, T. Kitagawa, Numerical investigation on the detailed structure of a

coaxial coal jet flame using LES with elementary reactions, Energy and Fuels, Vol.33,
pp.4621-4631, 2019.
[3] T. Yamada, G.-W. Hong, S. Kataoka, S. Yoshimura, Parallel partitioned coupling analysis
system for large-scale incompressible viscous FSI problems, Computers and Fluids,
Vo.141, pp.259-268, 2016.
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Brittle Crack Propagation with Universal Meshes

Free-boundary problems, thermal fracture, automatic meshing.
Abstract
The simulation of brittle fracture problems has long been deemed to
be very sensitive to the selection of the mesh, namely, convergence of the
crack path as the mesh is refined would often not be established. We
argue that the culprit behind these observations is the low accuracy of
the computed stress intensity factors, which define the evolution of the
crack. With this in mind, we will present a collection of methods we
introduced in the last few years in 2D and 3D whose end results are: (a)
the stress intensity factors can be computed with arbitrary order of
accuracy (in 2D), (b) the mesh does not need to be refined around the
crack tip for accuracy (in 2D), and (c) numerical experiments show
convergence of the computed crack paths. As part of this presentation,
we will review the progress we made on Universal Meshes, a robust
algorithm to deform a background mesh to conform to the crack
geometry as it grows. We demonstrate these methods with applications
to thermally driven cracks on thin glass plates.
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In the last decades, Computational Mechanics (CM) has been progressively changing its role in
supporting medical research of cardiovascular diseases. From a proof-of-concept tool to
provide a qualitative understanding of physio-pathological dynamics, CM has been
transforming into a tool for supporting clinical decisions. Correspondingly, the target migrated
from purely academic environments to entrepreneurial initiatives like HeartFlow Inc. (see
www.heartflow.com). One of the challenges of this process is the integration of models and
clinical data. Clinical data are diverse, sparse, and noisy. Data Assimilation techniques combine
model- and data-based knowledge to improve the quality of numerical models.
On the other hand, the development of Machine Learning (ML) techniques opens new
perspectives and opportunities in the role of CM in clinics. In this talk, some specific examples
of cardiovascular mathematics working in clinics will be presented. We will consider
specifically (a) the reconstruction of a coronary lumen after the deployment of a stent,
combining multi-modal imaging and geometrical models [1]; (b) the effective computation of
the patient-specific cardiac conductivities by combining measures and reduced-order-models
[2]. We will also highlight CM and Data Assimilation's fundamental role in predicting the
outbreak of a disease, as the recent COVID-19 pandemic demonstrated [3]. The talk intends to
promote a collaborative approach between rationalism (model-based) and the empiricism
behind ML approaches (data-based) – but also clinical trials [4], for the best integration of CM
methodologies and clinical practice.
The support of NSF Project DMS 2012686 is gratefully acknowledged. This is a work in
collaboration with A. Lefieux, H. Samady, D. Molony, D. Giddens (Emory University, GA,
USA), F. Fenton (GA Tech, GA, USA), A. Barone, A. Gizzi (Campus Biomedico, Rome, IT),
S. Perotto (Politecnico Milano, IT), M.G. Carlino (INRIA, Bordeaux), A. F. Viguerie (GSSI,
L’Aquila, IT), F. Auricchio, A. Patton A. Reali (University of Pavia, IT), T. Hughes, T.
Yankelov, G. Lorenzo Gomez (UT Austin, TX, USA), D. Baroli (Univ. Aachen, DE).
REFERENCES
[1] Kumar, Arnav, et al. "The absorb bioresorbable vascular scaffolds are associated with low

wall shear stress compared to xience V: a biomechanical analysis of the absorb III imaging
study." Journal of the American College of Cardiology 73.9S1 (2019): 1307-1307.
[2] Barone, A., et al. Efficient estimation of cardiac conductivities: A proper generalized
decomposition approach. Journal of Computational Physics, 423, (2020) p.109810.
[3] Viguerie, Alex, et al. "Diffusion–reaction compartmental models formulated in a
continuum mechanics framework: application to COVID-19, mathematical analysis, and
numerical study." Computational Mechanics 66.5 (2020): 1131-1152.
[4] Okasha, S. Philosophy of Science: Very Short Introduction. Oxford University Press, 2016.
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E. Oñate1,2 , M.A, Celigueta1, A. Franci1,2, I. de Pouplana1,2, A. Cornejo1,
G. Casas1, S. Latorre1, F. Zárate1 and S. Idelsohn1,3
1

International Center for Numerical Methods in Engineering (CIMNE),
2
Universitat Politècnica de Catalunya (UPC), Barcelona, Spain
3
ICREA Research Professor at CIMNE
e-mail: onate@cimne.upc.edu

Key Words: Particle finite element method, Discrete element method, Finite element method,
Particulate flow, Fluid-structure interaction, Multifracture

Abstract
We present advances in the development and application of a new particle-discrete-finite element
method (called PDFEM) based on the blending of an enhanced discrete element method
(DEM, www.cimne.com/dempack ) for non-cohesive and cohesive materials [1], the standard
finite element method (FEM) and the Particle Finite Element Method (PFEM,
www.cimne.com/pfem/) [2,3]. The PDFEM allows the study of flows incorporating particles of
different sizes and their interaction with rigid and flexible structures, accounting for frictional
contact conditions and multi-fracture effects. The main goal is to solve particulate fluid-solidstructure interaction problems at the scales that are necessary for predicting the response and safety
of structures under water hazards with accuracy and reliability.
The PDFEM uses a Lagrangian description to model the motion of discrete physical particles
within a fluid and nodes (viewed as “virtual particles”) in both the interacting fluid and the
solid domains. These domains are discretized with a mesh in which the governing equations
for the corresponding continuum problem (i.e. a fluid or a solid) are solved using the FEM.
The analysis mesh is re-generated at each time step in terms of the motion of the nodes
belonging to the moving continua. The interaction between the discrete particles with the
underlying fluid is modelled via an embedded technique. Structural failure is predicted using
an innovative combination of FEM and DEM procedures [4].
In the paper we present applications of the PDFEM to several problems in civil,
environmental and marine engineering.
References

[1] Celigueta M.A., Latorre S., Arrufat F. and Oñate E., An accurate nonlocal bonded discrete
element method for non linear analysis of solids. Application to concrete fracture tests, Comput.
Particle Mechanics, Vol. 7, 543–553, 2020, 10.1007/s40571-019-00278-5
[2] Oñate E., Idelsohn S.R., Del Pin F. and Aubry R., The particle finite element method. An
overview, Int. J. Computat. Methods, Vol. 1 (2), pp. 267-307, 2004, 10.1142/S0219876204000204
[3] Oñate E, Celigueta MA, Latorre S, Casas G, Rossi R and Rojek J, Lagrangian analysis of
multiscale particulate flows with the particle finite element method, Comput. Particle Mechanics,1,85102, 2014, 1007/s40571-014-0012-9
[4] Zárate F., Cornejo A. and Oñate E., A three-dimensional FEM-DEM technique for predicting the
evolution of fracture in geomaterials and concrete, Computat. Particle Mechanics, Vol. 5(3), pp. 411420, 2018, 10.1007/s40571-017-0178-z

283

Computational
Pablo
J. Blanco and
Hemodynamics
Raúl A. Feijóo
across the Scales. From Fundamentals to Applications

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

COMPUTATIONAL HEMODYNAMICS ACROSS THE SCALES. FROM
FUNDAMENTALS TO APPLICATIONS
Pablo J. Blanco1 , Raúl A. Feijóo1
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In this presentation we will present the research highlights developed in the HeMoLab (Hemomdynamics Modeling Laboratory) R&D group. We will discuss several issues surrounding the modeling and
simulation of the cardiovascular system, with special emphasis in phenomena related to blood circulation in the arterial-venous system and its applications. This spans problems concerned with the basic
hypotheses underlying blood flow modeling and its interaction with the vascular structures, which naturally brings questions about the interplay and the bridging methodologies among the different physical
scales, as well as the integration of real-world data into models through data assimilation techniques.
Problems involving medical imaging, fluid-structure interaction, multi-scale mechanics, material characterization and whole-organ models will be connected to bring an overview of the main challenges
in the field. We also discuss the main approaches developed to face these problems, and the ultimate
application of some of these models in decision-making in the clinical routine.
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Fractional diffusion as described, e.g., by the fractional Laplacian, is a non-local process that accounts
for long-range interactions. The numerical treatment of such fractional differential operators is challenging due to their non-local nature. Additional numerical challenges arise in particular in the case
of bounded domains from strong singularities of the solution at the boundary. In this talk we present
recent results for high order finite element discretizations (hp-FEMs) of the spectral fractional Laplacian in bounded domains, in particular on polygonal domains. In this situation the solution has strong
boundary singularities as well as corner singularities. We present mesh design principles that are based
on geometric refinement towards the corners and anisotropic geometric refinement towards the boundary. We show that hp-FEM on such meshes can deliver exponential convergence. We discuss in more
detail two high order discretization schemes. The first one is based on the Caffarelli-Silvestre extension, which realizes the non-local fractional Laplacian as a Dirichlet-to-Neumann map of a (degenerate)
elliptic boundary value problem (BVP). This BVP is amenable to a discretization by high order finite
element method (hp-FEM). The second discretization is based on the so-called “Balakrishnan” formula,
an integral representation of the inverse of the spectral fractional Laplacian. The discretization of the
integral leads to a collection of BVPs, which can be discretization by hp-FEM. For both discretization
schemes, exponential convergence of hp-FEM is established.
REFERENCES
[1] Banjai, L., Melenk, J. M., Nochetto, R. H., Otárola, E., Salgado, A. J., Schwab, C.: Tensor FEM
for spectral fractional diffusion. Found. Comput. Math., 19, 901–962.
[2] Bonito, A., Pasciak, J.: Numerical approximation of fractional powers of elliptic operators, Math.
Comp. 84(295), 2083–2110 (2015)
[3] Caffarelli, L., Silvestre, L.: An extension problem related to the fractional Laplacian. Comm. Part.
Diff. Eqs. 32(7-9), 1245–1260 (2007)
[4] Lischke, A., Pang, G., Gulian, M., Song, M., Glusa, C., Zheng, X., Mao, Z., Cai, W, Meerschaert,
M., Ainsworth, M., Karniadakis, G.: What Is the Fractional Laplacian? arXiv:1801.09767
[5] Melenk, J.M.: hp-FEM for the spectral fractional Laplacian in polygons, in: Oberwolfach Report
40/2019, DOI: 10.4171/OWR/2019/40
[6] Nochetto, R., Otárola, E., Salgado, A.: A PDE approach to fractional diffusion in general domains:
a priori error analysis. Found. Comput. Math. 15(3), 733–791 (2015).
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Computational analysis and design has achieved a widespread application across all
engineering and scientific disciplines. Yet, as the systems being analyzed gain in complexity,
the simulation process itself has become complex and fraught with ad hoc solutions and
intuition. Continued impact may depend on systematizing the computational practice.
As a first step in this direction, the simulation process may be divided into model, method,
and data aspects. Each of the components of this tripod can be seen as a hierarchy of available
options, each with certain predictivity (or fidelity) and a certain cost. A rational simulation
process should involve selection of a model or models, discretization and numerical methods,
and data sets or parameters, with a matched and sufficient predictivity at a minimal cost.
For this vision to become possible, progress needs to be made towards both establishing rich
model and method hierarchies, and gaining insights into their predictivity and cost. On the
modeling side, a hierarchy may represent a description of physical phenomena at different
levels of abstraction. Examples of biomedical applications relying on varying description of
blood constitutive behavior and geometric details are given. The issue of model adaptation,
whether global or local, is also discussed.
Moving towards the discretization method aspect of the tripod, certain hierarchies in the sense
of varying and even adaptive refinement are well known. But this flexibility is not matched
for problems involving deforming fluid domains or moving components. Innovative solutions
are being developed for a variety of such situations, but a more universal treatment – with
reliable accuracy estimates on par with those for standard fixed domains – appears to be
elusive.
A concept of unstructured space-time meshing may provide an answer to this dilemma.
Although the four-dimensional mesh generation has not nearly reached the level of
automation common in its three-dimensional counterpart, there are promising developments
on extending the space-time unstructured mesh approaches to various types of deforming
domain problems.
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Moving Particle Semi-implicit (MPS) method [1, 2] is a particle method based on meshless
discretization and Lagrangian description. The MPS method has been applied to fluid dynamics
with violent free surface motion. Recently, various advanced techniques have been developed
to apply to complex multiphase flows.
One of the advanced techniques developed for the particle methods is high-order spatial
discretization schemes called corrective matrix. Complicated interface motion can be accurately
and stably captured by using the corrective matrix. The solver for the pressure Poisson equation
is studied to speed up the particle method simulation particularly in large-scale problems. A
multigrid solver using the buckets for the neighbor particle search is presented. Multi-resolution
techniques are actively studied. A technique to realize multi-resolution by coupling the inlet
and outlet boundaries is presented. This technique is simple and practical to introduce multiresolution to the particle methods. Another technique to formulate particle separation and
merging is shown as well. Surface tension and wettability models are discussed. In the past,
there are two types of modeling: CSF (Continuum Surface Force) and potential force.
Additional static and dynamic friction models are developed and the droplet behavior on a
inclined wall is successfully reproduced. The third model employing a surface mesh is recently
proposed. This makes the surface motion remarkably accurate.
The MPS method is applied to volatilization process in a mixing tank. Liquid-bubble two-phase
flow is analyzed by the liquid particles additionally possessing bubble quantities (bubble
number density etc.), or by the liquid particles and bubble particles as MPS-DEM-like
formulation. In the application to a twin-screw extruder, MPS-LBM coupled modeling is
developed for the gas-liquid two-phase flow. The other calculation examples are melt spreading
and solidification for nuclear safety, fuel jet spray with cavitation, and molten pool behavior in
welding considering surface tension, Marangoni force and phase change. These examples show
that the recent studies and applications of the MPS method are spreading to a wide range of
multiphase flow problems.
REFERENCES
[1] S. Koshizuka and Y. Oka, "Moving-Particle Semi-implicit Method for Fragmentation of
Incompressible Fluid," Nucl. Sci. Eng. 123, 421-434 (1996).
[2] S. Koshizuka, K. Shibata, M. Kondo and T. Matsunaga, Moving Particle Semi-implicit
Method, A Meshfree Particle Method for Fluid Dynamics, Academic Press (2018).

287

Multiphysical
Sebastian
Schöps
Modeling and Simulation of CERN’s quench protection system

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

MULTIPHYSICAL MODELING AND SIMULATION OF CERN‘S
QUENCH PROTECTION SYSTEM
Sebastian Schöps1
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Future circular particle colliders, enabling the fundamental research of particle collisions at energies beyond the limits of the Large Hadron Collider, require very powerful accelerator magnets that confine
the particle beam within a complex of acceptable dimensions. Traditionally, particle colliders such as
the Large Hadron Collider have relied on normal magnets and superconducting magnets that use lowtemperature superconductors (LTS) such as Nb-Ti. To increase the bending power provided by the superconducting dipole magnets, a technology switch to high-temperature superconductors (HTS) is needed,
enabling magnetic fields of 20 Tesla and beyond.
This contributions discusses the computer simulation of magnetothermal effects in LTS and HTS magnets. An efficient iterative coupling scheme using reduced order models between a magnetothermal
partial differential equation model and an electrical lumped-element circuit model is proposed. The multiphysics, multirate and multiscale problem requires a consistent formulation and framework to tackle
the challenging transient effects occurring at both system and device level.
Finally, the methodology is applied to simulate a realistic quench event in a HTS magnet and the effect
of the quench protection system.
REFERENCES
[1] I. Cortes Garcia, S. Schöps, L. Bortot, M. Maciejewski, M. Prioli, A.M. Fernandez Navarro, B.
Auchmann, and A.P. Verweij. Optimized field/circuit coupling for the simulation of quenches in superconducting magnets. IEEE Journal on Multiscale and Multiphysics Computational Techniques,
2(1):97–104, 2017. arXiv: 1702.00958, doi:10.1109/JMMCT.2017.2710128.
[2] L. Bortot, B. Auchmann, I. Cortes Garcia, H. De Gersem, M. Maciejewski, M. Mentink, S. Schöps,
J. Van Nugteren, and A.P. Verweij. A coupled A-H formulation for magneto-thermal transients
in high-temperature superconducting magnets. IEEE Transactions on Applied Superconductivity,
2020. arXiv: 1909.03312, doi:10.1109/TASC.2020.2969476.
[3] L. Bortot, M. Mentink, C. Petrone, J. Van Nugteren, G. Kirby, M. Pentella, A.P. Verweij, and
S: Schöps. Numerical analysis of the screening current-induced magnetic field in the HTS insert
dipole magnet Feather-M2.1-2. Superconductor Science and Technology, 2020. arXiv: 2005.09467,
doi:10.1088/1361-6668/abbb17.
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Numerical methods based on variational updates are a powerful and elegant class of solvers that have
been successfully applied to the incremental solution of inelastic problems in computational solid mechanics [1, 2, 3]. These methods reframe each incremental step of the solution as an optimization program, provided that an effective energy is found. As a result, they can make use of gradient-based solvers
or directly employ Newton type algorithms with tangents that are guaranteed to be symmetric. Moreover,
the effective energy can be used as a proxy for error estimation.
In this talk we will present variational methods for two types of problems. First, the solution of strongly
coupled thermo-chemo-mechanical problems based on inelastic models will be cast as a sequence of
incremental optimization problems. In these, the stationarity conditions will coincide with the balance
equations of momentum, mass and energy, as well as all the kinetic relations. Second, it will be explained
how nonlinear (inelastic) structural models such as shells and rods can be formulated within an incrementally variational framework even when the employ three-dimensional inelastic material constitutive
models [4]. Both types of approaches lead to robust numerical methods and can be the starting points of
rigorous mathematical analyses.
For both classes of problems the theory of their variational updates will be presented and numerical
examples will be provided.
REFERENCES
[1]

Ortiz, M. and Stainier, L. (1999). The variational formulation of viscoplastic constitutive updates.
Comput. Methods Appl. Mech. Engrg., 171(3):419–444.
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finite strains based on incremental minimization principles. Application to the texture analysis of
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on energy minimization: Application to mesh adaption. Comput. Methods Appl. Mech. Engrg.,
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The topology optimization method using numerically efficient gradient-based algorithms has
been very successful in the design of “structures,” but the progress in developing a topology
optimization method for “rigid-bod linkage mechanisms” is slow and the related research is
very limited. We will present the up-to-date, state-of-art topology optimization formulation for
the numerical synthesis of rigid-body mechanisms generating various desired motions at their
end-effectors. We will also show its successful applications in vehicles and robots.
In that autonomous vehicles and robots are expected to be widely used in the era of the 4th
industrial revolution, a systematic design method, such as a topology optimization method to
synthesize their motion-generating rigid-body linkage mechanisms, may play a critical role as
witnessed in structural design problems. Unlike compliant mechanisms which were often a
subject of topology optimization, there is a critical hurdle in synthesizing rigid-body
mechanisms using gradient-based algorithms, not only because generated motions are large and
highly nonlinear and but also because synthesized mechanisms must satisfy the desired
kinematic degree of freedom exactly. The latter problem that never occurs in structural design
is more responsible for slow progress in developing the topology optimization method for the
synthesis of rigid-body linkage mechanisms. After discussing key ideas of our underlying
modeling and formulation that allow us to synthesize rigid-body mechanisms using a gradientbased topology optimization setting, we will present several numerical results obtained for
vehicle and robot applications.
REFERENCES
[1] S.I. Kim and Y. Y. Kim, Topology optimization of planar linkage mechanisms, Int. J. Num.

Methss in Eng. Vol. 98, pp. 265−286, 2014

[2] S. W. Kang and Y. Y. Kim, Unified topology and joint types optimization of general planar

linkage mechansims, Struct. Multidisp. Opt. Vol. 57, pp. 1955-1983
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Numerical simulations have been contributed to crucial decision making in the various ﬁelds of engineering and social activities. In such situations, we need to give the information on the credibility of
numerical simulations to the public. Recently veriﬁcation and validation is the primary approach for
building and quantifying conﬁdence in simulations. In this work, we focus on veriﬁcation applied to
nonlinear solid mechanics especially large deformation problems of hyperelasticity. The objective of
this work is to propose numerical veriﬁcation procedures for hyperelasticty that can be applied to code
veriﬁcation and evaluation of numerical properties of the scheme.
In this work, we apply the method of manufactured solution[1] and the method of nearby problems[2]
to large deformation problems of hyperelastcity. The key component of these approaches is to deﬁne
prescribed displacement solutions and derive artiﬁcial problems by calculating body forces from those
solutions. In the conventional procedures, spatial derivatives of stresses derived from given solutions,
which are hardly calculated in general hyperelastic models, are required to calculate body forces. To
circumvent such difﬁculty, the author developed an alternative procedure to calculate equivalent nodal
vectors of body forces without calculation of the spatial derivative of stresses. It is based on the weak
formulation of the problems and the actual procedure to calculate equivalent nodal force vectors is similar
to the evaluation of internal force, in which the work product of the stress and virtual strain is integrated
over the domain.
In the large deformation problems, displacement ﬁelds of manufactured solutions are required to satisfy
incompressibility or very small volumetric change. In our proposed method of manufactured solutions,
we develop a procedure to construct displacement ﬁelds in which volumetric changes are controlled in
the large deformation state. In our proposed method of nearby problems, we propose the projection procedure based on the minimization of H 1 norm of whole displacement ﬁelds with penalty terms associated
with incompressibility. Several representative numerical results are presented to discuss the effectiveness
and properties of our proposed approaches.
REFERENCES
[1] P. J. Roache and S. Steinberg, Symbolic manipulation and computational ﬂuid dynamics, AIAA
Journal, Vol. 22, No. 10, pp. 1390–1394 (1984).
[2] C.J. Roy, A. Raju and M.M. Hopkins: Estimation of Discretization Errors using the Method of
Nearby Problems, AIAA Journal, 45, pp.1232–1243 (2007).
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We demonstrate the effectiveness of the boundary variation method of Hadamard coupled with a level-set
based remeshing technique for three-dimensional topology optimization of weakly-coupled fluid thermal
mechanical systems. Our numerical methodology relies on a level-set based mesh evolution method and
analytic expressions of shape derivatives given by our previous work [1]. Our methodology is applied
numerically on a variety of 3-d topology optimization of systems, such as lift-drag aerodynamic design, fluid-structure interaction and convective heat transfer. All our examples involve moderately large
scale finite element computations which were achieved in parallel by using domain decomposition and
preconditioning techniques in FreeFEM and PETSc, and by the remeshing library mmg.

Figure 1: 3-d topology optimization of a heat transfer hydraulic system.

REFERENCES
[1] F. F EPPON , G. A LLAIRE , F. B ORDEU , J. C ORTIAL , AND C. DAPOGNY, Shape optimization of a
coupled thermal fluid–structure problem in a level set mesh evolution framework, SeMA Journal,
(2019), pp. 1–46.
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The phase-field modeling approach to fracture has recently attracted a lot of attention due to
its remarkable capability to naturally handle fracture phenomena with arbitrarily complex
crack topologies in three dimensions. On one side, the approach can be obtained through the
regularization of the variational approach to fracture introduced by Francfort and Marigo in
1998 [1,2], which is conceptually related to Griffith's view of fracture; on the other side, it can
be constructed as a gradient damage model with some specific properties [3]. The functional
to be minimized is not convex, so that the necessary stationarity conditions of the functional
may admit multiple solutions. The solution obtained in an actual computation is typically one
out of several local minimizers. Evidence of multiple solutions induced by small perturbations
of numerical or physical parameters was occasionally recorded but not explicitly investigated
in the literature.
In the first part of this talk, the speaker gives a brief overview of the phase-field approach to
fracture. In the second part of the talk, based on joint work with T. Gerasimov, H. Matthies,
U. Römer and J. Vondrejc [4], the focus is placed on the issue of multiple solutions. Here a
paradigm shift is advocated, away from the search for one particular solution towards the
simultaneous description of all possible solutions (local minimizers), along with the
probabilities of their occurrence. We propose the stochastic relaxation of the variational brittle
fracture problem through random perturbations of the functional and introduce the concept of
stochastic solution represented by random fields. In the numerical experiments, we use a
simple Monte Carlo approach to compute approximations to such stochastic solutions. The
final result of the computation is not a single crack pattern, but rather several possible crack
patterns and their probabilities. The stochastic solution framework using evolving random
fields allows additionally the interesting possibility of conditioning the probabilities of further
crack paths on intermediate crack patterns.
REFERENCES
[1] G.A. Francfort, J.-J. Marigo, Revisiting brittle fractures as an energy minimization

problem, J. Mech. Phys. Solids 46 (1998) 1319–1342.

[2] B. Bourdin, G.A. Francfort, J.-J. Marigo, Numerical experiments in revisited brittle

fracture, J. Mech. Phys. Solids 48 (4) (2000) 797–826.

[3] K. Pham, H. Amor, J.-J. Marigo, C. Maurini, Gradient damage models and their use to

approximate brittle fracture, Int. J. Damage Mech. 20 (4) (2011) 618–652.

[4] T. Gerasimov, U. Römer, J. Vondrejc, H.G. Matthies, L. De Lorenzis, Stochastic phase-

field modeling of brittle fracture: computing multiple crack patterns and their
probabilities, Comput. Methods in Appl. Mech. Eng. 372 (2020) 113353.
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Immersed finite element methods are useful tools to preclude expensive meshing operations for
problems posed on complex [1] and/or scanned domains [2]. A common pitfall of immersed
techniques is, however, ill-conditioning of the linear system [3, 4]. This impedes the convergence of
iterative solvers, and often compels researchers to resort to direct solvers. This hinders the efficient
and inexpensive computation of solutions of large sparse systems, as the computational cost of direct
solvers does not scale well with the size of the linear system, making them unsuitable for the
increasingly large problems being solved by immersed methods, e.g. [7].
In [4] we have analyzed the fundamental cause of ill-conditioning of immersed finite element methods
and, based on this analysis, in [5] we have developed a preconditioner that is tailored to immersed
problems. In [6] this preconditioner is implemented in a multigrid method that results in a
preconditioning technique that is independent of both the cut elements and the grid size. In [7] this
solution strategy is employed in a massively parallel code, such that systems with multiple billions of
degrees of freedom can be solved.
This contribution introduces the concept of immersed finite elements, summarizes the analysis of the
conditioning and the multigrid preconditioning approach, and demonstrates the efficiency of the
resulting parallel solver.
REFERENCES

[1] D. Schillinger, L. Dede, M.A. Scott, J.A. Evans, M.J. Borden, E. Rank and T.J.R. Hughes, An
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Maute, Multigrid solvers for immersed finite element methods and immersed isogeometric analysis.
Comp. Mech. 2019.
[7] J. Jomo, O. Oztoprak, F. de Prenter, N. Zander, S. Kollmannsberger and E. Rank, Hierarchical
multigrid approaches for the finite cell method on uniform and multi-level hp-refined grids.
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In the last decades, physics-based simulation has become instrumental in capturing fascinating phenomena for special effects in movies, such as cloth folding, granular flowing, or hair entangling. Within
Computer Graphics, complex simulations not only enrich the visual appearance of animations in feature
films, but also give the hope in the near future to quickly prototype challenging systems involving postbuckling or collective behaviors, such as virtual garment and hairstyle try-on systems. In Mechanical
Engineering and Soft Matter Physics, simulation of nonlinear systems is also on its ways to becoming
a fundamental tool for improving our understanding of physical phenomena unexplored so far, and for
designing new materials with controlled properties.
In this talk I will show that although building a simulator that is both predictive and scalable remains an
open challenge when dealing with nonlinear and even nonsmooth physics, advances towards this goal
can be made possible thanks to a pluridisciplinary modeling approach combining skills across Mechanics
and Physics, Applied Mathematics, and Computer Science.

295

Robust strategy
Ludovic
Chamoin
based on duality for model certification, adaptation, and data-based selection
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11 – 15 January 2021, Paris, France

ROBUST STRATEGY BASED ON DUALITY FOR MODEL
CERTIFICATION, ADAPTATION, AND DATA-BASED SELECTION
Ludovic Chamoin¹
1

Université Paris-Saclay, ENS Paris-Saclay, LMT
4 Avenue des Sciences, 91190 Gif-sur-Yvette, France
ludovic.chamoin@ens-paris-saclay.fr

In the context of structural mechanics and computational engineering, physical systems are
classically studied with modeling and simulation tools. They are first represented by a
mathematical model which can be picked in a hierarchical list of possible models, with
increasing complexity and fidelity. They are then simulated with a numerical model used as a
twin, and based on a discretization scheme such as FEM.
In such a framework, there are various uncertainties and error sources along the simulation
chain, coming from experimental observations on the system, imperfect modeling, and
numerical approximation. Therefore, for safe decision-making, there is first a need for
certification of the predicted outputs, with consistency between physical, mathematical, and
numerical models; this is the matter of V&V approaches, with classical procedures of model
identification or updating, verification, and validation. But there is also a need for effectivity,
in order to perform fast prediction, or even real-time control as required in DDDAS
applications. The goal is thus to compute right at the right cost, with smart management of
computing resources depending on the objective and information on the physical system. This
resorts to model adaptivity, in terms of discretization or model upscaling, but also to suitable
selection of a reference mathematical model in view of experimental data.
The talk is an overview of a concept, based on duality [1], that is a powerful and relevant tool
to address all these issues and perform suitable modeling and simulation. Basic ideas on this
concept will be first presented, showing its philosophy to control various error sources [2-4],
before focusing on some recent research developments and applications, in particular in
connection with experimental data (model selection & identification, real-time data
assimilation) [5-7].
REFERENCES
[1] P. Ladevèze, L. Chamoin, The Constitutive Relation Error Method: a general verification
tool, Verifying calculations, forty years on: an overview of classical verification techniques
for FEM simulations, L. Chamoin & P. Diez (Eds.), SpringerBriefs (2015)
[2] L. Chamoin, F. Pled, P.E. Allier, P. Ladevèze, A posteriori error estimation and adaptive
strategy for PGD model reduction applied to parametrized linear parabolic problems,
Computer Methods in Applied Mechanics and Engineering, 327:118–146 (2017)
[3] L. Chamoin, F. Legoll, A posteriori error estimation and adaptive strategy for the control of
MsFEM computations, Computer Methods in Applied Mechanics and Engineering, 336:1–
38 (2018)
[4] L. Chamoin, H.P. Thai, Certified real-time shape optimization using isogeometric analysis,
PGD model reduction, and a posteriori error estimation, International Journal for
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This talk focuses on discontinuous Galerkin space-time methods for the numerical approximation of the
wave equation. The main drawback of space-time methods is their increased complexity, as compared to
time stepping approaches. Two ideas are presented, in order to reduce this complexity, asymptotically,
to that of one elliptic solve in the space domain. The first idea consists in using Trefftz polynomial
spaces, instead of complete polynomial spaces, in combination with a tent-pitching mesh design [1, 2].
The second idea consists in applying the so-called combination formula to a sequence of anisotropic
space-time discretizations, exploiting the unconditional well-posedness of suitably designed space-time
discontinuous Galerkin methods [3].
REFERENCES
[1] Moiola, A. and Perugia, I. A space-time Trefftz discontinuous Galerkin method for the acoustic
wave equation in first-order formulation. Num. Math. (2018) 139:389–435.
[2] Perugia, I., Schöberl, J., Stocker, P., and Wintersteiger, C. Tent pitching and Trefftz-DG method for
the acoustic wave equation. Comput. Math. with Appl. (2020) 70:2987–3000.
[3] Bansal, P., Moiola, A., Perugia, I., and Schwab, C. Space-time discontinuous Galerkin approximation of acoustic waves with point singularities. IMA J. Num. Anal. (2020) online.
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We present an overview of the Pseudo-Direct Numerical Simulation (P-DNS in short)
method for the solution of multi-scale phenomena. The method can be seen as an adaptation of
the variational multi-scale (VMS) method, where the fine solution is solved numerically instead
of analytically. Also, from the point of view of homogenization methods it can be seen as an
evolution of Finite Element square (FE2) methods, where the most expensive part of the
computations is performed offline.
The name of P-DNS arises from the premise that in all multi-scale simulations the numerical
result obtained with a very fine discretization (DNS) is correct without the need to introduce
any additional model (i.e. turbulence models or stabilization procedures). What is intended here
is that the P-DNS solution tends to the DNS solution of the problem, accepting as a premise
that the DNS solution is a reliable result.
In this lecture we present first an overview of the P-DNS methodology in the context of an
abstract Dirichlet problem involving a second order differential operator that could be nonsymmetric and non-necessarily positive definite. Next, the P-DNS approach is applied to the
fluid mechanics equations accounting for turbulent phenomena.
Examples showing the applicability of the P-DNS method for solving transport problems
involving different scales are then presented.
We have shown that by imposing appropriate boundary conditions and initial conditions, high
precision results are achieved with the P-DNS method in all the problems solved using a relative
coarse mesh. Results are, in fact, as accurate as using a fine mesh.
Furthermore, the relevant contribution of the P-DNS method is that it opens the doors to the
study of problems of turbulent fluids with particles, aerosols and others.
REFERENCES
S. Idelsohn, N. Nigro, A. Larreteguy, J. Gimenez, P. Ryzhakov, “A pseudo-DNS method for the
simulation of incompressible fluid flows with instabilities at different scales”, Computational Particle
Mechanics (2020) 19-40. doi:10.1007/s40571-019-00264-x.
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The scaled boundary finite element method is a semi-analytical technique, which originated in the context
of dynamic soil-structure interaction and excels in modeling radiation damping and stress singularities.
It is based on a coordinate transformation, which facilitates reformulation of the governing partial differential equations of certain linear problems as ordinary differential equations with respect to a radial
coordinate. In the static or steady-state case, these resulting ordinary differential equations can be solved
analytically. Since this facilitates the construction of element stiffness matrices on polygonal or polyhedral meshes, the scaled boundary finite element method is currently evolving rapidly from a niche
technique to a general purpose method [1].
In this semi-plenary lecture the principles of the scaled boundary finite element method will be summarized. Special emphasis will be placed on the use of SBFEM on quadtree or octree meshes, which can
be generated automatically from image data. Moreover, such hierarchical meshes facilitate rapid size
transitions and adaptive mesh refinement. To this end, an error indicator which is based solely on the
semi-analytical solution procedure [2] will be summarized. In addition, the similarity of cells can be
exploited to construct highly efficient algorithms.
In summary, the scaled boundary finite element method facilitates automation of the complete simulation
process, including mesh generation, analysis and adaptive refinement. It can thus be used to efficiently
solve large-scale, multiphysical problems in hybrid systems. Recent applications of the scaled boundary
finite element method to wave propagation in heterogeneous domains, structural acoustics, fracture and
material modeling will be used for illustration.
REFERENCES
[1] Song, C. The scaled boundary finite element method: Introduction to theory and implementation.
Wiley, (2018).
[2] Song, C., Ooi, E.T., Pramod, A.L.N., Natarajan, S. A novel error indicator and an adaptive refinement technique using the scaled boundary finite element method. Eng. Anal. Bound. Elem. (2018)
94:10-24
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Based on the extended finite element method (XFEM), phase field method and gradient damage
theory, the thermal-fluid-solid multi-field coupled fracture theory and computation model are
developed to study the complex failure mechanism under multi-physics environment: (1) study
the formation mechanism of crack network in shale fracking and reveal the parameter influence
of fluid viscosity, stratum stress, cluster interval and perforation entry loss for predicting the
stimulated reservoir volume and improving recovery efficiency; (2) study the dynamic fracture
branching mechanism of brittle material under thermal shock loading and reveal the dynamic
crack branching is mainly caused by the gradient stress field induced by temperature
inhomogeneity rather than the crack propagation speed; also study the thermal-fatigue cracking
and provide an explicit relation between damage degree and fatigue life in the pressurized
vessel; (3) develop a unified phase field damage model to capture the brittle fracture and shear
banding transition in Kalthoff experiment and simulate the dynamic elastoplastic failure of
aluminum vessel under internal implosive loading.
REFERENCES
[1] A thermo-elastic-plastic phase-field model for simulating the evolution and transition of

adiabatic shear band. Part I. Theory and model calibration, Engineering Fracture
Mechanics, Vol. 04, 232, pp. 107028, 2020
[2] Z. Zhuang, Z.L. Liu, B.B. Cheng, J.H. Liao, Extended Finite Element Method, Elsevier,
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An empirical observation made in computational sciences is that widespread adoption in industry (and
academia) begins when a run can be carried out overnight. Every time this milestone was reached for
increasingly complex physics models in Computational Fluid Dynamics (CFD), these models saw rapid
industry acceptance and implementation into the design and analysis workflow: potential flow solvers
in the 1970’s, Euler solvers in the 1980’s, Reynolds-Averaged Navier-Stokes (RANS) solvers in the
1990’s. Since the late 1990’s the CFD community has been waiting for the next logical step: LargeEddy Simulation (LES) solvers that run overnight. At present, many LES runs still last at least 3 weeks
even if the number of cores available is arbitrarily high - a worrisome situation for CFD in general, as
experimental facilities have progressed due to new measurement techniques, rapid prototyping and 3-D
printing.
This paper summarizes the efforts carried out over the last year to achieve overnight industrial LargeEddy Simulation (LES) runs for external car aerodynamics. The solver employed is based on adaptive
cartesian blocks, uses explicit timestepping to advance the Navier-Stokes equations describing mildly
compressible flows, and scales well to tens of thousands of cores. The capabilities developed to date are
tested on a Volkswagen Golf configuration. Timings indicate that overnight LES runs with 109 gridpoints
and 107 timesteps are becoming feasible.

VW Golf: Average Velocity 5cm Above Surface (left) and Instantaneous Velocity in Mid-Plane (right)
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Despite continued advances in high-fidelity turbulent flow simulations, closure models based
on the Reynolds-Averaged Navier-Stokes (RANS) equations are projected to remain in use for
considerable time to come. However, it is common knowledge that RANS predictions are
corrupted by epistemic model-form uncertainty to a degree which is unknown a-priori.
Hence, to obtain a computational framework of predictive utility, a model-form Uncertainty
Quantification framework is indispensable. Applying the spectral decomposition to the
modeled Reynolds-Stress Tensor (RST) allows for the introduction of decoupled perturbations
into the baseline intensity (kinetic energy), shape (eigenvalues), and orientation (eigenvectors).
Within this perturbation framework, we look for a-priori known limiting physical bounds. Since
these bounds are universal, they can be used to constrain uncertainty estimates in any predictive
flow scenario. Thus, even in the absence of relevant training data, we can maximize the spectral
perturbations in order to obtain conservative uncertainty intervals. On the other hand, any highfidelity reference data can be used to further constrain the uncertainty estimates using
commonly available data assimilation techniques. We will demonstrate our framework on
canonical flow problems using random forest regression to incorporate DNS data into the
uncertainty estimates of conventional RANs closures.
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ADVANCED MATERIALS: COMPUTATIONAL ANALYSIS OF
PROPERTIES AND PERFORMANCE
VADIM V. SILBERSCHMIDT*, VALERY P. MATVEENKO†
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ABSTRACT
This is a long-standing interdisciplinary Minisymposium, held at WCCM 8 (Venice, Italy,
2008), WCCM 9 (Sydney, Australia, 2010), WCCM 10 (Sao Paulo, Brazil, 2012), WCCM 11
(Barcelona, Spain, 2014), WCCM 12 (Seoul, South Korea, 2016) and WCCM 13 (New York,
USA, 2018). Its aim of is to bring together specialists in mechanics and micromechanics of
materials, applied mathematics, continuum mechanics, materials science, physics,
biomechanics as well as mechanical, automotive, aerospace and medical engineering to discuss
latest developments and trends in computational analysis of relationships between the
microstructural features of advanced artificial and natural materials and their local and global
behaviour as well as its effect on performance of components and structures.
The topics of the Minisymposium include, but are not limited to, the following:
• computational mechanics of advanced materials and structures;
• effect of microstructure on properties and performance of advanced materials;
• prediction of deformational behaviour and life-in-service of structures and components
made of advanced materials;
• computational models of biological and biomedical materials;
• computational methods for analysis of modern visco-elastic composite and nanocomposites
materials;
• mechanics of composite materials with relaxation and phase transitions;
• simulation of failure mechanisms and damage accumulation processes in advanced
materials;
• reliability analysis of microelectronic packages;
• computational analysis of cutting of advanced materials;
• numerical simulation of mechanical behaviour of materials in technological processes;
• optimization problems in mechanics of advanced materials and structures.
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A primal dual interior point algorithm for single crystal plasticity
L. Scheunemann / P.S.B. Nigro / J. Schröder
Institute of Mechanics, Department of Civil Engineering, Faculty of Engineering,
University Duisburg-Essen
Universitätsstr. 15, 45141 Essen, Germany
P.M. Pimenta
Structural and Geotechnical Engineering, Polytechnic School at University of São Paulo
São Paulo, Brazil
In the modelling of material anisotropy and the analysis of its texture, single crystal plasticity plays an
imporant role. In numerical simulations, single crystal plasticity can be described in the framework of
multisurface plasticity in each material point, which then can be considered as a constrained optimization
problem with the yield crtieria serving as the constraining conditions. Different from classical multisurface
plasticity, single cyrstal plasticity is governed by ambiguity of the slip system activity. Two main classes
of algorithms have been developed, see e.g. [2], [3]. Rate dependent formulations consider all slip systems
to be active simultaneously and regularize the problem through a viscosity formulation. Rate independent
formulations need to determine the slip activity, which can be done using active set methods. The latter
can be unstable and inefficient due to the ambiguity of slip activity. Therefore, rate dependent algorithms
are often used to model the rate independent case as the limit of vanishing viscosity, which however leads
to very stiff constitutive equations and require small time increments. In [4], an alternative approach has
been proposed recently which is based on handling the constrained optimization problem in the framework
of infeasible primal dual interior point methods (IPDIPM), [1]. We modify the original constrained optimization problem using slack variables in order to stabilize the algorithm and allow for temporary violation
of the constraints. Based on a Lagrange functional involving suitable barrier functions, a linear system of
equations is obtained and solved using a Newton-Raphson scheme. All slip systems are considered to be
active simultaneously, omitting an active set search. Several numerical examples are presented for crystalline structures with face centered cubic properties.

References(optional)
[1] El Bakry, A.S., Tapia, R.A., Tsuchiya, T. and Zhan, Y.: On the formulation and Theory of the Newton
Interior Point Method for Nonlinear Programming. Journal of Optimization Theory and Applications,
89 (1996), 507-541.
[2] Cuitino, A.M. and Ortiz, M.: Computational modelling of single crystals. Modelling and Simulation
in Materials Science and Engineering, 1 (1992), 225-263.
[3] Peirce, D., Asaro, R.J. and Needleman, A.: An analysis of nonlinear and localized deformation in
ductile single crystals. Acta Metallurgica, 30 (1982), 1087-1119.
[4] Scheunemann, L., Nigro, P.S.B., Schröder, J. and Pimenta, P.M..: A Novel Algorithm for Rate Independent Small Strain Crystal Plasticity based on the Infeasible Primal-Dual Interior Point Method.
International Journal of Plasticity, 124:1-19, (2019)
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Due to the non-absorption of the energy during the seismic motion, buildings are not able to
dissipate the energy. Due to failure of doing so buildings are not able to dissipate the
vibrational energy being generated, which in turns become the cause of permanent damage. In
order to optimize the seismic performance prescribed by modern structural codes, buildings
must provide adequate safety for design level earthquake excitations, with limited levels of
damage [1].
This paper deals with the computational modelling of a bracing system with tensegrity
architecture, which operates as a lightweight mechanical amplifier for longitudinal
displacements, efficiently limiting the inter-story drifts while dissipating energy. The proposed
brace is based on a D-bar tensegrity structure with rhomboidal shape comprising ShapeMemory Alloy (SMA) tendons. The SMA tendons can develop martensitic (solid to solid)
transformations, which enable them to amplify the signals into wide super elastic hysteresis,
while subjected to mechanical cycles, comprising strains up to 8%, with no residual
deformations. The underlying concept of our device is the use of SMA wire sections as the
dissipating component, and some preliminary results have been presented in [2]. The enhanced
energy dissipation of the proposed SMA-D-bar (SMAD) braces are demonstrated through
computational simulations of the response of a SMAD-braced frame to real earthquake events,
through a comparative study that matches the seismic response of the analysed systems with
that of devices employing fluid viscous dampers. The effective performance of the proposed
bracing in reducing the seismic damage of the served building paves the way to the design of
novel seismic energy dissipation devices that combine tensegrity and super elasticity concepts.
REFERENCES
[1] M. B. Dan, Decision making based on benefit-costs analysis: Costs of preventive retrofit

versus costs of repair after earthquake hazards. Sustainability (Switzerland), Vol. 10(5),
2018.
[2] F. Fraternali, F. Santos. Mechanical modeling of superelastic tensegrity braces for
earthquake-proof
structures.
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COMPUTATIONAL MODELLING OF THERMOMECHANICAL
BEHAVIOUR OF CAST IRONS
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Compacted Graphite Iron (CGI) is an important engineering material, used extensively in the
automotive industry thanks to its good thermal and mechanical properties. Although, CGI has
already been studied in the past, its thermomechanical behaviour is not yet fully understood,
affecting its potential use in various applications. This is partially attributed to its complex
microstructure, comprising graphite particles of different shape, size and orientation embedded
in an iron matrix (Figure 1).

Figure 1: Depiction of microstructure of compacted graphite iron (CGI)

In this work, the thermomechanical behaviour of compacted graphite iron is computationally
investigated, employing a micromechanical approach. To this aim, microstructures of CGI are
characterised with scanning electron microscopy and the obtained scans are quantified using
image processing tools. Following a statistical analysis of these results, representative volume
elements are generated with Python scripts. These two-dimensional unit cells, comprising a
ferritic matrix and graphite particles of various shapes represented as ellipsoids, are studied
using a finite-element approach. An elastoplastic behaviour is assigned to both phases, while
the graphite-ferrite interface region is modelled with cohesive finite elements, with a focus on
understanding the onset of graphite debonding from the matrix.
The response of CGI to purely thermal or thermomechanical loading will elucidate the effect
of different microstructural features. Also, the interaction between graphite particles will
provide an insight into the initiation of local damage and fracture at microscale. The obtained
results are expected to be useful in the future design of this engineering alloy.
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Modelling microstructure-dependent properties and behaviour of metals and
alloys for processing simulation and design
Jianan Hu1*, Zhanli Guo1, Rafael Miranda1, Jean-Philippe Schillé1, Nigel Saunders2
1

Sente Software Ltd, Surrey Technology Centre, Guildford, Surrey, GU2 7YG, UK
2
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Computer-Aided Engineering (CAE) and Integrated Computational Materials Engineering
(ICME) have been increasingly used in metals and alloys industries and research institutes to
accelerate the design-optimisation loop for processing and manufacturing. However,
technical challenges exist in the current simulation practice concerning the design of
materials and properties due to the complexity in the microstructure dependency. On the
other hand, computational thermodynamics based on the CALculation of PHAse Diagrams
(CALPHAD) approach has been developed to help understand phase constitution and
transformation kinetics of different material systems as a function of composition and
temperature. However, thermodynamic concepts and parameters tend to be abstract and
intangible, making them difficult to be used in the simulation practice. Here we introduce
our continuous efforts in the development of material models to calculate the physical and
mechanical properties for various industrial alloys, driven by the physical understanding of
microstructure-property relationship. This aim is to bridge the gap between computational
thermodynamics and processing simulation and design. Case studies will be presented to
demonstrate how our work has been transferred to many commercial CAE packages to aid
the processing simulation.
Keywords: Processing simulation, computational thermodynamics, microstructure-property
relationship, material models, metals and alloys.
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The actual task of the deformable solid mechanics is to create physically based mathematical
models to describe the internal structure evolution that determines the macro properties of the
of the material under thermal and mechanical influences [1]. The paper aims to study the effect
of a grain/subgrain structure, formed as a result of static recrystallization, on the properties of
a polycrystal during plastic deformation. For this purpose, three structural-scale levels are
introduced into consideration: the level of an individual subgrain (recrystallization nucleus),
the level of grain (a set of subgrains) and the level of a representative macrovolume (a set of
polycrystal grains). To determine the response of a material at each scale level, Hooke's law is
applied in the velocity relaxation form, written in terms of asymmetric measures of strain rates
[2]. The process of static recrystallization is considered as the sequence of two stages: 1) the
development of a defective non-equilibrium structure during preliminary plastic deformation
of the polycrystal, 2) the restructuring of the grain structure during subsequent heating and
aging at a given temperature. The nucleation-free recrystallization mechanism based on the
motion of the initial sections of the high-angle boundary is considered [3]. The driving force of
this process is the difference in stored energy of neighboring subgrains, which have a common
high-angle boundary. At the same time, an increase in the grainboundary energy prevents its
movement. As a result of recrystallization, defective (with increased stored energy) sub-grains
are absorbed by less defective sub-grains of the neighboring grain. Because of this,
recrystallization leads to deep changes in the subgrain structure geometry. Recrystallized subgrains have a more elongated shape compared to the original ones. The developed model allows
us to qualitatively describe the process of releasing stored energy, changing the size of grains
and sub-grains. In numerical experiments, the existence of a critical value of plastic deformation
is established, until which recrystallization does not occur.
The work was supported by the Russian Science Foundation (grant No. 17-19-01292).
REFERENCES
[1] P.V. Trusov, A.I. Shveykin, E.S. Nechaeva, P.S. Volegov, Multilevel models of inelastic

deformation of materials and their application for description of internal structure
evolution. Phys. Mesomech., Vol. 15 (3-4), pp. 155-175, 2012.
[2] P.V. Trusov and A.I. Shveykin, On motion decomposition and constitutive relations in
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Creating an optimized composite material for specific applications is a costly and
time consuming process. Numerical simulations can contribute to cost and time
reduction of the development by analyzing and rapidly optimizing the
microstructure of the composite. For this a scanning electron microscope analysis
was carried out to create images of the particles. These particles were then
approximated using analytic functions such as the Laplace’s Spherical Harmonics
[1] or other functions [2]. In the first step, representative volume elements (RVE)
were created considering only single particle inclusions. Periodic boundary
conditions [3] were applied and the elastic properties of the composites were
calculated. The Young's modulus of the composite of the different particles was
then determined and compared against its surface to volume ratio. Next, RVE's
considering multiple homogeneously distributed particles were created and
evaluated by utilizing the method described by Drach et al. [4]. Further, the effects
of particles in close proximity to each other (called cluster) onto the overall elastic
material properties were studied. For this, RVE’s containing multiple clusters
were created. The influences of two distinctly different cluster-formations onto
the elastic material properties of the composite were analyzed. Lastly different
mixtures of clusters and homogeneously distributed particles were numerically
evaluated.
REFERENCES
[1] B. Feuerbacher, Tutorium Mathematische Methoden der Elektrodynamik. Ausführlich

erklärt für Studierende der Physik im Haupt- und Nebenfach (German), Springer Berlin
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Springer International Publishing, 2015.
[3] J. Segurado and J. Llorca, A numerical approximation to the elastic properties of spherereinforced composites. Journal of the Mechanics and Physics of Solids, Vol. 50, pp. 2107–
2121, 2002.
[4] B. Drach, I. Tsukrov, and A. Trofimov, Comparison of full field and single pore approaches
to homogenization of linearly elastic materials with pores of regular and irregular shapes,
International Journal of Solids and Structures, Vol. 96, pp. 48-63, 2016.
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Recently, several problems of fractures, damages and fatigue of materials have been modelled
by fractional differentials operators. An accurate and efficient numerical solution of these
models is a fundamental but difficult issue, since many standard methods exhibit a slow error
decay. Here we illustrate one and two step spline collocation methods for fractional differential
problems. These methods have a fast error decay rate, if a suitable graduated mesh is adopted.
Moreover, they have strong stability properties, since it is possible to set the method parameters
to avoid stepsize restrictions due to stability. Therefore, spline collocation methods can
accurately simulate also stiff fractional differential problems, at a reasonable computational
cost. In this talk we will talk about the main theoretical results regarding convergence and linear
stability, and we will show a number of significant numerical experiments.
Acknowledgements: The authors are members of the INdAM Research group GNCS. This
work is supported by GNCS-INDAM project and by PRIN2017-MIUR project.
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Nanoglasses (NGs), comprised of nano-metre sized glassy grains separated by fine glassy interfaces,
exhibit enhanced tensile ductility in contrast to their metallic glass (MG) counterparts. However, NGs
cannot be synthesized in large thickness due to limitations associated with the existing techniques.
Recent atomistic simulations on NG-MG laminate composites have reported significant tensile
ductility and a transition in deformation behaviour from shear localization to necking on reduction in
MG layer thickness below the grain size of NG. However, the mechanistic reasons for this transition
are not well understood. Therefore, 2D plane strain finite element simulations of tensile loading on
these composites are performed using a non-local plasticity model [1] by systematically varying the
thickness of MG and NG layers, 𝑡𝑡𝑀𝑀𝑀𝑀 and 𝑡𝑡𝑁𝑁𝑁𝑁 , respectively. It is found that sample with moderate 𝑡𝑡𝑀𝑀𝑀𝑀
exhibit localized deformation (Fig. 1(a)) for a lower value of intrinsic material length 𝑙𝑙𝑐𝑐 (associated
with flow defects such as shear transformation zones (STZs)), while it shows necking for higher 𝑙𝑙𝑐𝑐
(Fig. 1(b)). Interestingly, shear localization is delayed substantially even for lower 𝑙𝑙𝑐𝑐 when 𝑡𝑡𝑀𝑀𝑀𝑀 is
reduced significantly (Fig. 1(c)) which implies that the ratio 𝑡𝑡𝑀𝑀𝑀𝑀 /𝑙𝑙𝑐𝑐 governs the transition in
deformation behaviour. Results also show that 𝑙𝑙𝑐𝑐 controls the spatial distribution of interaction stress
between STZs, and this stress plays a crucial role in transition in the NG-MG laminate composites.

𝑝𝑝

Fig.1 Contour plots of maximum principle logarithmic plastic strain log𝜆𝜆1 for moderate 𝑡𝑡𝑀𝑀𝑀𝑀 and (a)
lower 𝑙𝑙𝑐𝑐 and (b) higher 𝑙𝑙𝑐𝑐 . (c) Corresponding plot for reduced 𝑡𝑡𝑀𝑀𝑀𝑀 and lower 𝑙𝑙𝑐𝑐 .
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ABSTRACT
Many modern metals are less than fully dense with a finite porosity created either unintentionally (as in
additively manufactured or powder processed materials) or intentionally (as in metallic meta-materials
and foams). Other materials form porosity under high-loading rates or adverse structural loading conditions and are precursors to ultimate failure. The broad opportunities associated with designing and
understanding these materials, along with modern microscopy techniques—that measure 3D porosity
structures—have renewed an interested in computational poro-plasticity. The complexities in computational representation of these types of materials for structural applications are of interest to this gathered
community. This mini-symposium welcomes advancements in porosity models for the mentioned classes
of materials coupled with other materials modeling methods, including but not limited to: crystal plasticity, cohesive zone fracture, X-FEM fracture, and dislocation dynamics. Applications to high-loading
rates, addressing microinertia and viscous damping, are encouraged along with static loading applications over varying triaxialities and Lode parameters. Computational materials models validated using
micro-tomography, small angle X-ray scattering, or other experimental method are also encouraged.
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Shear yielding and crazing are the key deformation and damage mechanisms which govern the inelastic
behaviour of glassy polymers. Much research has been devoted to modeling and understanding their
occurrence and eventual competition under monotonic loading conditions; e.g. [1, 2]. However, theoretical studies concerning the interaction of crazing and shear yielding under cyclic loading are still rare
to date. Contrary to the state-of-the-art constitutive deformation models accounting for non-monotonic
loading phenomena, such as the Bauschinger effect (e.g. [3]), existing crazing models are so far primarily
applicable to monotonic loading.
With the overall aim of the computational analysis of the interaction of crazing and shear yielding under
complex loading histories, the focus of the present work is the development of a novel constitutive model
for crazing that realistically describes the response under cyclic loading. That is, in addition to the highly
non-linear viscoelastic-viscoplastic stretching of the fibrillated craze matter under loading, such a model
has to account for its pronounced creep-recovery when unloaded [4].
REFERENCES
[1] Estevez, R., Tijssens, M. G. A. and van der Giessen, E. Modeling of the competition between shear
yielding and crazing in glassy polymers. J. Mech. Phys. Solids (2000) 48(12):2585–2617.
[2] Gearing, B. P. and Anand, L. On modeling the deformation and fracture response of glassy polymers
due to shear-yielding and crazing. Int. J. Solids Struct. (2004) 41(12):3125–3150.
[3] Holopainen, S. Modeling of the mechanical behavior of amorphous glassy polymers under variable
loadings and comparison with state-of-the-art model predictions. Mech. Mater. (2013) 66:35–58.
[4] Kambour, R. P. and Kopp, R. W. S. Cyclic stress–strain behavior of the dry polycarbonate craze.
J. Polym. Sci. A-2 Polym. Phys. (1969) 7:183–200.

324

JohnImplicit
An
Moore Crystal Mechanics and Porosity Model with Strain-Rate Dependent Porosity Kinetics and Damage
14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19–24, 2020, Paris, France

AN IMPLICIT CRYSTAL MECHANICS AND POROSITY MODEL
WITH STRAIN-RATE DEPENDENT POROSITY KINETICS AND
DAMAGE
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ABSTRACT
Many modern metals are less than fully dense with a finite porosity created either unintentionally (as in
additively manufactured or powder processed materials) or intentionally (as in metallic meta-materials
and foams). The crystal microstructure of these materials can lead to anisotropic failure which is detrimental to the manufacturing process. This work develops a crystal mechanics-based porosity model of
ductile fracture. This model uses both Cocks-Ashby porosity kinetics as well as a Cocks-Ashby-based
damage law. The model is implemented for use with the implicit finite element method, making it suitable for low strain-rate simulations. The model is also implemented in a commercial code, which allows
for widespread usage and further development to include fracture methods such as cohesive zones and
X-FEM.
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In this work, we propose to use 3D-printed mesostructured materials to build soft robots and we
present a modeling pipeline for design assistance and control. The 3D-printed meso-structure
has empty spaces that can be programmed before printing to target specific mechanical properties, in particular heterogeneous stiffness and
anisotropic behaviour [1]. Without changing the
external shape, we show that using such metamaterial can lead to a dramatic change in the kinematics of the robot. To help the design and to
control soft robots made of these meso-structured
materials, we present a modeling method based
on numerical homogenization and Finite Element
Method (FEM) that captures the anisotropic deformations. The FEM implementation is made using the SOFA framework. The method is tested Figure 1: Comparison of 3 robots : one made of silicon
on a 3 axis parallel soft-robot initially made of sil- and totally isotropic and 2 meso-structured robots display
anisotropic behaviour inducing a new twisting motion.
icone. We demonstrate the change in kinematics
when the robot is built with meso-structured materials and compare its behavior with modeling results.
REFERENCES
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Ductile crack growth is a complex phenomenon controlled by the interplay between free surface
creation and plastic flow. It gives rise to unique failure behaviors, characterized by J-R curves
used in standards for characterizing the failure resistance of metallic alloys [1] that strongly
depends on the size and shape of the fractured specimen. A detailed understanding of such a
behavior can hardly be reached without determining the contribution of each dissipative
mechanism involved during ductile crack growth, namely the work of separation and the energy
dissipated by plastic flow. However, this is currently out-of-reach from standard approaches in
experimental fracture mechanics. Alternatively, we might resort to numerical simulations of
ductile crack propagation based for example on the GTN model [2]. However, these approaches
rely on a large number of parameters that must be adjusted from experiments [3], limiting both
their predictability and the insights one may get on the material and structural parameters that
actually control the crack growth resistance of metallic alloys.
Recently, a new method for characterizing the fracture properties of a wide range of materials
has been proposed: it relies on the statistical analysis of the roughness of experimental fracture
surfaces [3] and provides post-mortem the energy dissipated by damage during crack growth.
In this work, we show that this approach provides rich insights on the failure response of ductile
solids, by allowing a detailed balance of the energy dissipated during ductile crack growth. As
an illustration, we will show how this technique can be used to feed numerical simulations in
order to predict the effect of specimen size and shape on the J-R curve. We will also discuss
how this method can help to characterize in depth the fracture properties of metallic alloys and
how it may be used to improve their resistance to failure.
REFERENCES
[1] ASTM E1820-08.: Standard Test Method for Measurement of Fracture Toughness, ASTM Annual
Book of Standards 03.01, ASTM International, 2008.
[2] A. Srivastava et al., Effect of inclusion density on ductile fracture toughness and roughness, J.
Mech. Phys. Solids 63, pp. 62-79, 2014.
[3] F. Rahimidehgolan et al., Determination of the Constants of GTN Damage Model Using
Experiment, Polynomial Regression and Kriging Methods. Appl. Sci., 7, pp. 1179, 2017.
[4] L. Ponson, Statistical aspects in crack growth phenomena: how the fluctuations reveal the failure
mechanisms. Int. J. Fract., 201, pp. 11–27, 2016.
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Abstract: In search of the lighter materials and optimized thin-walled components especially for
transportation purposes, knowledge about the characteristic ductile damage mechanisms in
aluminium sheets is crucially needed. Many studies have been focused on proportional loading
where a void nucleation-growth-coalescence mechanism of ductile fracture is the well-established
under tension-dominated (high stress triaxiality) loading conditions but the mechanism under sheardominated condition (low stress triaxiality) is still discussable. Since structural parts undergo
complex loading paths during forming and in service loading, the loading conditions are highly
relevant. Yet, the failure under these conditions is hard to predict.
In order to study the effect of load path changes especially at low stress triaxiality on damage and
failure, a cross-like specimen inspired by a shear sample [1] is designed. By the aid of in-situ
synchrotron laminography [2,3,4], three-dimensional (3D) imaging of the microstructure inside flat
sheet specimens is obtained during testing under load. Proportional loading tests including shear
only (SO), tension only (TO) and non-proportional loading path change from shear to tension (ST)
as well as tension followed by shear (TS) tests have been performed. Digital image correlation is
used to obtain an optical extensometer. In addition, local strain fields from surface DIC are
compared to finite element analyses which allow the local strain to fracture to be estimated. An
appropriate definition of this equivalent strain is discussed. A Bron-Besson [5] yield criterion is
used in the simulations to account for the material’s anisotropic behavior. For a shear test and a
shear-tension test the damage development is measured from 3D images and interpreted further
using mechanical parameters from the simulations.
Reference
[1] C. Roth, D. Mohr, Determining the strain to fracture for simple shear for a wide range of sheet
metals, International Journal of Mechanical Sciences 2018, 149, 224-240
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Radiation Laminography Images of Ductile Crack Initiation: An Initial Feasibility Study,
Experimental Mechanics (2013) 53:543–556
[3] A. Buljac, F. Hild, L. Helfen, T.F. Morgeneyer, On deformation and damage micromechanisms
in strong work hardening 2198 T3 aluminium alloy, Acta Materialia (2018), volume 149, Pages 2945
[4] C. Roth, T.F. Morgeneyer, Y. Chen, L. Helfen, D. Mohr, Ductile damage mechanism under
shear-dominated loading: In-situ tomography experiments on dual phase steel and localization
analysis, International Journal of Plasticity 109 (2018) 169–192
[5] F. Bron, J. Besson, A yield function for anisotropic materials: Application to aluminum alloys,
International Journal of Plasticity 20 (2004) 937–963
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In metallic alloys voids are known to play a crucial role for ductile failure. These defects embeded in a
so called matrix material may evolve during mechanical loading. Their individual growth or shearing
can eventually lead to coalescence. At this point deformation localizes in ligaments between voids
which leads to failure. Tremendous efforts have been put into observing, understanding, modeling and
simulating these mechanisms. Most models developed to predict ductile failure use variational methods
or homogenization of porous materials [1]. In the early models the plastic behaviour of the matrix is
considered as isotropic, resulting in a isotropic plastic behaviour of the equivalent homogeneous material.
These models have been generalized to orthotropic plastic behaviour of the matrix material. However
voids are typically subgrain defects. Therefore their local environment is a single crystal which is the
motivation of the coupling of a void growth model with crystal plasticity [2]. Existing porous crystal
plasticity models account for crystal orientation during void growth or void coalescence. However a
full model, combining growth and coalescence is not available. Ductile failure simulations of single
crystals are also missing in the literature. The objective of this work is to couple a void coalescence
criterion to an existing void growth model developed in the framework of crystal plasticity. First an
existing coalescence criterion [3] is compared to a revisited internal necking coalescence criterion. Both
criteria are supplemented with evolution laws and coupled to the existing void growth model. Then the
model is implemented in a finite element software, tested and validated by comparison to single crystal
porous unit-cell simulations. Eventually the model is employed to simulate ductile failure of single and
oligo-crystal specimens.
REFERENCES
[1] Benzerga, A. A., and Leblond, J. B. (2010). Ductile fracture by void growth to coalescence. In
Advances in applied mechanics, 44, 169-305.
[2] Han, X., Besson, J., Forest, S., Tanguy, B. & Bugat, S. (2013). A yield function for single crystals
containing voids. International Journal of Solids and Structures, 50(14-15), 2115-2131.
[3] J. Hure (2019), A coalescence criterion for porous single crystals, Journal of the Mechanics and
Physics of Solids, 124, 505-525.
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Predicting the transition from cavity growth to coalescence is important for understanding and simulating ductile failure. Many models have been published and are generally verified by finite element
calculations on structures consisting of a periodic network of single defect cells (e. g. [1]). Although this
approach is appropriate for low porosity, it can underestimate the interaction between defects at higher
porosity levels, in particular by constraining the orientation of the localization bands. There are only
few studies considering the interaction of randomly distributed voids leading to the onset of coalescence,
although some investigations on clusters between two or three pores or on more defects but in mostly
plane analyses (e.g. [2]) show the importance of local strain localization modes around voids. Random
populations of voids were simulated by Fritzen et al. [3] and allowed them to calibrate a parametrized
GTN model for a large range of porosity, although this work was restricted to limit analysis. The present
work therefore aims to study the transition between growth and coalescence by considering the plasticity behaviour of a volume element with a random population of defects. Similar to the numerical
homogenization in Fritzen’s limit analysis [3], a population of spherical pores of the same radius is
randomly generated within an elastic perfectly plastic matrix. Its behavior is then studied by means of
finite element simulations at large deformations using periodic boundary conditions, at different levels
of controlled triaxiality. This study is repeated on different defect population samples, allowing for an
appropriate statistical analysis up to coalescence. A criterion for the onset of coalescence is proposed
from the available numerical database.
REFERENCES
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Averaged equations and effective constitutive relations for heterogeneous solids are mainly obtained
using the volume averaging method, which requires a specified length scale or a fixed representative
volume element. In many cases, especially in large deformations and in material failure processes, the
relevant length scale is often not a constant but a function of time. Time-dependent representative volume
elements have not been used in these derivations. To avoid this inconsistence, in this work, ensemble
phase averaging method [1] is used to derive the macroscopic equations and closure relations leading
to two sets of the averaged momentum equations for the solid and the voids. Due to the tight coupling
between the voids and the solid, the linear momentum equation for the voids is often degenerated and has
no need to be solved separately. However, under the assumption of spherical voids, the radial momentum
equation for the voids is similar to the Rayleigh-Plesset equation. The difference between the local
velocity and the average velocity on the surfaces of voids determines the plastic volumetric deformation.
In this averaging method, the gradient of the average (macroscopic) velocity is a sum of the average of the
velocity gradient and a term related to discontinuities in the velocity field. These discontinuities happen
on the slip planes, grain boundaries, and edges of voids and defects representing plastic deformations.
For the average of the velocity gradient, the corresponding strain rate represents the elastic deformation of
the material. The average stress evolution of the material is calculated using this strain rate assuming the
hyperelasticity of the material. As in typical plasticity theories, the plastic strain rate is assumed to cause
the maximum plastic energy dissipation with the stress constrained on the Gurson surface depending on
the porosity of the material. In this way the hyperelasticity theory is combined with the plasticity theory
for materials undergoing large deformations.
In this combination, the stress and deformation gradient are history-dependent. To consider large plastic
deformations and to accurately track the history-dependent variables without numerical diffusion, the
dual domain material point method [2] is used to numerically study deformation of solid materials under
impact and explosive loading. Numerical solution strategies of this model will be discussed. Numerical
examples are compared to available experimental data.
REFERENCES
[1] Zhang, D.Z., Prosperetti, A. Averaged equations for inviscid disperse two-phase flow, J. Fluid
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Ultra-high temperature ceramics (UHCTs) have melting points well above 2000 ◦ C [4], making them a
prime candidate for use on the thermal protection systems (TPS) of hypersonic vehicles. However, they
have higher density as compared to more traditional TPS materials, such as reinforced carbon-carbon
(RCC) composites [2]. As such, the introduction of up to 90% porosity into UHTCs is being explored as
a way to reduce weight penalty [1]. The high thermal conductivity of UHTCs is often cited as one of their
advantages [4], so it should be noted that porosity inhibits conductive heat transfer, lowering the effective
thermal conductivity of the porous UHTC. However, there may be cases where this is desirable, such as
when a UHTC component interfaces with another component that is temperature-sensitive. The local
introduction of porosity near that interface could serve as a thermal shielding measure. In addition to reducing effective thermal conductivity, porosity significantly affects effective mechanical properties such
as stiffness and, more importantly, strength. Therefore, this work seeks to characterize effective stiffness,
strength, and thermal conductivity of highly porous ultra high temperature ceramics via computational
homogenization.
An implicit quasi-static thermomechanical Material Point Method (MPM) was developed to treat this
problem. The hybrid Eulerian-Lagrangian nature of the MPM allows it to intrinsically treat large deformation and contact [3], making it well-suited to study the fracture and self-contact processes that
take place in porous UHTCs during severe compaction. Because the MPM uses particle discretization,
simulation setup was greatly simplified as compared to e.g. the Finite Element Method (FEM), where a
connected mesh would have to be generated. Instead, the pixels from binarized micro-CT scans of experimentally produced specimens were used to seed the particles’ initial positions. Simulations were run up
to 30% compressive engineering strain, and significant damage was observed to take place. The damage
model eliminated tensile particle stiffness when a maximum principal stress criterion was met. However,
damaged particles were allowed to persist in the simulation and contribute stiffness during compressive
deformations. The results show that this simple model qualitatively captures brittle fracture. In addition, volume-averaged stress-strain curves were found to be consistent with the experimentally observed
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behavior of porous brittle materials under compaction.
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Inhomogeneities such as defects, interfaces and porosity play after the shock
compression behavior of metallic materials. While the role of distribution of defects and
interfaces can be investigated using molecular dynamics (MD) simulations at the atomic scales,
the understanding of the role of porosity on the shock compression behavior is limited due to
the size- and time-scale limitations of MD simulations. A new modeling method called quasicoarse-grained dynamics (QCGD) [1] is developed to extend the time- and length-scale
capabilities of MD simulations. The QCGD simulations reduce the number of atoms being
modeled in an atomic scale microstructure using representative atoms (R-atoms) and use scaled
interatomic potentials to define R-atom interactions. Each R-atom represents the collective
dynamics of several atoms, and each defect in CG-microstructures represents the collective
dynamics of several atomic-scale defects. Such a framework can retain the MD-predicted
behavior of pore collapse and evolution of temperature materials at a fraction of the
computational cost and enables the modeling of shock response of powder processed
microstructures at the experimental scales. The mesoscale capability of the QCGD method to
model void collapse under shock loaidng conditions is demonstrated by investigating the role
of shock pressures for void sizes with diameters ranging from 0.1 to 0.5 µm in single-crystal
Ta systems for the [110] and [111] orientations. The void collapse rate is observed to correlate
with the shock pressures as well as with the daimeter of the void. The evolution of
microstructure for the two orientations suggests modifications in the nucleation and evolution
of defects (dislocations, twins) in the microstructure during void collapse. The framework of
the QCGD TTM, the evolution of temperaturas and pressures, and the evolution of
microstructure during void collapse Will be discussed.
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Ductile fracture is a microscopic phenomenon because it occurs through nucleation, growth,
and coalescence of voids. Since the ductile fracture criteria that are widely used for metalforming processes, such as those introduced by Cockcroft and Latham, Brozzo et al., and Oyane,
are derived from a macroscopic viewpoint, it is challenging to improve the prediction accuracy
for a microscopic ductile fracture phenomenon using a macroscopic ductile fracture criterion.
Although nucleation and growth of voids are simulated in the Gurson model, the coalescence
of voids cannot be simulated intrinsically. Hence, for instance, the coalescence of voids is
assumed to occur when the void volume fraction reaches a critical value. However, this
assumption is inappropriate, because the critical void volume fraction depends on the stress
state. Hence, the coalescence of voids should be evaluated using a model with a definite
physical meaning.
The author has attempted to predict ductile fracture during tensile testing of a sheet and a bar
from a microscopic viewpoint [1, 2]. The author’s proposed model of void coalescence is based
on the two-dimensional void model proposed by Thomason and that proposed by Melander and
Ståhlberg, which were also derived from a microscopic viewpoint. Both the Thomason model
and Melander and Ståhlberg model assume that the void is rectangular and that the direction of
the major axis of the void coincides with the direction of the maximum principal stress. In
contrast, the author’s proposed model assumes that the void is ellipsoidal and that the direction
of the major axis of the void does not coincide with the direction of the maximum principal
stress. Hence, the author’s void model can be used for simulating metal-forming processes.
In this study, the ellipsoidal void model [3], which has been proposed by the author, is evaluated
by the biaxial sheet stretching using the Marciniak method. A number of experimental
researches on the prediction of ductile fracture during the biaxial sheet stretching have been
performed. However, few researches on the effect of prestrain on ductile fracture have been
performed. Hence, in this study, the effect of prestrain, which is applied to a sheet by rolling,
on ductile fracture during the biaxial sheet stretching, has been clarified numerically and
experimentally.
REFERENCES
[1] K. Komori, Predicting ductile fracture in pure metals and alloys using notched tensile

specimens by an ellipsoidal void model. Engineering Fracture Mechanics, Vol. 151, pp.
51-69, 2016.
[2] K. Komori, Predicting ductile fracture in ferrous materials during tensile tests using an
ellipsoidal void model. Mechanics of Materials, Vol. 113, pp. 24-43, 2017.
[3] K. Komori, Ductile fracture in metal forming - modeling and simulation, Elsevier, 2019.
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The Influence of Micro-inertia on Experimentally Observable
Behaviors
Nathan Barton, John Moore, Sayyad Basim Qamar
Sub-scale inertial effects can influence the dynamics of porosity evolution,
with the contributions growing to be a dominant factor during portions of stronglydriven loading scenarios. We present results for the degree to which micro-inertial
effects influence various experimentally observable behaviors. Micro-inertia effects are incorporated into a robust porosity-mechanics-based constitutive model
suited to large-deformation three-dimensional simulations. Two variants of microinertia are examined, with one of them specialized to high-porosity materials such
as foams and lattice-structured materials. Simulations of plate impact and laserdriven experiments illuminate model behaviors, with velocity histories and porosity distributions being of interest for comparison to experimental results. As expected for spall-inducing loading conditions, micro-inertia can grow to be a dominant effect for conditions that produce the highest strain rates; with the transition
depending on aspects of the material’s microstructure. For compaction of lowdensity material, the choice of micro-inertia model influences some observable
behaviors more than others. Fully three-dimensional large-deformation simulations are enabled by the use of the constitutive model in a arbitrary LagrangianEulerian (ALE) simulation framework. Demonstration calculations are shown.
This work was performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344
(LLNL-ABS-800537).

336

Marc Geers,
Tungsten
As Varun
a Plasma-Facing
Shah, Mathieu
Material
Oude
inVrielink,
Fusion Reactors:
Awital Mannheim
On Damage,
andNano-Pores
Hans van Dommelen
and the
Brittle-to-Ductile Transition
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

TUNGSTEN AS A PLASMA-FACING MATERIAL IN FUSION
REACTORS: ON DAMAGE, NANO-PORES AND THE
BRITTLE-TO-DUCTILE TRANSITION
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The growing demand for green and clean energy is one of the major challenges for our society in the
coming decades and century. Nuclear fusion is one of the most attractive and unlimited sources of
energy that would be able to solve this problem. However, a nuclear fusion reactor puts unprecented
requirements on materials, in order to sustain the operation conditions in the tokamak that magnetically
confines the plasma. One of the critical components is the divertor, which extracts heat and serves as an
exhaust. The divertor is typically composed of tungsten monoblocks, consisting of a tungsten tile that
is bonded to a water-cooled copper alloy heat sink. As a plasma-facing material, tungsten is subjected
to high thermal and particle loads (neutrons and ions). The high thermal loads do not only induce
large thermal gradients, but they also entail microstructural evolution. The particle loads result in the
generation of point defects (vacancies, self-interstitials) and clustered lattice defects (e.g. nano-pores).
The ingression of helium leads to interactions with these defects, affecting the overal properties and
performance of the tungsten material. Understanding the mechanical performance, damage, nano-pores,
and (loss of) ductility of tungsten under these harsh conditions is only possible through an integrated
multi-scale modelling approach.
This contribution presents a multi-scale model for the behaviour of tungsten in fusion conditions:
• Neutron-induced displacement cascade damage in tungsten, using a cluster dynamics model [1]
• Multiscale model for the Helium implantation from the plasma, leading to bubble formation and
complex interactions with the irradation induced defects
• Thermal loads and excursions, entailing microstructural recrystallization with evolving defects
• The brittle-to-ductile transition: a crystal plasticity model with a novel cleavage criterion to capture
the sharp transition from a brittle response to a more ductile behaviour in high-purity tungsten.
The proposed multi-scale approach bridges length scales ranging from the level of lattice point defects
(in the form of vacancies and interstitials) to the polycrystalline microstructure and to the scale of a
tungsten monoblock. The models used provide adequate qualitative insights in the complex brittle-toductile fracture behaviour of tungsten.
REFERENCES
[1] Mannheim A., van Dommelen J.A.W., Geers M.G.D. Computational Materials Science (2019) 170:
article UNSP 109146.
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ABSTRACT
This mini-symposium deals with the state-of-the-art computational fracture mechanics
applications. Applications of computational methodologies, such as, FEM, X-FEM, G-FEM,
S-FEM, BEM and other advanced numerical techniques will be discussed in the minisymposium. Fields of interests span a wide range of areas, such as aerospace, automobile,
naval architecture, nuclear power, mechanical/civil engineering, and other structural
applications. Outcomes of both the applied and fundamental researches are warmly welcome
to the mini-symposium.
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A Comprehensive Investigation on The Formulations of Interaction
Integral Method for the Calculation of Stress Intensity Factors of Cracks in
Functionally Graded Materials
*Omar Tabaza¹, Hiroshi Okada¹
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For fatigue and stress corrosion cracking problems, the Stress Intensity Factors (SIFs) play key
roles [1]. In this research, five formulations of the interaction integral method [2] for the
calculations of SIFs for three-dimensional cracks in functionally graded material (FGM) [3] are
discussed. The evaluation of the SIFs for FGMs were done before. The use of the interaction
integral was present in literature, but with the limitation of using only hexahedral elements in
the vicinity of the crack front. The problem with these methods is the time and effort needed to
create the mesh.
Based on the domain integral method for quadratic tetrahedral elements developed by Okada
and Ohata [4], the SIFs is in three-dimensional functionally graded material using tetrahedral
elements only is calculated. The auxiliary field (the asymptotic solutions of mode I, II or III
crack deformations) do not satisfy the FEM model equilibrium. A method of adding correction
terms to recover the equilibrium of the auxiliary solutions was presented by Daimon and Okada
[4].
The SIF evaluations were carried out using fully unstructured mesh while maintaining the path
independent property of the interaction integral. The stress analysis is carried out using FEM.
The model is generated using an in-house automatic unstructured mesh generator. The proposed
methods were examined in both homogeneous and functionally graded materials, for the
accuracies of evaluated SIFs under mode I and mixed mode loadings. It was found that the
method gave a good comparison with the analytical solutions provided in Konda and Erdogan
[5] for the SIFs in 2D functionally graded material under crack face tractions.
REFERENCES
[1] Atluri SN, Sampath SG, Tong P, editors. Structural integrity of aging airplanes. Verlag

Berlin Heidelberg: Springer; 1991.

[2] Yau JF, Wang SS, Corten HT. A mixed-mode crack analysis of isotropic solids using

conservation laws of elasticity. J Appl Mech. 1980.

[3] Masayuki Niino, Shuhei Maeda. Recent Development Status of Functionally Gradient

Materials. ISIJ International, Vol. 30, 1990.

[4] R. Daimon, H. Okada. Mixed-mode stress intensity factor evaluation by interaction integral

method for quadratic tetrahedral finite element with correction terms. Engineering Fracture
Mechanics, 115, 2014.
[5] Noboru Konda, F. Erdogan. The Mixed Mode Crack Problem in A Nonhomogeneous
Elastic Medium. Engineering Fracture Mechanics, Vol. 41, 1994.
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A MICROMECHANICS-INFORMED PHASE FIELD MODEL FOR
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We propose a new direction-dependent model for the unilateral constraint involved in the phase field approach to fracture and also in the continuous damage mechanics models. The construction of this phase
field model is informed by micromechanical modeling through the homogenization theory, where the representative volume element (RVE) has a planar crack in the center. The proposed model is made closely
match the response of the RVE, including the frictionless self-contact condition. This homogenization
approach allows to identify a direction-dependent phase field model with the tension-compression split
obtained from cracked microstructures. One important feature of the proposed model is that unlike most
other models, the material degradation is consistently determined without artificial assumptions or ad
hoc parameters with no physical interpretation, thus, a more realistic modeling is resulted. With standard
tests such as uniaxial loadings, three-point bending, simple shear, and through-crack tests, the proposed
model predicts reasonable crack paths. Moreover, with the RVE response as a benchmark, the proposed
model gives rise to an accurate stress-strain curve under shear loads, more accurate than most existing
models.

343

A New Framework
Guoyu
Lin, James Zuo,
for Complex
Kaan Ozenc,
Crack
Shanhu
Growth
Li,Simulation
Rajanikanth Jayaseelan and Grama Bhashyam
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

A New Framework for Complex Crack Growth Simulation
Guoyu Lin*+, James Zuo+, Kaan Ozenc+, Shanhu Li+, Rajanikanth Jayaseelan+, Grama Bhashyam+
Ansys, Inc., 2600 Ansys Dr., Canonsburg, PA 15317, *Guoyu.lin@ansys.com
Modern structural design utilizes more and more advanced material and greatly elevates the design
requirement. Fracture and durability analysis now play a significant role in the design and validation
of modern structures against fatigue and failure. The fracture mechanics based tolerance assessment
of complex structural components requires the capability of effective modeling of complex 3D mixed
mode cracks propagation under both static and fatigue loads and makes accurate prediction of the
crack initiation and fatigue crack growth (FCG) residual life for structures and is able to predict the
catastrophic failure of the structures. Special methods such as mesh free and XFEM[1] may be
available, but its application is generally limited. Finite Element Method (FEM) based remeshing and
mesh adaptivity techniques for simulation of crack propagation process have been intensively used in
the past decades and are still very popular. However, a general purpose engineering (FEM) software
for crack growth simulation remain unseen, especially with integration of remeshing in the solver
solution kernel and distributed parallel solution with large scale industrial simulation in focus. Present
paper present a recent development, ANSYS SMART (Separating, Morphing, Adaptive and
Remeshing Technology) crack growth simulation framework, for automatic, robust and seamless
simulation of complex crack growth including, but certainly not limited to
• Solver kernel with general nonlinearity in focus and seamless integrated remeshing tools for
very effective dealing of topology changes as a results of crack growth during the solution
• Local to crack front only remeshing and mesh coarsening along with crack propagation for
efficient solution
• Static and cyclic fatigue crack growth with arbitrary crack front
• Automatic crack initiation, detection and creation based on specific criteria
• Effective distributed solution scheme and solver support for large scale real world simulation
• Comprehensive and easy to use end-to-end workflow
The framework is essential for large scale crack growth
simulation. Validation with standard CCT specimen has shown
very good agreement with analytic solution [2]. Several
examples are presented to demonstrate the automatic simulation
of crack growth with mixed-mode fracture in focus for the
specific application.
Round bar with an inclined surface crack

REFERENCES
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In this presentation, we discuss about the analyses of 3D elastic-plastic crack propagation
problems under large amplitudes of cyclic loads. The analyses duplicate experiments on 1TCT
specimens made of carbon steel SGV410 and stainless steel SUS316. They were subject to the
large amplitudes of cyclic loads such that their failure cycles were several to several hundreds.
The problem can be classified as ultra-low to low cycle fatigue problems. There are many
challenges in such computational fracture mechanics analyses. They are in (i) constitutive
modelling characterizing the mechanical behaviour of the material under the cyclic deformation,
(ii) 3D crack propagation modelling for continuously evolving crack front location, (iii) crack
parameters characterizing the severity of near crack tip deformation field and others. Every one
of them is a very challenging issue. In this research, we focus on crack parameters
characterizing the severity of near crack tip deformation field under the large amplitudes of
cyclic loads.
For this purpose, Arai et al. [1] proposed a new J-integral formulation based on a rigorous
consideration on dissipating deformation energy into assumed process zone in the immediate
vicinity of the crack front per unit crack growth. They derived an unconditionally pathindependent J-integral formulation representation under any loading and material models. It is
the three-dimensional version of the T*e (see, Atluri et al. [2] and Okada et al. [3]). The Jintegral of Arai et al. was extended to the DJ [4] to characterize crack propagation phenomena
under cyclic loads.
In this presentation, we will present the derivations of new J-integral and DJ very briefly. Then,
some results of crack propagation analysis on the 1TCT specimens are shown. Finally, based
on the crack propagation analyses, crack propagation laws that characterize the amounts of
crack extension per load cycle are proposed.
REFERENCES
[1] K. Arai, H. Okada and Y. Yusa, A new three-dimensional J-integral formulation for
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1999.

345

First A. Author, Second B. Author and Third C. Coauthor.

[4] K. Arai, H. Okada and Y. Yusa, A new formulation of J-integral range ΔJ using three-

dimensional equivalent domain integral for finite deformation elastic-plastic problem,
Transaction of JSME (in Japanese), Vol. 84, No. 864, p. 18-00309, 2018.

346

Comparisons
Yoshitaka
Wada,
of Crack
Kaito Propagation
Ueda and Yoshiki
Conditions
NamitaUnder Extremely Low Cycle Fatigue
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Comparisons of crack propagation conditions under extremely low cycle
fatigue
Yoshitaka Wada¹, Kaito Ueda¹ and Yoshiki Namita¹
1

Kindai University, 3-4-1 Kowakae Higashiosaka, Osaka, Japan, wada@mech.kindai.ac.jp

Key Words: Low Cycle Fatigue, ΔJ, Equivalent Plastic Strain and Stress Triaxiality.
It is important for piping to predict unstable failure in a structure due to excessive cyclic load
caused by a huge earthquake. The J-integral is used as a fracture mechanics parameter which is
applicable to elastic-plastic problems. However, J-integral cannot be effective under cyclic
loading. Fatigue crack growth rate in the low cycle fatigue is evaluated by ΔJ which is defined
by the stress and strain ranges in a given cycle. The applicability of ΔJ has not been verified yet
under extremely low cycle loading. A generation phase analysis requires several parameters by
experiment during fracture of a compact tension (CT) specimen. Crack length and its front
shape are the most important for load and load line displacement evaluation.
In this study, we compare the differences of ΔJ as concerns with crack front shapes. A material
of the specimen is SUS316. The FE model is 1/4 of actual CT specimen. Three types of crack
front shapes are prepared which are straight shape (Type 1), tunnelling shape which appears at
the initial crack stage (Type 2) and further advanced tunnelling shape (Type 3). The areas of
ligaments are the same in the all of crack shapes. Load control is used in experiments, however,
displacement control is performed in the generation phase. The approximation curve, which is
determined by the experiment and represents the relationship of crack length and load line
displacement, is for determinations of nodal release as crack propagation. In the ΔJ evaluation,
the best result, which is the lowest deviation from the experiment, is obtained by Type 3.
Critical CTOD can be corrected by stress triaxiality under the monotonic loading [1].
Additionally, stress triaxiality and equivalent plastic strain are reciprocal relations in the
cracked pipe fracture [2]. After the evaluation of crack tunnelling shape, the relationship
between stress triaxiality and incremental equivalent plastic strain along a crack front are well
examined. The incremental plastic strain exhibits some critical condition of fracture, however
the condition needs one or more correction parameter as concerns with a dimension of specimen,
i.e. thickness. The effectiveness of three-parameter approach will be discussed in detail.
REFERENCES
[1] K. Hang et al., The effect of constraint on CTOD fracture toughness of API X65 steel, Eng.
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When a solid continuum body undergoes strong impact loading such as projectile penetration,
the body deforms, cracks propagate, and fragments scatter. This process starts from the
deformation of solid continuum followed by the dynamic crack propagation and the scattering
of fragments. In this process, the momentum transfer by the re-contact of the crack surfaces
plays a significant role in the crack propagation. The collision between the scattered fragments
is also important for simulating the post-fracture behaviour of the solid continuum.
In this research, we focus on the momentum transfer process in the solid continuum body at the
(i) contacting interface between the projectile and the solid continuum body, (ii) re-contacting
fracture surfaces, and (iii) scattered fragments colliding each other. We use PDS-FEM (Particle
Discretization Scheme Finite Element Method) to deal with deformation and fracture of solid
continuum in rigorous manner. In addition, we particularly focus on collision between two rigid
particles after continuum is fractured. As physical laws for collision, we use the equation of
momentum conservation and the coefficient of restitution.
We compare the analysis results considering collision to those without considering collision. In
analysis considering collision, scattered fragments don’t pass through each other. As a result,
we can obtain conclusion that analysis considering collision is closer to actual phenomenon
than that without considering collision.
REFERENCES
[1] M. Hori, K. Oguni, H. Sakaguchi, Proposal of FEM implemented with particle
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The extended finite element method (XFEM) can model the displacement field, including the
discontinuity near a crack, independently of finite elements through approximation functions
that satisfy the partition of unity (PU) condition. Therefore, it can provide efficient crack
modelling and has been widely applied to crack problems in structural safety assessment. In
practical evaluation of structural integrity, crack analyses considering thermal stress field are
often required. As a part of study for practical use of XFEM, three-dimensional crack analysis
method based on XFEM using only Heaviside step function [1][2] was applied to thermal stress
analyses of cracked structures. Two kind of XFEM analysis software, which perform steady
state or transient heat transfer analysis and subsequent stress analysis to evaluate J-integral and
Stress Intensity Factors, were developed. Interpolation functions utilized in both heat transfer
and stress analyses are enriched with only Heaviside step functions to model cracks. Therefore,
models with same finite element division and enrichment nodes can be employed for both of
analyses and then the nodal temperature obtained by the heat transfer analysis can be directly
transferred to stress analysis as performed by conventional finite element method. In the
presentation, outline of the numerical method utilized in the developed system and the analysis
results for the code verification are shown.
REFERENCES
[1] T. Nagashima, M. Sawada, Development of a damage propagation analysis system based

on level set XFEM using the cohesive zone model, Computers and Structures., Vol. 174,
pp. 42-53, 2016.
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Authors The phase-field modeling approach to fracture has gained tremendous attention in the past

decade in both the physics and the engineering communities, thanks to its remarkable capability to
handle arbitrarily complex fracture phenomena also in multi-field settings in three dimensions. This
minisymposium welcomes contributions on phase-field modeling of fracture including brittle,
cohesive and ductile fracture in solid and structural mechanics. Research results on basic aspects of
phase-field formulations and of their numerical implementation, as well as extensions to novel and/or
more complex settings and relevant applications are all welcome.
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The incorporation of unilateral contact into brittle fracture phase-field models is crucial to obtain physically meaningful results under general loading conditions. For isotropic materials, such behavior is
approximated by means of selective degradation in conjunction with various energy splitting schemes.
Among the most popular of these is the tension/compression split proposed by Miehe et al. [1], in which
the elastic energy is partitioned into tensile and compressive parts based on a spectral representation of
the strain tensor. Nevertheless, a naive degradation of Lamé parameters preserves the Poisson effect in
the material response which can lead to the numerical model exhibiting unphysical behavior. In this talk,
we present a novel phase-field-dependent constitutive model in which damage is applied directly to the
Young’s moduli and Poisson ratios associated with principal directions of the strain tensor. Our model is
developed within the context of orthotropic elasticity so that the associated stiffness tensor retains major
symmetry. We deploy the new model within a classical second-order phase-field framework and numerically approximate the resulting system of partial differential equations using a novel control volume finite
element formulation based on unstructured simplex meshes. Specifically, the linear momentum equation
is discretized with standard P1 finite elements while the phase-field equation is approximated by means
of cell-centered finite volumes in conjunction with the two-point flux approximation. To achieve higher
order convergence for the finite volume scheme, linear reconstruction of the phase-field is performed
over subcells of the original control volumes. The current formulation is able to attain similar accuracy
to a pure linear finite element solution of the coupled system, but using much coarser meshes. This in
turn allows for drastic reductions in simulation time compared to the latter approach.
REFERENCES
[1] Miehe, C., Welschinger, F. and Hofacker, M. Thermodynamically consistent phase-field models of
fracture: Variational principles and multi-field FE implementations. Int. J. Numer. Methods Eng.
(2010) 83:1273–1311.
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A phase field approach for dynamic brittle fracture of thin shell structures
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During the last years, phase fields models for fracture have gained popularity since they do not
require any ad hoc criteria to predict failure. This work focuses on crack evolution on thin shell
structures. The latter are described within a curvilinear coordinate system and their kinematics
follow from Kirchhoff-Love theory [2]. The required C1-continuity is obtained by using an
isogeometric discretization. The phase field framework for brittle fracture is fully formulated
in the convective coordinate system and a higher order phase field model is employed [1].
Adaptive local refinement is performed using Locally Refinable (LR) splines that disband the
tensor-product mesh structure from standard IGA [3]. Complex engineering designs are often
modeled by multiple patches, which necessitates the formulation of patch constraints to
preserve the required C1-continuity. These constraints on the surface normals and the phase
field’s gradients at the patch interfaces are enforced by a penalty and Lagrange multiplier
approach. In this work, conforming but non-smooth patch connections are assumed. Further
notes on modeling dynamic fracture on locally refined meshes and inverse problems are made.
REFERENCES
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In contrast to classic Griffith-type fracture models, the fracture energy is not constant in cohesive fracture models, but explicitly depends on the opening-width of the crack (displacement jump). This, in turn,
leads to cohesive stresses across the crack (traction-separation-laws). Using phase field approximations
of sharp cohesive interface models, initiation and propagation of cracks can be modeled without any
restriction concerning the crack path. In this talk, the phase field approximation of cohesive fracture
presented by Conti et al. (2015) [1] and numerically analyzed by Freddi and Iurlano (2017) [2] is extended and numerically investigated. In contrast to Conti et al. (2015) [1] and Freddi and Iurlano [2], a
geometrically exact three-dimensional setting is adopted and approximated by means of finite elements.
Furthermore, crack evolution under compressive states is suppressed by implementing the microcrackclosure-reopening (MCR) effect. Numerical experiments show the following predictive capabilities of
the model: (1) The model captures micro-cracking induced (exponential) softening, (2) crack evolution
is restricted is tensile states, (3) the involved material parameters allow to adjust the tensile strength as
well as the resulting fracture energy.
REFERENCES
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A PHASE-FIELD MODEL FOR FATIGUE OF BRITTLE
MATERIALS
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A phenomenological phase-field model for the formation and growth of fatigue
macro-cracks in brittle materials is proposed. Additionally to the classical elastic stiffness degradation in the phase-field approach to overload fracture, a fracture toughness degradation through a suitably defined fatigue history variable, i.e.,
through a measure of accumulated elastic strain energy density, is further introduced. The model can reproduce both total life approaches for brittle materials,
such as the Basquin empirical relation and the Smith-Watson-Topper parameter
that belongs to the so-called critical plane models and the Paris law that lies at
the core of most of the defect tolerant approaches, with exponents characteristic
of brittle fatigue crack growth. The numerical implementation of the model in an
efficient scheme is described and its ability to handle complex geometries, loading
conditions, and fracture patterns demonstrated.
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A PHASE-FIELD MODEL OF FRACTURE WITH FRICTIONLESS
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We present a new derivation for a phase-field model of cohesive fracture that allows for fully-damaged
surfaces to properly transmit tractions under frictionless contact conditions. The model is derived from
an energy minimization standpoint, and the governing equations are presented in a general Allen-Cahn
form, unifying both brittle and cohesive fracture models. A novel elastic energy split is proposed to
enforce frictionless contact conditions along the regularized crack set. The model is then applied to
study the mechanical-fracture coupling in the fracture of thin films and soil desiccation problems in
which intricate crack networks form. We present results for one-dimensional, two-dimensional, and
fully three-dimensional configurations, and examine the relationship between the generalized driving
energies for fracture and the resulting fracture patterns. We also investigate the impact of stochastic
spatial variations in material parameters on fragment statistics and fracture network morphology. It is
shown, in particular, that the formulation allows key characteristics of observed crack patterns to be
reproduced with reasonable accuracy.
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An efficient and robust algorithm for phase field modeling of brittle
fracture: application to nuclear fuel simulations
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Numerical simulations are fundamental to the performance study and the understanding of
nuclear fuel elements under irradiation. In particular, the fuel of nuclear light water reactors is
made of uranium dioxide which is a brittle material. These simulations are challenging due to
the complex crack patterns appearing in normal and off normal operating conditions. The crack
patterns are a priori unknown and crack propagation is unstable. As the simulations consider a
variable power evolution of several years, a quasi-static approach is usually considered.
The variational phase field method seems to be a good candidate for these simulations, as it
provides a good ability to deal with complex crack patterns. However, a previous study [1]
using the phase field method [2,3] for quasi-static nuclear fuel fracture simulations has shown
the necessity of developing efficient implementation strategies to reduce its computational cost.
This work presents a novel efficient and robust phase field algorithm for quasi-static brittle
fracture analysis. This algorithm overcomes two major issues that affect significantly the
numerical cost of the method: the treatment of unstable crack propagation and the inequality
constraint associated with the irreversibility of the damage evolution. To handle unstable crack
propagation, a semi-implicit scheme, which combines the usual explicit and implicit schemes,
is proposed. The explicit scheme [2] is well known for its robustness in unstable propagation
but require extremely small time-steps that are not suitable for complex simulations as in the case
of nuclear fuel. Purely implicit schemes can allow larger steps but lose immediately efficiency
when encountering unstable crack propagation. It is shown that the proposed combined scheme
conserves the advantages of both explicit and implicit methods. Concerning the irreversibility
constraint, this work proposes a practical and efficient implementation based on the Lagrange
method. This method seems extremely efficient and robust and is expected to keep the
variational nature of the phase field method. An application to nuclear fuel fracture simulation
will be presented.
REFERENCES
[1] Thomas Helfer et al. Modélisation par champ de phase des matériaux fragiles : aspects numériques et applications au
combustible nucléaire oxyde. In French. CSMA 2017.
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ESTIMATION OF TRANSITION ZONE IN PHASE-FIELD CRACK
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In recent years, physical properties of steel materials have been drastically improved. Those with speciﬁc
strength of 800MPa or higher are called high strength steel, and are used for various industrial purposes,
such as vehicle frames. However, mechanical behavior of these materials is not entirely reproducible
using existing simulation methods.
On the other hand, phase-ﬁeld crack (PFC) model has been studied [1, 2], and is attracting attention as a
potential solution which can be applied to this problem. PFC model effectively reproduces crack propagation using phase-ﬁeld damage parameter as a magnitude of intactness. However, it is not supported
by concrete theory in terms of determining one of the parameters in PFC method, which governs the
transition zone of the phase-ﬁeld damage parameter [2].
By giving a physical meaning to this transition zone parameter, the phase-ﬁeld damage parameter would
be more realistically calculated, which enables PFC simulation to perform more valid analysis.
It has already been pointed out that the transition zone parameter may have a correlation with the density
distribution at an atomistic scale, that can quantitatively be measured using molecular dynamics (MD)
simulations [3]. In the previous study, the ﬁrst attempt has been conducted using a model with a single
initial crack to calculate the value of the transition zone parameter estimated from the distribution of
atomistic density in the MD model and to implement it into the PFC simulation. To dig deeper into the
discussion, this paper uses various simulation models such as double-notched model, as well as three
types of crack modes to verify the correlation between the distribution of normalized density obtained
from MD simulations and the transition zone parameter in the phase-ﬁeld method. The results are again
discussed in terms of load-displacement curve, crack velocity and crack path by comparing with the
result of crack propagation analysis based on molecular dynamics.
REFERENCES
[1] C. Miehe, F. Welschinger and M. Hofacker, International Journal for Numerical Methods in Engineering., (2010) 83:1273-1311
[2] M. Ambati, T. Gerasimov and L. De Lorenzis, Computer Methods in Applied Mechanics and Engineering., (2015) 55:1017-1040.
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Numerical and experimental investigations of trabecular bone fracture
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As the population age increases age-related diseases and complications need
increasing attention. One such complication is fragility fracture in hips, which are
associated with high morbidity and mortality [1], [2]. Trabecular bone is part of
the fracture process and important in fixating orthopedic implants. Today,
understanding bone fracture and mechanical performance of implants rely mainly
on static load cases [3], but this is not representative of the main problem. Most
fractures are associated to falls [4] which puts specific interest on dynamic fracture
following an impulse load. Understanding of rapid fracture in bone is still limited
due to the increased complexity of dynamic systems as well as the complexity of
bone material and structure. In this study , we numerically evaluate the need to
improve this understanding by comparison of slow and rapid fracture models, and
investigating the fracture behavior in the rapid model.
Trabecular bone fracture is studied using h igh resolution phase field finite element
models. Both quasi-static loading and impulse loading situations are tested.
Additionally, opening mode experiments on human trabecular bone were conducted
in-situ using synchrotron X-ray computed tomography (TOMCA T, PSI,
Switzerland) by stepwise scanning and loading. Numerical models are discretized
from the computed tomography of unloaded samples. Qualitative comparisons
showed: (a) fair agreement between experiment and quasi -static loading model,
and (b) difference in crack behavior between quasi-static and impulse loaded model
noted by different nucleation sites, crack growth stability and altered final fracture
area [5]. Further investigation of the impulse loaded model show initial
concentrated horizontal impulse wave is quickly dispersed , highlighting the
trabecular bones ability to slow down and spread the impact energy. Result (a)
lends confidence to the method for the quasi-static case and (b) points to the
diverse fracture mechanisms, indicating the necessity to consider dynamic
properties when applying the knowledge to e.g. implant design.
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The essential relations between the symmetry and conservation in the physical laws are revealed
by Noether’s theorem. For mechanical system, invariance under translation in time and space
leads to the conservation of energy and momentum; moreover, the J integral of fracture
mechanic also can be obtained via the Noether’s theorem. As a regularization method for
modelling fracture phenomenon, the phase field method cannot capture the crack tip accurately.
The Lagrangian of phase field model consists of the stored energy, fracture surface energy and
kinetic energy. This work derived the governing equations of high order phase field model with
the aid of the generalized Hamilton least-action principles, then constructed a series of
infinitesimal transformation group for basic field variables. The Lagrangian keeps constant in
time-space region under these infinitesimal transformation group, which implies some
conservational laws and some special integrals, including the J-, M-, and L-integrals. Finally,
we have proven that both the J- and the L- integrals derived are path-independent, moreover
these integrals derived satisfy the condition of gamma convergence and it can degenerate to the
J integral presented by Rice in the case of no damage.
The Lagrangian of high order phase field model is.
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The Infinitesimal transformation groups for basic field variables are
2
 ) g ( ) e (u ) + Gc [
L(u , u ,  ,  , 
=

+

x → x( x, t , u,  ) = x + x( x, t , u,  )

t → t ( x, t , u,  ) = t + t ( x, t , u,  )
u → u ( x, t , u,  ) = u + u ( x, t , u,  )

 →  ( x, t , u,  ) =  +  ( x, t , u,  )
REFERENCES
[1] Yu P, Wang H, Chen J, et al, Conservation laws and path-independent integrals in

mechanical-diffusion-electrochemical reaction coupling system. J Mech Phys Solids, Vol.
104, pp. 57−70, 2017.
[2] D. Sfyris, N. Charalambakis and V. K. Kalpakides, Variational arguments and Noether’s
theorem on the nonlinear continuum theory of dislocations. Int J Eng Sci, Vol. 44, pp.
501−512, 2006.

363

Phase
K
Surya
Field
Shekar
Implementation
Reddy and Rajagopal
of Quasi-Static
Amirtham
and Dynamic Brittle Fracture

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

PHASE FIELD IMPLEMENTATION OF QUASI-STATIC AND
DYNAMIC BRITTLE FRACTURE
K Surya Shekar Reddy1 , Amirtham Rajagopal1
1

Department of Civil Engineering, IIT Hyderabad, Kandi, Sangareddy, Telangana, India

Key Words: Phase field modeling, Hybrid formulation, Staggered scheme, Brittle fracture.
In phase field model a discrete crack is regularised to a diffuse crack using the length scale parameter
which removes the numerical tracking of the discontinuities in the displacement field. The displacement field and the phase field in a coupled system is solved as a sequentially coupled fields (staggered
method). The phase field is a scalar variable which varies between zero (intact region) and one (fully
broken region). The phase field model for brittle fracture is implemented in the commercial finite element software Abaqus using the user defined subroutines. User defined element (UEL subroutine) is
used to solve for the phase field and user defined material (UMAT subroutine) is used to solve for the
displacement field. For a fully broken region, its stiffness and the stress are reduced to zero. Phase
field approach does not require predefined cracks and it can simulate any complex crack paths and even
branching. Several benchmark examples of quasi-static and dynamic fracture are solved and compared
with the existing numerical results.
REFERENCES
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Phase field modeling of brittle fracture was introduced by Francfort and Marigo [1] to tackle the difficulties encountered with discrete modeling approaches of fracture. The phase field approach allows
solving the problem on a fixed mesh since no tracking for the crack front is necessary. Nevertheless, two
problems arise when a pre-refined mesh is used for the computations: (i) the crack path is needed to be
known a priori; (ii) the computation time is increased since one needs to solve the mechanical problem
on a locally refined mesh before the crack initiation. In order to tackle this problem, some researchers
started to implement adaptive remeshing strategies like the multi level hp-FEM proposed in [2]. Results
have confirmed the ability of adaptive remeshing strategies when combined with the phase field model
to solve the mentioned issues with good accuracy. In this work, we extend the adaptive remeshing strategies to be applied within the context of ductile fracture. The phase field formulation of Borden et al.
[3] is used, where a weighted contribution of both elastic and plastic strain energies drive the phase field
evolution. A velocity/pressure finite element model with a bubble stabilization is used in order to get rid
of the numerical instabilities associated with the volumetric locking. The main challenge in this case is
the choice of a robust field transfer operator that accurately remaps the accumulated mechanical fields
when a remeshing step is activated. Different field transfer operators are used and results are reported
both qualitatively and quantitatively. In such simulations, one needs to control the number of remeshing
operations that transform an initial coarse mesh topology to a locally refined one. A volume quality
threshold is used in order to tackle this problem and improve the method accuracy.
REFERENCES
[1] G. A. Francfort, J.-J. Marigo, Revisiting brittle fracture as an energy minimization problem, Journal
of the Mechanics and Physics of Solids 46 (1998).
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Gastrointestinal perforations in the small intestine wall (SIW) leading the the loss of wall stability and
the release of intraluminal contents into the abdominal cavity are often life-threatening, contribute significantly to the mortality rate, and hence are of great socio-ecological interest. The systematic numerical
study of such a phenomenon needs development of constitutive models describing the mechanical behavior and a fracture model to gain insights into when and why the tissue can fail. From the mechanical
perspective, the SIW is anisotropic due to its layered hierarchical structure comprising mucosal, submucosal and muscular layers. While the mucosal layer constituting the ground matrix can be considered
isotropic, the submucosal layer made up of diagonally inclined collagen fibers, and the muscular layer
consisting of stratum longitudinale and stratum circulare smooth muscle fibers bring about anisotropy.
In this work, elastic anisotropy is captured with a constitutive law following the well-known HolzapfelGasser-Odgen model [1]. Fracture anisotropy, wherein the fracture toughness is no longer a constant but
direction dependent leading to preferential directions or plane towards which the crack kinks, is modeled using the well-established phase-field framework for fracture. Anisotropy in fracture toughness is
introduced using a structural tensor in the non-local term of the phase-field equation [2, 3]. While the
elastic constitutive parameters are calibrated using the experimental stress-stretch relationships obtained
from the uniaxial tension tests on unnotched intestinal strips cut along four different directions, calibration of fracture parameters is based on stress-stretch data corresponding to notched specimens. A good
agreement between the numerical and experimental results in terms or stress-stretch curves and crack
propagation paths is observed. Finally, the existence of a weak direction along which a crack tends to
propagate is, both experimentally and numerically, established.
REFERENCES
[1] Holzapfel, G. A., Gasser, T. C. and Ogden, R.W. (2000). A new constitutive framework for arterial
wall mechanics and a comparative study of material models, Journal of elasticity and the physical
science of solids, 61(1):1–48.
[2] Teichtmeister, S., Kienle, D., Aldakheel, F., Keip, M.-A. (2017). Phase field modeling of fracture
in anisotropic brittle solids, International Journal Of Non-Linear Mechanics, 97:1–21.
[3] Li, B., Maurini, C. (2019). Crack kinking in a variational phase-field model of brittle fracture with
strongly anisotropic surface energy, Journal of the Mechanics and Physics of Solids, 125:502–522.
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The phase-field method as a promising approach to model arbitrary fracture phenomena has recently also
been applied to simulate fatigue fracture in various materials. However, fatigue comes along with high
numbers of load cycles, so an explicit simulation of the load path is very expensive. Therefore, timeefficient simulation methods are required. In this contribution, we approach this challenge by combining
the phase-field method for brittle fracture with the local strain approach (LSA) [1], an empirical method
originally designed for life span estimation of metallic components. In this way, we avoid the explicit
simulation of the load cycles by executing a local cyclic damage accumulation. Based on that, the critical
fracture energy is degraded locally in order to describe the dissipation due to damage.
In [2] it was shown that the method can reproduce Paris behaviour. Now we present the parametrisation
of the model. Using fatigue crack growth experiments of CT-specimens [3], the fatigue degradation
function is fitted. It is shown that the parameter set produces fairly good predictions with a second set of
specimen as well.
The second part of the presentation deals with the incorporation of residual stresses into the concept.
Within the LSA framework, residual stresses are treated as mean stresses. Predictions are compared to
fatigue crack growth experiments, where residual stresses were introduced into specimen by laser shock
peeing [3]. The simulations are able to capture the crack inhibiting and accelerating effect of compressive
and tensile residual stresses.
REFERENCES
[1] T. Seeger, Grundlagen für Betriebsfestigkeitsnachweise, Stahlbau-Handbuch Vol. 1 Teil B (1996)
5-123.
[2] Seiler, M. et al., An efficient phase-field model for fatigue fracture in ductile materials. Eng. Frac.
Mech. (2020) 224:106807. 10.1016/j.engfracmech.2019.106807.
[3] Keller, S. et al., Experimentally validated multi-step simulation strategy to predict the fatigue crack
propagation rate in residual stress fields after laser shock peening. Int. J. Fat. (2019) 124:265-276.
10.1016/j.ijfatigue.2018.12.014.
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The phase-field method for fracture is an appealing approach to model fracture. Recently, it has
been applied to simulate fatigue fracture in various materials [1, 2, 3, 4]. As fatigue comes along
with high numbers of load cycles, a direct simulation of the loading history – as practised in the
mentioned models – is computationally expensive, especially when inelastic material models
are applied. Therefore, time-efficient simulation methods are required.
In this contribution, we combine the phase-field method for brittle fracture with the notch strain
concept [5], an empiric method originally designed for life span estimation of metallic
components. In this way, we avoid the explicit simulation of the load cycles by executing a
local cyclic damage calculation, obtaining an accumulated fatigue damage, similar to [6], which
is used to degrade the critical fracture energy locally in order to describe dissipation.
Computation time is significantly reduced in comparison to an elastic-plastic analyse, because
the notch strain concept provides a plastic revaluation of elastic stresses and strains. This allows
for purely elastic finite element simulations. During revaluation plasticity as the reason for
fatigue crack initiation and propagation in metals is considered in terms of cyclic stress-strain
curves. The cyclic degradation of the material is characterised by standard strain-controlled
Wöhler fatigue tests. We show that the developed method is able to simulate fatigue crack
initiation as well as propagation and can reproduce Paris behaviour.
REFERENCES
[1] P. Carrara, M. Ambati, R. Alessi, L. De Lorenzis. A framework to model the fatigue
behavior of brittle materials based on a variational phase-field approach. CMAME, 112731,
2019.
[2] P.J. Loew, B. Peters, L.A.A. Beex. Fatigue phase-field damage modeling of
rubber.Proceedings of the 11th European Conference on Constitutive Models for Rubber,
408412, 2019.
[3] A. Mesgarnejad, A. Imanian, A. Karma. Phase-Field Models for Fatigue Crack Growth.
ArXiv:1901.00757 [Cond-Mat], 2019.
[4] J. Ulloa, J. Wambacq, R. Alessi, G. Degrande, S. Franois. Phase-field modeling of fatigue
coupled to cyclic plasticity in an energetic formulation. arXiv:1910.10007 [cond-mat],
2019.
[5] T. Seeger. Grundlagen für Betriebsfestigkeitsnachweise, Stahlbau-Handbuch Vol. 1 Teil B
pp. 5-123, 1996.
[6] C. Schreiber, C. Kuhn, R. Müller. On phase field modeling in the context of cyclic
mechanical fatigue. PAMM, 19(1), 2019.
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In the last decade phase-field models [1,2] gain significant popularity in fracture simulation.
These models regularize the sharp crack by diffusing the damage into the material. Using a
continuous gradient, a damage variable establishes the connection between intact and broken
solids. In order to achieve their goals, the approaches introduce a length scale parameter, which
controls the amount of diffusion. Since their first use, it is a continuous debate whether the
length scale bears any physical meaning.
In this work we present a macroscopic approach, using the coupled energy and stress based
criterion [3], to investigate a possible relationship between tensile strength and the internal
length scale. We found a very strong correlation based on resistance, fracture topology and
arrest length that a connection exists. However, we argue that rather than a single curve the
correlation can be described using a failure surface. We show that the by abiding Griffith’s
energy release rate criterion the phase-field method introduces an internal tensile strength as
well. We finally, explain this phenomenon by the change introduced by the process zone in the
potential strain energy of the sample.
REFERENCES
[1] C. Miehe, F. Welschinger, M. Hofacker, Thermodynamically consistent phase-field

models of fracture: Variational principles and multi-field FE implementations,
International Journal for Numerical Methods in Engineering 83(10), 1273–1311, 2010.
[2] G. Molnár, A. Gravouil, 2D and 3D Abaqus implementation of a robust staggered phasefield solution for modeling brittle fracture, Finite Elements in Analysis and Design 130,
27–38, 2017.
[3] D. Leguillon, Strength or toughness? A criterion for crack onset at a notch, European
Journal of Mechanics A/Solids 21, 61–72, 2002.
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Failure in solids is associated with different forms of strain localization, which entail the initiation and
propagation of defects such as cracks and shear bands. The computational modeling of strain localization imposes significant challenges, for which important developments have emerged in the literature.
In particular, the variational approach to fracture [1] has given rise to a family of phase-field models
that consistently capture the initiation and (complex) propagation of cracks. While initially conceived
for brittle materials, phase-field models have been coupled to plasticity for the modeling of ductile fracture. Most works on this topic consider isochoric plasticity. However, recent studies have incorporated
pressure-dependent plastic flow, accounting for failure in geomaterials [2]. Another extension of phasefield models focuses on the introduction of fatigue effects, which have been mostly restricted to highcycle fatigue in brittle materials [3].
This study aims to develop a framework to model failure in a wide range of materials under different loading conditions, including both high- and low-cycle fatigue. For this purpose, the phase-field approach
to fracture is endowed with fatigue effects and coupled to non-associative plasticity models, which are
crucial for an accurate representation of several material behaviors including non-linear hardening under
cyclic loading and dilation in geomaterials. As a modeling framework, we adopt the theory of generalized
standard materials and its variational reformulation [4]. This theory is generally considered to preclude
non-associative models. However, an associative structure is recovered for non-associative models by
resorting to state-dependent dissipation potentials. The ability of the proposed methodology to capture
failure is illustrated in benchmark examples with ductile fracture processes, such as low-cycle fatigue in
metals and the development of shear bands in geomaterials.
REFERENCES
[1] Francfort, G.A. and Marigo, J.-J. Revisiting brittle fracture as an energy minimization problem. J.
Mech. Phys. Solids (1998) 46:1319–1342.
[2] Kienle et al. A finite-strain phase-field approach to ductile failure of frictional materials. Int. J.
Solids Struct. (2019) 172:147–162.
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ABSTRACT
The multi-physics coupled problem has become a popular research field and attracted
increasing attentions of researchers from various areas. With the rapid development of
computer aided simulation technology, the numerical simulation is becoming a practical and
effective means to study multi-physics coupled problems. Among these problems, fracture
propagation under multi-physics coupling scenario has become a focus because of the
involvement of the complex cracking topology and its intricate underlying mechanisms.
Hence, this mini-symposium is to bring together researchers in various fields to discuss and
exchange ideas and visions about computational models and methods, such as XFEM and the
phase-field method, on fracture simulations coupled with multiple physics.
The topics of interest for this mini-symposium include, but are not limited to,
a) Fracture mechanism and simulation on fluid-solid interaction, such as hydraulic fracturing
and drying process;
b) Research on fracture under thermal-mechanical coupling scenario, such as fracture
propagation under thermal shock;
c) Computational fracture model coupled to chemical environment, such as lithium battery
electrode fracture in the case of charge and discharge as well as fracture induced by erosion;
d) Multi-physics coupled fracture in multilayered porous media, such as biological tissues,
articular cartilage, ceramics, thermal barrier coating and so on. The physical fields considered
include chemical, thermal, electric and mechanical.
e) Newly developed computational methods for fracture simulation.
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The adiabatic shear band is a narrow, nearly planar or two-dimensional region of very large
shearing that sometimes occurs in metals and alloys as they experience intense dynamic
loading. The adiabatic shear bands significantly alter the subsequent behaviour and
performance of the materials, and commonly act as sites for further damage and may act in
either a ductile or brittle manner. Therefore, it is very important to understand the conditions
that produce adiabatic shear band so that they can be avoided.
Recently, there are many models to simulate the adiabatic shear bands. Waisman et al[1]
presented a unified phase field model to simulate different metal failure modes, and that model
can capture the failure transition at different impact velocities. Compared with the experimental
results, they fit quite well.
Here, we put forward a coupled phase field model which considers finite deformation,
impact, heat conduction and plasticity. This model can capture the failure transition, that is the
tension fracture and shear bands below different impact velocities can be obtained at the same
time. Compared with traditional phase field model, the driving force of crack is the sum of
elasticity energy and a part of the plastic work, and the rest of the plastic work is transformed
into heat. At the same time, the model considers the thermal softening, strain and strain rate
hardening and diffusive regularization. Besides, considering the finite deformation, we use both
the total Lagrangian and the updated Lagrangian approaches. For the plastic flow, we adopt an
integration method based on the Lie derivative.
REFERENCES
[1] McAuliffe, Colin, and Haim Waisman. "A unified model for metal failure capturing shear

banding and fracture." International Journal of Plasticity 65 (2015): 131-151.
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This work exposes a novel formulation for simulating fluid-structure interaction (FSI) taking
into account that the solid part can be damaged and, eventually, fractured and moved due to the
fluid flow. The solid part is computed by using the validated FEM-DEM formulation [1][2][3]
(combines the finite element method FEM and the discrete element method DEM) which takes
into account the geometrical and constitutive non-linearities in the FEM part and, additionally,
prevents the indentations between the crack faces by computing the contact forces between the
discrete elements (DE) placed at the nodes of the erased finite elements (FE). The fluid part is
solved via the Particle Finite Element Method (PFEM)[4][5]. The PFEM is especially suitable
for this FSI since the fluid domain is remeshed at each time step (Lagrangian description) and
is capable of adapting to the changing boundary due to the fracturing of the solid part. The FSI
is performed via a one-way coupling between the PFEM and the FEM-DEM formulations. This
hypothesis is especially assumed for rigid solids like rocks and concrete, which is the scope of
this PFEM-FEM-DEM coupled approach.
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Stiffened cylinder is widely used in launch vehicle structures because its stiffener can prevent
buckling wave of the skin to spread. However, it is still sensitive to shape imperfection more
or less. Knockdown factors of stiffened cylinders have been researched all the time. However,
comparison among different grids is seldom. Two kinds of cylinders with isogrid and
orthotropic grid under axial compression are studied. Dynamic explicit method is adopted to
caculate the load capacities with ABAQUS. The sinusoidal imperfections are fitted according
to both discrete point measurement and investigation. Given different amplitudes, the
sensitive of load capacities to the shape imperfection is researched for two kinds of cylinders.
Numerical result shows that load capacity of isogrid cylinder is more sensitive to the
imperfection because its stiffener is more sparse. Axial compression experiments are also
implemented for the stiffened cylinders, and the result agrees well with numerical result.
Knockdown factor of isogrid cylinder is more than 0.8. Meanwhile, it proves that when the
stiffener is strong enough, the effects of shape imperfection on load capacity can be ignored
for orthotropic grid, and its knockdown factor is nearly 1. Both of them is far more than the
threshold knockdown factors in NASA SP-8007.
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Next generation electrodes for lithium-ion battery (LIB) are heterogeneous systems composed
of polycrystalline microstructure, multi-layered thin films and composites with active and
inactive particles embedded in matrix. The electrochemical performance of such electrode
systems crucially depends on the reversible phase kinetics during charge discharge cycles.
However, during charging and discharging process the electrodes are subjected to stress field
due to misfit strain associated with diffusion of lithium ions in the host electrode. In the
presence of material heterogeneities such as grain boundaries, interfaces, etc., the diffusion
induced stress field varies considerably over spatial dimension of the electrode. As these
stresses reach the critical values, grain boundary fracture, particle debonding and
disintegration, and delamination of electrode from the substrate can occurred which are
responsible for the capacity fading of the LIB's. Further, when the spatial dimension is
reduced to nano-meter length, size effect plays significant role; thus, it can significantly
influence the coupled phenomena. Therefore, the size effect must be accounted to describe the
electro-chemo-mechano environment of LIB electrode under electrochemical cycle. Although
few analytical models have addressed the role of characteristic length scale in electrode, they
are limited to simplified electrode configurations. Therefore, the objective of the present study
is to understand the fracture behavior of various complex cathode configurations during
electrochemical cycle accounting the size effect.
In the present study, we develop a finite element based coupled numerical framework
for diffused induced stress and stress induced diffusion incorporating the strain gradient. The
temporal evolution of lithium concentration is described by non-linear type diffusion. In order
to accommodate the effect of strain gradient in the proposed framework, we employ
previously developed staggered strain gradient theory. Thus, by introducing an intermediate
displacement field, the additional computational complexities arising from higher order
continuity requirement of regular displacement field is avoided. A Butler-Volmer type
equation is incorporated to account the charge transfer from the electrolyte to the active
electrode system, and galvano-static charging is considered. To integrate the equation in the
time domain, an implicit time stepping algorithm is utilized. By employing Newton-Raphson
scheme, linearization of coupled discretized equations is performed, and the concentration,
intermediate and regular displacement fields are obtained using staggered iterative solution
procedure. Using PETSc (Portable Extensible Toolkit for Scientific Computation), an inhouse finite element code is developed to simulate complex cathode system in parallel
computing architecture. To address the role of size effect, a systematic parametric study will
be performed for various cathode configurations. In particular, the mechanical failure in terms
of particle debondingand disintegration in a composite type cathode will be simulated.
Moreover, the delamination of thin-film electrode from the substrate will be analyzed for
various microstructural, materials and electrochemical cycle parameters.
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The performed analysis is based on a finite element (FE) mesh of the containment building and
a linear description of the tendons. The prestressed concrete is modelled as a composite material
whose behavior is described by using the serial-parallel rule of mixtures (S/P RoM) [1,2].
The prestressing is applied as an initial strain imposed only in the steel material used to model
the tendons. By means of the S-P RoM [3,4], equilibrium is reached, at each integration point,
between the reinforcing and prestressing steel and concrete and the strain tensor of the steel is
updated with the contribution of the concrete.
The orientation of the steel tendons elementwise is computed automatically so that complex
tendon trajectories are considered. An important advantage of this methodology is that each
material behaves following its own constitutive law (elasticity, damage, plasticity,
viscoelasticity, etc.). Next, the displacement field is updated until the global convergence of
residual forces is achieved.
Damage and plasticity models are considered for the structural components (concrete, steel
tendons and reinforcing steel). The methodology is used in the case of a large scale nuclear
plant containment building.
REFERENCES
[1] Cornejo, A., Barbu, L., Escudero, C., Martinez, X., Oller, S., Barbat, A., Methodology for

the analysis of post-tensioned structures using a constitutive serial-parallel rule of
mixtures: large scale non-linear analysis. Compos. Struct. 200, 480–497, 2018
[2] Barbu, L., Cornejo, A., Martinez, X., Oller, S., Barbat, A., Methodology for the analysis
of post-tensioned structures using a constitutive serial-parallel rule of mixtures: large scale
non-linear analysis. Compos. Struct. 216, 315–330, 2019
[3] Jiménez, S., Cornejo, A., Barbu, L., Oller, S., Barbat, A., Analysis of the mock-up of a
reactor containment building: Comparison with experimental results, Nuclear Engineering
and Design, 359, 110454, 2020, https://doi.org/10.1016/j.nucengdes.2019.110454
[4] Jiménez, S., Barbu, L. and Oller, S., Analysis of post-tensioned structures by means of a
constitutive serial-parallel rule of mixtures, Monograph CIMNE (2018). M178 URL
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A cohesive-volumetric finite element approach, considering the mechanical properties of the
Interfacial Transition Zone (ITZ), is used to study the mechanical behavior of concrete during
uniaxial compression test. In this work, a two-dimensional geometric model at mesoscopic
scale of the numerical concrete was considered. One objective is to build a concrete "Numerical
REV (Representative Elementary Volume)" with respect to a given experimental concrete
(same fraction of the cement paste and aggregates, same particle size distribution, respecting
spatial isotropy). This representativeness is based on morphological descriptors (as
covariogram) allowing the generation of statistically similar samples. The samples obtained are
meshed using GMSH software [1] with a Delaunay method.
We are interested in damage mechanisms and irreversible behavior of concretes under uniaxial
compressive stresses through Frictional Cohesive Zone Model (FCZM) [2]. In our numerical
simulation, the cohesive-volumetric finite element method considers each element of a mesh as
an independent body interacting with its neighbors. Each element, has an elastic behavior.
Interfaces between elements are treated with a FCZM which describes the whole damage
process. This latter allows, through a cohesive law implemented at the cement paste/aggregate
interface, to describe the ITZ’s behavior whose thickness is hidden in the cohesive model which
overcomes the meshing issue of this thin area.
Analyses of damage initiation and propagation of multi-cracks in the cement paste until the
material fracture, were carried out.
Finally, through a screening study [3] of the cohesive parameters of the two failure modes
(traction and shear) of two phases interfaces (cement paste and cement paste/aggregate
interface), we were able to provide answers concerning the most influential parameters and
their relative contribution to damage in uniaxial compression test.
REFERENCES
[1] C. Geuzaine and J. F. Remacle, Gmsh: A 3‐D finite element mesh generator with built‐in pre‐and
post‐processing facilities. International journal for numerical methods in engineering, 79(11), pp.
1309-1331, 2009.
[2] M. Bisoffi-Sauve., S. Morel and F. Dubois, Modelling mixed mode fracture of mortar joints in
masonry buildings. Engineering Structures, 182, pp. 316-330, 2019.
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Segmented copolymers possess a molecular structure comprised of alternate hard and soft
segments. The presence of hard and soft segments yields to multiple molecular relaxations and
hence makes the mechanical properties of the segmented copolymers highly depend on strain
rate and temperature. Experiments show that the glass transition induced by high-strain-rate
deformation under high-velocity projectile impact can lead to macroscopic dynamic stiffening
and strengthening in segmented copolymers. This improves the instantaneous energy storage
of the segmented copolymers which contributes to multiple dynamic failure modes
accompanying substantial energy dissipation. To capture the above complex dynamic response
of the segmented copolymers under high-velocity projectile impact, a macroscopic
computational model based on phase-field damage model is developed. A viscoplastic
constitutive model is built to describe the dramatic variation of the mechanical properties in the
segmented copolymers in and above the glass transition. The dynamic stiffening and
strengthening of the segmented copolymers in high-strain-rate are described by the energy
elasticity of the polymer networks and the enhancement of the inter-atomic interactions. The
multiple failure modes, including crack propagation around the projectile and shear banding
parallel to the impact direction which result from bond breaking and slip-off of the
macromolecule respectively, are captured by the unified phase-filed damage model considering
different failure criterions. The computational model is used to study the energy conversion
mechanisms among elastic energy, viscoplastic energy and failure energy in the segmented
copolymers subjected to high-velocity projectile impact.
REFERENCES
[1] Hansohl Cho et al., Constitutive modeling of the rate-dependent resilient and dissipative

large deformation behavior of a segmented copolymer polyurea. Soft Matter, Vol. 9, pp.
6319–6330, 2013.
[2] David Veysset et al., Molecular influence in high-strain-rate microparticle impact
response of poly(urethane urea) elastomers. Polymer, Vol. 123, pp. 30–38, 2017.
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ABSTRACT
Computational Mechanics is playing an increasingly important role in the design and evaluation
of materials operating in harsh environments. The aim of this mini-symposium is to provide a
forum for discussing the novel computational approaches that pertain to mechanics of materials.
This mini-symposium seeks to bring together students, academicians and professionals working
in the area of computational materials engineering.
The topics covered include (but are not limited to):
•
•
•
•
•
•
•
•
•

Damage modeling in materials (e.g. local/nonlocal damage, phase field methods, cohesive zone
methods)
Multiscale modeling: Strategies for representing the inherently multiscale nature of the problem
covering different spatial or temporal scales
Enrichment and XFEM/GFEM methods
Adaptive mesh or sampling grid generation
Process-structure models: Part-scale and multiscale simulation of the manufacturing process for
predicting surface topology and microstructure including defects
Structure based property prediction
Modeling of advanced manufacturing or joining processes
Modeling of novel material systems
Metal forming and materials processing simulation and design
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•
•

Process-part and topology optimization for design of structural parts/components
Probabilistic methods in multiscale modeling
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Dynamic brittle fracture and shear banding are typical failure modes in metals under high strain
rate loading. In this paper, a unified phase field damage model is developed to capture the above
two failure modes transition naturally by allowing the critical energy release rate to vary with
the stress triaxiality to distinguish the material failure properties of tensile fracture and shear
banding. Besides this, compared with the existing elastic-plastic phase field fracture models,
the plastic dissipation energy before the damage evolution is excluded in the failure energy to
model ductile failure more physically, and the degradation function of the yield stress is
introduced which not only provides a damage softening mechanism for the ductile failure but
also ensures a proper simulation of the brittle fracture. The unified phase field damage model
is applied to study the brittle-ductile failure mode transition in Kalthoff test. The results show
that stress wave propagation plays an important role in the brittle-ductile failure mode transition.
The shear banding requires more energy for initiation and will be activated straightly as the
plastic wave pass the notch tip for high impact velocity. While for low impact velocity, the
energy will be released by selecting the brittle fracture mode which requires less energy when
the reflected tensile wave superimposes at the notch tip. For our simulation, the damage
softening contributes considerably more to the shear banding than the thermal softening. This
model can be used to simulate the complex dynamic failure of metal under impact loading.
REFERENCES
[1] Chu D, Li X, Liu Z, et al., A unified phase field damage model for modeling the brittle-

ductile dynamic failure mode transition in metals. Engineering Fracture Mechanics, Vol.
212, pp.197-209, 2019.
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For buildings designed with internal insulation, thermal bridges at the junction between slabs and walls
are a common issue, since they create heat loss from inside of the building. Thermal break systems
(TBS), which are composed of structural elements (rebars and steel profiles) and insulation material,
are used to reduce this heat loss and to transfer shear forces from the slab to the walls. Insulation
system of TBS generates a temperature gap from wall to slab. As a consequence, while the wall is
exposed to climatic actions and is repeatedly dilated and contracted, whereas, the slab pertains a constant
temperature and does not present any volumetric variation, thus the TBSs are submitted to large imposed
displacement. The paper illustrates the effect of the thermal dilatation and contraction of the walls, which
create a supplemental force in the TBSs, and consequently cracking of the walls. A numerical model of
a quarter of a storey of a building is submitted to the climatic actions of Embrun city, in France. One
side of the L-shape wall is supposed to face to the south, and the other one to the west, beside that the
connection between slab and wall is made by TBS. The thermal and mechanical analysis are performed
with the software CASTEM. In thermal analysis, air temperature and flux of solar radiation signal are
defined from databases of METEO FRANCE, and are applied on the exterior surface of the walls. The
results of the first calculation, by thermo elasticity analysis, confirm that a significant stress level in
tension occurs at the corner of the walls and the nearby interface elements of TBS. Furthermore, the
TBSs that are close to the corner of the walls pertain the highest horizontal and axial forces, and are at
risk to exceed the limit strength. Based on those results, a second calculation, which will include the
coupling of damage with shrinkage and creep model from thermo-hydro-mechanical analysis (THM), is
necessary for determining more realistic forces in the TBSs, and analyzing the cracking pattern of the
walls.
REFERENCES
[1] P. Heng, B. Le Gac, P. Keo, H. Somja, and F. Palas. Reliability-Based Analysis for Thermal Break
System under Low-Cycle Climatic Fatigue Loads. Journal of Structural Engineering, Vol. 145, p.
04019003, Mar. 2019.
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Dynamic loading of polycrystalline metallic materials can result in brittle or ductile fracture
depending on the loading rates, geometry and material type. At high strain rates, mechanical
energy due to plastic deformation may lead to significant temperature rise and shear localization
due to thermal softening. These shear bands reduce the stress bearing capacity of the material
and act as a precursor to ductile fracture.
Understanding the heat transfer in thermo-mechanical problems when cracks are developed and
modeled by continuum formulations, is a fundamental science that is not well developed. To
this end, a reliable damage model that degrades the thermal-conductivity in continuum crack
descriptions, is proposed to capture the correct heat transfer physics across fracture surfaces. In
particular, a novel set of isotropic thermal-conductivity degradation functions is derived based
on a micro-mechanics void extension model of Laplace’s equation. Furthermore, an anisotropic
conductivity degradation approach is presented to improve the near-field approximation of
temperature and heat flux across cracks, which is validated by discontinuous crack solutions.
A unified model which accounts for the simultaneous formation of shear bands and cracks is
used as a numerical tool to investigate the behavior of the aforementioned thermal-conductivity
degradation models. In this unified model, the phase-field method is used to model crack
initiation and propagation and is coupled to a temperature dependent visco-plastic model that
captures shear bands.
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Application of Carbon Fiber Reinforced Polymer (CFRP) composites is gaining momentum in
various engineering disciplines, especially in the aerospace and automobile industries.
Although quality control techniques are utilized by manufacturers, composite materials entail
variability in both the constituent materials as well as the process (e.g., fiber wetting, moisture
effects, cure, etc.), which together drive variability within the material both at the micro and the
structural scales. In addition to variability, a mechanics-based computational model also has
epistemic uncertainty due to lack of knowledge about model parameters, model form and
solution errors. Majority of the recognized computational methods are formulated in a
deterministic setting. In this study the epistemic uncertainty is quantified with respect to model
parameters. A symmetric Eigenstrain-based reduced order homogenization method1 is
employed for the multiscale material modeling. A continuum damage mechanics-based mesh
independent constitutive model2, 3 is applied to conduct the progressive damage analysis of
unidirectional fiber composites. Application of the commonly used Kennedy and O’Hagan
framework for Bayesian calibration of model parameters is challenging when the model has
non-identifiability. A first-order Taylor series expansion-based technique4 is utilized to
alleviate the potential redundancy due adding a discrepancy function to the original mechanics
model during calibration. A least squares-based approach is employed for the calibration of
model parameters. Finally, the calibrate model is validated with experimental data.
REFERENCES
[1] R. D. Crouch and C. Oskay, Symmetric mesomechanical model for failure analysis of

heterogeneous materials. Int J Multiscale Comput Eng., Vol. 8: pp. 447–461, 2010.
[2] R. Bhattacharyya and P. K. Basu, Multiscale progressive damage analysis of CFRP
composites using a mechanics based constitutive relation. Compos Struct, Vol. 235: pp.
11759, 2020.
[3] R. Bhattacharyya and P. K. Basu, Multiscale crack band model for eigenstrain based
reduced order homogenization. Comput. Mech., 2020.
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Many applications in aerospace and automotive industry demands use of lightweight
materials such as magnesium alloys in order to reduce weight and increase the fuel efficiency.
Still, in come critical sections, use of much stronger materials such as steel is inevitable. Due
to large difference in melting points of steel and magnesium alloy along with their immiscibility
in liquid state, makes it impossible to join them using traditional welding techniques. Friction
stir scribe welding shows promising results in joining these dissimilar metals. Being a new
technique, the failure mechanism of the joint needs to be investigated. In this work, a joint
between AZ31 and DP590 steel is modelled using phenomenological crystal plasticity
formulation on mesoscale. Crystal plasticity parameters are calibrated using the experimental
results. A parametric study has been performed to understand the effect microstructural features
on the mechanical performance of the joint.
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Multi-level thermomechanical material modeling to study
heterogeneous plastic deformation of DP600 steel and effects of
residual stresses on its mechanical properties
To determine the residual stress state resulting from incompatible deformation
of ferrite and martensite grains in DP600, a simulation of the polycrystalline
microstructure is carried out by applying cyclic loading. Ferrite is deformed
plastically whereas martensite remains in elastic limit. A macroscopic thermomechanically coupled material model is developed which is motivated by a
microscopic crystal plasticity model. Crystal plasticity model includes thermal
effects due to plastically dissipated energy. Scalar dislocation densities are
included at each slip system and shear rates are determined on those slip
systems by the thermally activated double kink mechanism to consider the
mobility of present dislocation line length. Additionally, scalar dislocation
densities exhibit multiplication an annihilation of dislocation line length during
plastic evolution to vary plastic state on the microscopic scale. The plastic
state at each slip system is defined by shear rate and dislocation density.
Accordingly, an identical approach is applied on the macroscopic level.
Plastic deformation is taken into account for nonlinear isotropic hardening in
an identical manner with reduced history variables. Since residual stress state
influences the macroscopically observed flow behavior, the model is extended
suitably by a stress state variable which is superimposed additively to present
stress state in both macro and microscopic scales. In this regard, nonlinear
Armstrong-Frederick kinematic model is implemented. In the end, suitable
evolution of plastic state produced by macroscopic model is fitted with results
calculated by micromechanical material simulations. Due to identical
predictions of mechanical response, the complexity of computation is reduced
with the effective material model and thermo-kinematical process can still be
validated.
References:
Brunner, D. and Diehl, J. (1991), Strain Rate and Temperature Dependence of the
Tensile Flow Stress of High Purity α-Iron above 250 K (Regime I) Studied by Means
of Stress Relaxation Tests. phys. stat. sol. (a), 124: 155-170.
doi:10.1002/pssa.2211240114
Arsenlis, Athanasios & Parks, David. (2002). Modeling the evolution of
crystallographic dislocation density in crystal plasticity. Journal of The Mechanics
and Physics of Solids - J MECH PHYS SOLIDS. 50. 1979-2009. 10.1016/S00225096(01)00134-X.
Ortiz M. (1993),Constitutive modeling of L12 intermetallic crystals, Cuitino A.M.,
Materials Science and Engineering A, 170 (1-2) , pp. 111-123.
Albrecht Bertram, (2005), Elasticity and Plasticity of Large Deformations Springer
Nature. doi:https://doi.org/10.1007/3-540-27525-8

390

Primal Interface
Timothy
J. Truster
Debonding
and Sunday
Formulation
C. Adulojufor Finite Strain Plasticity
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

PRIMAL INTERFACE DEBONDING FORMULATION FOR FINITE
STRAIN PLASTICITY
Timothy J. Truster¹* and Sunday C. Aduloju²
1
2

University of Tennessee, 851 Neyland Drive, Knoxville, TN 37996-2313, ttruster@utk.edu
University of Tennessee, 851 Neyland Drive, Knoxville, TN 37996-2313, ttruster@utk.edu

Key Words: Variational Multiscale Method, Discontinuous Galerkin, Interfaces,
Computational inelasticity, Debonding.
A framework is developed for modeling ductile damage of nonlinear materials whose plastic
deformation is characterized using rate independent classical plasticity. The method is
developed using Variational Multiscale ideas to obtain definitions of the interface fluxes within
a primal formulation analogous to the Discontinuous Galerkin method. This method relies on
the assumption that the free energy can be decomposed into elastic, plastic and damage parts.
A thermodynamically consistent method is derived which satisfies the second law of
thermodynamics in the Clausius-Duhem inequality form. The dissipation associated with
plasticity takes place in the domain only, while damage dissipation is localized to the interface.
The local nonlinear problem to calculate both plastic deformation gradient and damage variable
follows an incremental approach similar to classical plasticity return mapping algorithm. Using
a Discontinuous Galerkin formulation avoids the artificial compliance at the interface that is
associated with intrinsic cohesive zone models. This elastoplastic damage formulation is
developed for material undergoing finite strain, and it naturally accommodates a trapezoidal
traction separation law (TSL) whose shape can be varied to model either ductile interface
behavior or brittle interface behavior. The formulation’s performance is assessed through
modeling a patch test and a compact tension specimen.
REFERENCES
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The semi-analytical failure criteria for unidirectional fiber-reinforced composite materials under compression proposed by [1] were adopted and combined within the Parametric High-Fidelity-GeneralizedMethod-of-Cells (PHFGMC) micromechanical model for compressive strength prediction. The first criterion is based on the buckling of Timoshenko’s beam, and the second criteria is based on the bucklingwave propagation analogy of layered heterogeneous materials. In the framework proposed in [1] all
constitutive models describing the mechanical behavior of the constituents were linear elastic, such that
the effective mechanical properties, and hence the predicted strength, of the composite were calculated
only at the beginning of the loading state. However, for a general case of a multi-axial state accompanied
with nonlinear polymeric matrix behavior [2], the local and thus effective properties of the composite
are dependent on the loading path. Therefore the predicted lamina strength needs to be incrementally
reevaluated. In the present model, the Ramberg-Osgood nonlinear constitutive model is used for the
matrix and a linear-elastic transversely-isotropic law for the fiber, as common for carbon and glass fibrous composites. This extends the existing criteria to account for the material microstructure with a
refined parametric discretization, as well as the effect of a nonlinear constitutive law. The advantage of
the proposed approach is the ability to generate multi-axial compressive strength for structural components with multi-axial simulated failure envelopes. The numerical framework has the potential to replace
a tedious and costly experimental testing. The nonlinear PHFGMC governing equations are obtained
from a two-layered (local-global) virtual work principle and solved using a new incremental-iterative
formulation [2]. This offers computational efficiency over previously published work on HFGMC since
the system of equations is symmetric. Results are shown for various microstructure configurations and
loading patterns. Progressive damage in composites using the PHFGMC model is also demonstrated.
Acknowledgement
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ABSTRACT
This paper develops a novel, wavelet-enriched adaptive finite element model for solving coupled
crystal plasticity-phase field models to simulate crack propagation in polycrystalline microstructures. No
a-priori assumption of the crack path is needed. Crack propagation under conditions of finite deformation
is driven by stored elastic energy that accounts for material anisotropy and tension-compression asymmetry,
and defect energy resulting from slip system dislocation glide and hardening. The resulting finite element
model is capable of simulating both brittle and ductile crack propagation in material microstructures. A
major contribution of this work is the creation of the adaptive, multi-resolution wavelet-based hierarchical
enrichment of the FE model. The adapted enrichment follows the path of crack growth and is able to
successfully overcome the challenges of high resolution required for the regularized crack in the coupled
model. The multi-resolution wavelet basis functions adaptively construct optimal enrichment basis for the
high gradients in the phase field order parameter near the crack path. The wavelet-enriched adaptive finite
element model is found to be robust with excellent convergence characteristics in multiple validation tests
conducted with the polycrystalline Ti-6V-4Al and Al-7075 alloys.
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ABSTRACT
In the civil and military, land, naval and aerospace transportation sectors as well as in the
building and energy sectors, crash, collision, blast and impact are typical loading cases to be
accounted for when designing or verifying engineering structures regarding accidental
overloading or terrorist attack induced potential failure.
From the computational perspective, the challenge is to solve space and time multi-scale,
multi-phase and multi-physic initial-boundary value problems, and accordingly to develop or
adapt
 methods of multi-media interaction or equivalent loading condition,
 advanced rate and temperature dependent models applicable to high strain rate and
high pressure,
 methods of space and time discretization, including FEM, FVM, DEM, SPH and their
combination,
 numerical simulation involving crash, collision, blast or impact.
This mini-symposium aims at providing a forum for discussing new scientific and industrial
challenges and developments in the field of computational mechanics in impact and blast
engineering.

397

A novelMeng,
Fanlin
numerical
Tianbao
method
Ma, Jianguo
for explosion
Ning and Xiangzhao
impact problems
Xu
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

A NOVEL NUMERICAL METHOD FOR EXPLOSION AND IMPACT
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Numerical method.
Numerical simulation of the explosion and impact problems general solve the fluid and
structure separately. The fluid and structure are usually solved by the Eulerian method and the
Lagrangian method, respectively. For some complex problems that the fluid and the structure
are closely linked by the physical interface, which only can be solved by coupled method.
In this paper, a three-dimensional coupled Eulerian-SPH method is proposed to simulate the
explosion and impact problems. This method utilizes the advantages of Eulerian method and
SPH method by adding SPH particles to the Euler method, which can easily solve the
characteristics of large-scale explosion field and structural deformation, respectively. In this
method, the entire computational domain is solved by the Eulerian method, and the SPH
particle is used to track the deformation of the structure. Then, the bidirectional mapping of
physical quantities are achieved by the influence domain-weighted average based on the
topological relationship between Eulerian cells and SPH particles. Thus, the different
materials will not embed because joining the fixed grid and single-valued mapping. Moreover,
the solution of data dependence and the realization of the parallel algorithm are presented for
the large-scale numerical calculations of explosion and impact problems, and the parallel
efficiency of parallel hydrocode are tested. The numerical simulations of typical explosion
and impact problems are carried out, and then the numerical results are compared with the
corresponding experimental results to verify the effectiveness of the algorithm. Comparisons
of numerical results and experimental results show that the coupled algorithm combine the
advantages of both Lagrangian and Eulerian method and can efficiently calculate the process
of large deformation and dynamic damage of the material.
REFERENCES
[1] X. Z. Xu, T. B. Ma, H. Y. Liu, J. G. Ning, A three-dimensional coupled Euler-PIC

method for penetration problems. Int. J. Numer. Meth. Eng., Vol. 119, pp. 737−756, 2019.
[2] J. G. Ning, T. B. Ma, G. L. Fei, Multi-material eulerian method and parallel computation
for 3D explosion and impact problems. Int. J. Comp. Meth-Sing., Vol. 11, pp. 1350079,
2014.
[3] P. T. Barton, R. Deiterding, D. Meiron, D. I. Pullin, Eulerian adaptive finite-difference
method for high-velocity impact and penetration problems, J. Comput. Phys., Vol. 240,
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Many engineering applications require impact simulations involving dissipative solids, such as crash or
dynamic forming processes. The modeling of thermomechanical processes occurring during impact phenomena requires to write a system of conservations laws including the first principle of thermodynamics.
The writing of such system ensures that the right shock speeds will be computed numerically once this
system has been discretized. In that context, a sort of paradox appears that has divided fluid and solid
communities so far. The first principle of thermodynamics allows to update the total energy of the system, and hence its internal energy density if the velocity is simultaneously updated. But constitutive
models developed for dissipative media in solid mechanics are built from Helmholtz’s free energy that is
a function of the temperature, which a measurable quantity. Thenceforth, the problem of the update of
free energy-based constitutive models while only knowing the internal energy and the strain has remained
unanswered so far, especially when deviatoric effects are temperature-dependent. Previous works have
only focused on the hydrostatic component of the internal energy, to model the thermoelastic response
through the introduction of some equation of state [1, 2].
We introduce in this work a dedicated variational principle, diverting to our advantage early works developed in [3], for the integration of thermomechanical constitutive models whose update is driven by the
known/updated internal energy density and the strain. The discrete counterpart of the variational principle
coupled to a dedicated numerical implementation of the flux-difference splitting finite volume method
[4] are also developed. Some examples are then considered to show the good behavior of the proposed
approach.
REFERENCES
[1] Aguirre, M. and Gil, A.J. and Bonet, J. and Lee, C.H. An upwind vertex centred finite volume solver
for Lagrangian solid dynamics. Journal of Computational Physics (2015) 300:387–422.
[2] Hank, S. and Gavrilyuk, S. and Favrie, N. and Massoni, J. Impact simulation by an Eulerian model
for interaction of multiple elastic-plastic solids and fluids, International Journal of Impact Engineering (2017) 109:104–111.
[3] Stainier, L. A Variational Approach to Modeling Coupled Thermo-Mechanical Nonlinear Dissipative
Behaviors. Advances in Applied Mechanics (2013):69–126.
[4] Heuzé, T. Simulation of impacts on elastic-viscoplastic solids with the flux-difference splitting finite
volume method applied to non-uniform quadrilateral meshes. Advanced Modeling and Simulation in
Engineering Sciences (2018) 5 (1).
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MESO-SCALE MODELING OF HYPERVELOCITY IMPACT ON
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To ensure mission success goals, satellites must be analysed for their ability to survive
hypervelocity impacts (HVI) by orbital debris, as collision of a functional satellite with even a
millimetre-sized object traveling at typical orbital speed (7 km/s and higher) can be detrimental
for both the spacecraft and Earth’s orbit environment [1]. Consequences may include loss-ofspacecraft failures owing to damage of components vital for satellite functioning (e.g.,
electronics units or connecting cables), as well as the bursting of pressurized containers, such
as satellite propellant tanks. In turn, this can cause multibillion-dollar financial losses for
spacecraft owners and significant negative impact on Earth’s orbit environment due to new
orbital debris generation.
To avoid such scenarios, orbital debris impact survivability must be carefully analysed during
the early stages of satellite design [2]. In such analyses, special attention has to be paid to the
most commonly used external elements of satellite structures – sandwich panels that enclose
and provide attachment points for satellite subsystems [3]. Perforation of a structural sandwich
panel sends high-speed debris into the satellite and can be considered as a failure criterion for
most otherwise unprotected components (e.g., circuit boards, cables, propellant tanks etc.)
Correspondingly, this study is focused on the development and verification of high-fidelity
numerical models of honeycomb- and foam-core sandwich panels for HVI simulations that can
be used to access spacecraft vulnerability to collisions with sub-centimetre orbital debris.
Combined use of FEM and meshless solvers enabled efficient representation of fragmentation
and large deformations experienced by the materials during HVI. In particular, hybrid
Lagrangian FE/meshless SPH elements have been used, allowing finite elements to convert into
SPH particles at high deformation levels, when traditional FE method becomes inefficient.
Major feature of the developed models is the explicit meso-scale representation of the core
materials – honeycomb and open-cell aluminium foam. This enabled properly capturing in
simulations such experimentally observed phenomena as the “channelling effect” of
honeycomb and the “multishock effect” of open-cell foam – both resulting from interactions of
the core materials with hypervelocity fragments propagating through them. The developed
computational models have been verified against available experimental data.
REFERENCES
[1] J. Pelton. Space Debris and Other Threats from Outer Space. Springer, 2013.
[2] E. Christiansen. Meteoroid/Debris Shielding, NASA, 2003
[3] S. Ryan, T. Hedman, E.L. Christiansen. Honeycomb vs. Foam: Evaluating Potential

Upgrades to ISS Module Shielding. Acta Astronautica 67. Elsevier BV: 818–25, 2010.
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Impact events are critical load cases and the implications are often difficult to predict, especially when
composite structure are involved. The impact damage mechanisms and their interactions have been
predicted with reasonable accuracy by several authors to date, for example [1]. Despite these efforts,
thick composite structures (i.e., 20-100mm) that appear in highly loaded aerospace components (e.g.
landing gear), have received limited attention. Given the increased computational cost, the selection of a
numerical approach which correctly captures the phenomena specific to such structures is important.
This work introduces a numerical FEM methodology in Abaqus/Explicit suitable for simulating impact
on thick composite structures. An equivalent 3D numerical model is developed for the impact problem in
Figure 1. However, the high computational cost of this model led to simplification of the impact problem,
resulting in an additional 2D numerical model that assumes axisymmetry. A discrete cracking approach
using cohesive interface elements allows for delaminations, as well as fibre breakage and transverse
matrix cracking. Extensive impact experiments performed at Royal NLR are available for validation.
Preliminary results show that the 2D numerical model illustrated in Figure 2 is capable of predicting the
impact response and, to a certain extent, the characteristic damage state. The advantages in computational
efficiency are significant and allow for evaluation of multiple design parameters. At a significant added
computational cost, the 3D numerical model removes the limitations of the 2D numerical model and is
capable of providing a more realistic prediction of the characteristic damage state.

Figure 1: Illustration of the impact problem with the
2D approximation in the xz-plane (ASTM D7136).

Figure 2: The 2D numerical model simulating a 55J
small-mass impact on a 20mm thick specimen.

REFERENCES
[1] C. Bouvet, S. Rivallant, J. J. Barrau, Low velocity impact modeling in composite laminates capturing permanent indentation, Composites Science and Technology 72 (16) (2012) 1977–1988.
doi:10.1016/j.compscitech.2012.08.019.
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Real scale ballistic tests including bird strike or fan blade loss partake of the certification of
aircraft engines regarding accidental events. During such tests, fan blades are subject to large
strain, high strain rate, non-proportional multi-axial loading and load reversals until potential
fracture. When evaluating technological solutions for multi-component fan blades via
numerical simulations, a reliable constitutive model able to account for all the above
mentioned parameters is required.
A constitutive model built in the irreversible thermodynamics framework is presented. Some key
aspects such as texture-induced anisotropy (which manifests through orthotropy, kinematic hardening
and tension/compression asymmetry), rate dependence, strain hardening and thermal softening are
accounted for.

The model is then applied to Ti-6Al-4V titanium alloys known for their high strength-toweight ratio and good toughness and accordingly considered as promising candidates for the
leading edge of multicomponent fan blades. An experiments based calibration of the material

constants is carried out to assess the suitability of the model.

The numerical performances of the constitutive model are then evaluated. An explicit approach for the
integration of the rate equations is followed and the model is implemented as a user material
subroutine in the commercial finite element code LS-DYNA. Simulations at the RVE scale and
structural scale are carried out to assess the predictive capabilities of the model.
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ABSTRACT
Extreme events that occur as the result of manmade and natural disasters (blast, impact and
penetration, earthquake, tsunami, landslide) pose severe threats to our society's well-being. As
such, computational analyses coupled with purpose-designed experimental verification and
validation (V&V) are crucial to predict, understand and mitigate these complex events;
research in this area is essential for the safeguarding of the manmade and natural
environment. This session aims to promote collaboration among academia, government, and
industry engineers in the development and application of advanced computational and
experimental methods for the study of extreme events. Those working in the fields of
computational solid mechanics, fluid dynamics and fluid-structure interaction, constitutive
model development, material characterization, and other computational and/or experimental
methods related to the prediction and analysis of extreme events are cordially invited to
exchange their ideas and research results in this session. The minisymposia will solicit all
subjects related to computational modeling and related experimental V&V for the study of
extreme events, which include, but are not limited to, the following:
- Method and algorithm development for the simulation of problems involving harsh dynamic
loading, high strain-rate, large material deformation, fracture and failure, or material breakup
- Fluid dynamics and fluid-structure interaction in disaster-driven material and structure
failures
- Constitutive modeling and characterization of materials under high pressure and strain rate
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- Constitutive modeling and characterization of disaster debris fields
- Simulation of multi-phase flow fields resulting from disaster events
- Modeling of high strain rate response in solids and structures
- Modeling of shocks in solids, fluids, and shock induced fluid-structure interaction
- Applications of computational methods to simulation of natural and manmade disasters
- Computational investigations on infrastructure resiliency to include predictions of residual
strength and prevention of progressive collapse
- Computational and experimental investigations on material high-rate damage and failure
mechanisms
- Computational and experimental investigations on soil liquefaction, foundation failure and
debris flow
- Verification and validation of disaster simulation models
- Numerical algorithm implementation and simulation software development

406

An Immersed
Tsung-Hui
(Alex)
Rkpm
Huang
Method
and for
J. S.Shock
Chen Modeling in Blast Events
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

An Immersed RKPM method for Shock Modeling in Blast Events
Tsung-Hui (Alex) Huang¹*, J. S. Chen²
University of California San Diego, La Jolla, CA, USA. Email: tsh011@ucsd.edu.
University of California San Diego, La Jolla, CA, USA. Email: js-chen@ucsd.edu. URL:
http://jschen.eng.ucsd.edu
1

2

Key Words: Reproducing Kernel Particle Method, Fluid-Structure Interaction, Immersed
Method, Shock Modeling.
In blast event, strong shock waves with air-structure interaction leads to severe damage and
fragmentation for structure. The complex phenomena in fluid-solid coupled systems is
challenging to the conventional mesh-based numerical methods. Meshfree method, such as
Reproducing Kernel Particle Method (RKPM) [1], naturally avoids computational difficulties
associated with low-quality meshes, allows efficient adaptive refinement, and provides flexible
control of smoothness and locality in numerical approximations. In this work, an efficient
RKPM framework is developed for air-structure interaction problem in the shock regime. To
capture essential shock physics and avoid numerical oscillations, a Riemann-enriched flux
divergence with an oscillation limiter is introduced under the variationally consistent and
stabilized nodal integration framework [2,3]. In addition, a flux splitting approach is employed
to avoid advection-induced instabilities in fluid modeling, and the Monotonic UpstreamCentered Scheme for Conservation Laws (MUSCL)-type oscillation limiter is employed to
avoid over/undershoot at shock front and to capture moving discontinuities with minimal
diffusion. An immersed RKPM method [4] is introduced to enable an effective body-unfitted
spatial discretization for the solid and fluid domains in fluid-structure interaction, where the
cross-cell instability is naturally avoided because of smooth RK approximations. Several
numerical examples are examined to verify the effectiveness of the proposed method for
modelling shock waves in blast events.
REFERENCES
[1] J. S. Chen, M. Hillman and S.-W. Chi, Meshfree methods: progress made after 20 years.

Journal of Engineering Mechanics, 143(4), 2017.
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108(12), 2016
[3] T. H. Huang, J. S. Chen, H. Wei, M. J. Roth, J. Sherburn, J. E. Bishop, M. R. Tupek and
E. H. Fang, A MUSCL-SCNI Approach for Meshfree Modeling of Shock Waves in Fluids.
Computational Particle Mechanics, In press, 2019. https://doi.org/10.1007/s40571-01900248-x
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Modeling Ultraordnance Impacts on Concrete
Jesse A. Sherburn1,*, Z. Kyle Crosby1, William F. Heard1,
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The U.S. Army has been heavily interested in the use of concrete as a component of US military
protective structures. These protective structures are designed to resist extreme impulsive loads
such as those from blast or penetration. Conventional ordnance produces impacts on the order of
500 to 1,300 m/s [1] which has been studied for many decades involving concrete materials.
Little research has been performed in the area of ultraordnance impacts on concrete where
impact velocities exceed 1,300 m/s. With these velocities material strength becomes less of a
factor in the overall impact and penetration process. Computational modeling of concrete
materials in this regime has also seen little attention in the literature due to the scarcity of
relevant experimental data. Some recent work has shown that a number of numerical methods
have the ability to model the ultraordnance regime [2]. This study is meant to be an initial
comparison of experiments and modeling of a sphere impacting a semi-infinite concrete target in
the ultraordnance regime. Experiments will be performed with a recently acquired two-stage gas
gun at the U.S. Army Engineer Research and Development Center to help understand the
response of concrete at these higher velocities. The EPIC code will be used to model these
experiments. Different modeling strategies such as erosion and meshfree conversion within the
EPIC code will be exercised in this study. Multiple constitutive models in EPIC will be evaluated
to determine how well the material models match the ultraordnance experiments.
[1] Backman, M.E., and Goldsmith, W. 1978. The Mechanics of Penetration of Projectiles into
Targets. International Journal of Engineering Science, 16:1-99.
[2] Sherburn, J.A., Rios-Estremera, D.H., Crosby, Z.K., Heard, W.F. 2019. A Modeling
Exploration of Ultraordnance Impacts on Concrete. 15th U.S. National Congress on
Computational Mechanics, July 28 – Aug 1, 2019, Austin, TX.
*Permission to publish was granted by Director, Geotechnical and Structures Laboratory.
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ABSTRACT
The surge in computing power over the last decade has motivated significant advances
in lifetime and reliability analyses of engineering materials and structures. In support
of this demand, a wealth of novel computational modelling techniques have been
developed for predicting inelastic material behaviour, including damage localisation,
crack initiation, crack propagation, and other material instabilities. The mini-symposium
aims to provide a platform for discussion of the newest theoretical and numerical
developments at all stages of inelastic material response and degradation, up to
failure. Topics of interest include, but are not restricted to, the following areas:






Initiation or propagation of defects and cracks
Mechanical, thermal, chemical loading, etc.
Discrete models, micromechanical formulations, continuum
descriptions
Multiscale frameworks bridging different length / time scales
Determination and Evaluation of physically based length scales
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Objective formulations with non-local / gradient / phase-field enhancements
Transition from continuous to discontinuous formulation
Relevant numerical methods
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3D Multi-scale analysis of inelastic processes in concrete-like materials until
complete localized failure
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This paper deals with the 3D fracture modelling of concrete-like materials such as concrete
and soil under complex loading conditions causing a various stress state inside the material
domain. Most of these materials have highly complex internal structure consisted of, more or
less random distributed distinguishable constituents, thus making the fracture analysis and
failure process as a challenging issue.
This work presents an attempt to overcome this issue with 3D meso-scale model based on
discrete lattice approach with extension to 3D macro-scale reduced model of stochastic
plasticity. In this case, fracture parameters are considered as random fields, i.e. their
probability distribution is changing from point to point. For this purpose, solid finite element
model with embedded discontinuity is deployed capable of representing failure modes.
The application of the model is extended to behavior of massive concrete dams taking into
account fluid-structure interaction. In the proposed 3D lattice beam model capability of
representing localized failure is illustrated, where the cracks coalescence results with the
ultimate failure mode. Scientific gain provided by such models is in better prediction of crack
spacing and opening, which can be used to improve concrete durability and give insight in
structural concrete integrity.
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The overarching objective of the study is to analyse the mixed-mode crack propagation
direction angles by molecular dynamics method and to investigate the validity of continuumbased linear elastic fracture mechanics crack growth criteria. For this purpose, an embedded
atom potential (EAM) available in LAMMPS (Large-scale Atomic/Molecular Massively
Parallel Simulator) molecular dynamics (MD) software is utilized to accurately pinpoint mixedmode crack growth. The study is focused on the application of the different approaches for the
determination of the initial crack propagation angle. Copper and aluminum plates with the
central crack under complex mechanical stresses (Mode I and Mode II loading) are studied by
extensive MD simulations. Williams’ expansion for the crack tip fields containing the higherorder terms is used. The crack propagation direction angles for combinations of Mode I and
Mode II loadings are obtained by 1) the multi-parameter fracture mechanics approach based on
three fracture mechanics criteria: maximum tangential stress, maximum tangential strain and
strain energy density; 2) atomistic modelling for the mixed-mode loading of the plane medium
with the central crack. Calculations of MD method were run for nine different values of M e :
0.1, 02.,0.3, 0.4, 0.5. 0.6, 0.7, 0.8 and 0.9. Calculated values of crack angles were -42.56°, 40.12°,-39.5° -36.65°, -32.28°, -29.9°, -23.7°, -17.0° and -10.2° respectively. All the
generalized fracture criteria tested give similar values of the crack growth angle for different
values of the mixity parameter. The crack propagation direction angles given by fracture
mechanics reasonably agree with the angles obtained from MD simulations.

Figure 1. Copper plate just after energy minimization, after 25 ps and after 35 ps with stress tensor
component  11 shown ( M e = 0.5 ).
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This paper presents a continuous-discontinuous localizing gradient damage enhancement that
couples the benefits of both smeared and discrete numerical approaches to describe the
complete quasi-brittle failure process. The objective is to model the early phase of failure
using a localizing gradient damage model with the problem field enhanced using
discontinuous interpolation functions once the damage reaches a critical value. The
discontinuous description of failure is done through extended finite element framework,
which enables the propagation of discontinuity without remeshing. A level set approach is
employed to efficiently track the traction free discontinuity within the finite element mesh
following the damage growth. The localizing gradient damage framework is developed using
a thermodynamically consistent micromorphic approach [1, 2], where apart from the standard
equilibrium, an additional microforce balance also needs to be satisfied. An evolving
anisotropic nonlocal interaction domain governs the spatial diffusive interactions throughout
the loading process. The anisotropy in nonlocal interactions is incorporated through an
anisotropic gradient tensor, which defines the orientation of the diffusive interaction domain
based on the principal stresses at a given material point. The proposed approach also enables
the usage of low order finite elements during numerical implementation. Different numerical
examples are considered related to different loading conditions to demonstrate the
effectiveness of the proposed approach.
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International Journal for Numerical Methods in Engineering, Vol. 110, pp. 503522,
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Since the advent of phase-field modeling of damage many authors have devoted their work to the investigation of the phase-field model of brittle fracture introduced by Francfort and Marigo [1][2]. This model
is a milestone in the modeling of damage and offers many interesting challenges, particularly from a
computational perspective.
A different kind of challenge is posed by the quest to extend the scope of materials whose damage behavior can be described by phase-field models. In this context existing models need to be extended and
new models need to be proposed.
With the micromophic approach Forest introduced a gradient-extended damage model for single crystals
[3][4]. This model describes damage coupled with crystal plasticity in the framework of small deformations. Similar to Forests model, our formulation encompasses additional degrees of freedom such
as for instance the local crack normal. In a weak formulation of the mechanical problem the gradients
of these degrees of freedom yield additional balance equations which constitute the pivotal point of the
gradient-extended theory. Within the framework of large deformations we introduce a multiplicative
split of the deformation gradient into an elastic part, a crack part parallel to crack surface and a crack
part perpendicular to the crack surface. This split allows us to describe different modes of damage and
therefore capture the behavior of a different class of materials.
We demonstrate our model with numerical examples using the Finite-Element-Method.
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[1] Francfort, G.A. and Marigo, J.-J. Revisiting brittle fracture as an energy minimization problem
Journal of the Mechanics and Physics of Solids (1998) 46.8:1319–1342.
[2] Bourdin, B. Numerical implementation of the variational formulation for quasi-static brittle fracture
Interfaces and free boundaries (2007) 9.3:411–430.
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The prediction of damage and failure in quasi-brittle and ductile materials has always been an important
topic in computational mechanics. Due to the ongoing increase in computing power, it is nowadays possible to apply sophisticated material models in ever-more realistic finite element simulations of technical
processes, a circumstance which has a great impact on the quality of the obtained results. Especially
the mesh-objective modeling of combined damage and plasticity in case of large deformations is a very
challenging topic which deserves further attention. For this reason, the present work discusses a novel
thermodynamically consistent gradient-extended damage-plasticity model for finite strains which has recently been developed and published [1]. It is the geometrically nonlinear variant of a corresponding
model for small deformations proposed earlier by the same authors [2] and belongs to the class of micromorphic materials as suggested by Forest [3, 4]. Both nonlinear kinematic as well as isotropic hardening
are considered by the model, which is based on a so-called ‘two-surface’ approach. The latter means
that damage and plasticity are treated as independent (but coupled) dissipative mechanisms in the formulation, a fact which makes the model flexibly adaptable to situations in which the material shows an
either more brittle- or more ductile-like damaging behavior. Theoretical as well as algorithmic aspects
of the model are presented and thoroughly discussed. Finally, several numerical examples are shown
which practically demonstrate the model’s ability to deliver mesh-independent results in finite element
simulations involving large plastic deformations and severe damage.
REFERENCES
[1] T. Brepols, S. Wulfinghoff and S. Reese, A gradient-extended two-surface damage-plasticity model
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Powder compaction is the process of compacting a powder from its loose form to a dense material,
and has applications in various industries such as pharmaceutical, powder metallurgy, ceramics,
and others. Drucker-Prager cap models have been extensively used to model this process.
However, the modeling of the process in a finite element analysis has often been susceptible to
numerical instability and mesh sensitivity. To remedy this a gradient regularized variant of the
Drucker-Prager cap model, the coupled damaged plasticity microplane model, is utilized. Gradient
regularization leads to a smooth deformation field avoiding displacement discontinuities, which
can lead to an ill-posed boundary value problem. The regularization scheme, a class of nonlocal
methods, considers the nonlocal counterpart of equivalent strains as extra degrees of freedom
governed by a Helmholtz-type equation. The model is implemented in a microplane framework
using microplane quantities through laws analogous to classical invariant-based plasticity,
enabling a direct relation to the conventional Drucker-Prager cap plasticity model. The microplane
framework makes the model inherently and naturally anisotropic via laws defined on individual
and differently oriented planes. The Drucker-Prager plasticity in the model comprises of three
continuous yield surfaces, namely a Drucker-Prager yield function, with caps at both compression
and tension ends. The three-surface nature of the yield surface covers the material response under
all possible triaxialities, while the smoothness of the yield surface allows for a stable return
mapping algorithm. The damage is driven by the evolution of plastic strain. The initiation of
damage and its evolution can be different between compression and tension states. The extra
degrees of freedom imply a coupled field problem and the system of equations are solved in a
simultaneous manner. The simulation of a powder isostatically pressed in a cylinder is
demonstrated where the material undergoes yielding under the compaction process until damage
occurs when certain pressure states are reached. A properly calibrated material model can be useful
in predicting the damage in powder compaction and other related processes (such as hot isostatic
pressing).
REFERENCES
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Ti-matrix composites have become very important structural materials for aero engines of the next generation due to their excellent mechanical properties. Nevertheless, there have been few, if any, models
capable of simulating the entire process from crack initiation to propagation and bifurcation, taking into
account the multiple components (fiber and matrix) and mechanisms (interface debonding, fiber fracture, and matrix failure). To effectively simulate crack propagation of such materials, we combine the
cohesive zone model [1] and phase field model [2] to consider their respective strengths: the cohesive
zone model is effective in describing interfacial failure and the phase field model does not need additional fracture criterion for crack initiation and branching. Based on energy minimization, we propose
a mathematical simulation method and a description model for the fracture behavior of fiber reinforced
composite materials. The features of the model are: (1) the interface is described by an energy functional
and no additional variables are required to describe the discontinuities at the interface; (2) the simulation
of composites can be extended to the ductile materials; (3) the technique can describe behaviors between
bulk and interface cracks, e.g. nucleation from interfaces and propagation within the matrix, kinking
process in complicated fiber-reinforced composites, and for arbitrary geometries and behaviors between
cracks. Validation is made by comparing the results obtained by the model and previous experimental
observations [3]. Moreover, the proposed scheme shows great computational efficiency and numerical
performance.
REFERENCES
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A new equivalent strain measure based on the failure criterion by Ottosen [1] is proposed in
this presentation, and incorporated into an isotropic damage model for the mixed mode fracture
of concrete. To regularize the softening response, the localizing gradient enhancement [2] is
adopted. The proposed model is benchmarked against other commonly used equivalent strain
measures, by considering a series of Double-Edge-Notched (DEN) tests by Nooru-Mohammed
[3]. It is shown that the proposed model has the best performance, and is able to provide accurate
predictions on the crack trajectories and structural responses. Moreover, sharp localized damage
profiles are obtained, as shown in Fig. 1, hence resolving a spurious damage growth
phenomenon encountered with the conventional gradient enhancement.

(a)
(b)
Fig 1: Numerically obtained damage profiles and experimentally observed cracks (black lines)
in the mixed mode fracture of concrete [3] for specimen size of (a) 200mm and (b) 100mm.
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The governing equations of the phase-field approach to brittle and ductile fracture can be obtained from
the minimization of a nonconvex energy functional, subject to thermodynamic constraints [1]. This
results in a system of constrained PDEs, which is typically solved using an algorithmic decoupling in a
staggered scheme. In this presentation, an interior-point method for the monolithic solution of the quasistatic phase-field approach to brittle and ductile fracture is presented. The monolithic scheme enables
to solve the equations efficiently without resorting to an algorithmic decoupling, while the interior-point
method provides a rigorous solution procedure to solve the constrained problem. In order to capture snapbacks in the load-displacement curve, the governing equations are augmented with a dissipation-based
path-following constraint [2], allowing to impose dissipation due to damage and plasticity. The presented
monolithic scheme is tested on various benchmark problems and compared with results obtained from a
staggered scheme.
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Rolling Contact Fatigue (RCF) is a typical mode of rolling element bearings failure. The
complex contact loadings, generated by the cyclic passages of rolling elements on bearing
raceways, induce localized, multi-axial and non-proportional stress fields. Under these
conditions, surface and/or subsurface cracks can initiate and propagate. According to the
direction of propagation, the cracks can promote spalling or result in bearing failure; hence
the importance to improve the reliability of rolling element bearings. To predict the fatigue
life of these components, understanding the crack propagation mechanisms is therefore a
major issue, especially for the aerospace industry.
Despite the recent developments in numerical computation, modeling crack propagation under
RCF is still a challenge, particularly for three-dimensional simulation.
Thus, a global/local coupling strategy is proposed to model in a fast and robust way the
three-dimensional surface/subsurface initiated crack propagation driven by rolling contact
loading. First, a global model is used in order to solve the contact problem between rolling
elements and raceways. To this end, the efficient Semi-Analytical Method (SAM) developed
by Nélias group [1] is employed. Then, a local analysis of the 3D crack problem is performed
in the region of interest with the help of the coupled X-FEM/LATIN method [2], which has
already shown its ability to model crack propagation under RCF with frictional contact along
crack faces [3].
Theoretical aspects and numerical results about the coupling approach will be exposed to
demonstrate the great potential of this development, especially for industrial applications.
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A smeared crack modelling approach for aggregate
interlock and mixed mode fracture of concrete
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Abstract
Abstract. The intention of this contribution is the numerical representation of the rarely
investigated phenomenon of mixed mode fracture in plain concrete. Since cracks in concrete
are typically subjected to both normal and shear displacements, a new material model called
fictitious rough crack model (FRCM) is proposed which combines mode I fictitious crack
models with aggregate interlock models. For modelling the mixed mode behaviour as the result
of coexisting cohesive concrete behaviour and aggregate interlock stresses along concrete
cracks, mode I behaviour is considered as the main influence on crack formation at the crack
tip and mode II behaviour (aggregate interlock) is assumed to occur when translations are
induced along the crack surfaces (slip). The combination of these tension-softening and sheartransfer laws and the resulting shear and normal stresses of both mechanisms in the crack
characterises the main idea of the model. Well-known experimental benchmark problems are
solved both for validation of the proposed model as well as for comparison with renowned
concrete models of commercial FE software. The analysis shows that the FRCM is capable of
simulating the transition from mode- I fracture to mixed-mode fracture in the structural
response while the comparison with commercial numerical approaches demonstrates the lack
of appropriate consideration of aggregate interlock and mixed-mode behaviour in commercial
FE software.

423

Chandrasekhar
A
Stabilized Finite
Annavarapu,
Element Method
Gourabfor
Ghosh
Enforcing
and Ravindra
Stiff Anisotropic
Duddu Cohesive Laws Using Interface Elements
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

A STABILIZED FINITE ELEMENT METHOD FOR ENFORCING STIFF
ANISOTROPIC COHESIVE LAWS USING INTERFACE ELEMENTS
Chandrasekhar Annavarapu1 , Gourab Ghosh 2 and Ravindra Duddu3
1

Department of Civil Engineering, Indian Institute of Technology, Madras, annavarapuc@iitm.ac.in
2
Department of Civil and Environmental Engineering, Vanderbilt University,
gourab.ghosh@vanderbilt.edu
3
Department of Civil and Environmental Engineering, Vanderbilt University,
ravindra.duddu@vanderbilt.edu

Key Words: Interface elements, Nitsche’s method, Traction oscillations, Numerical stability, Cohesive
zone models, Mixed-mode fracture
We present a stabilized finite element method that generalizes Nitsche’s method for enforcing stiff
anisotropic cohesive laws with different normal and tangential stiffness. For smaller values of cohesive
stiffness, the stabilized method resembles the standard method, wherein the traction on the crack surface
is enforced as a Neumann boundary condition. Conversely, for larger values of cohesive stiffness, the
stabilized method resembles Nitsche’s method, wherein the cohesive law is enforced as a kinematic constraint. We present several numerical examples, in two-dimensions, to compare the performance of the
stabilized and standard methods. Our results illustrate that the stabilized method enables accurate recovery of crack-face tractions for stiff isotropic and anisotropic cohesive laws; whereas, the standard method
is less accurate due to spurious traction oscillations. Also, the stabilized method could mitigate spurious
sensitivity of load–displacement results to displacement increment in mixed-mode fracture simulation,
owing to its stability and accuracy.
REFERENCES
[1] Ghosh, G., Duddu, R. and Annavarapu, C., A stabilized finite element method for enforcing
stiff anisotropic cohesive laws using interface elements. Comput. Meth. Appl. Mech. Eng. (2019)
348:1013–1038.
[2] Annavarapu, C., Hautefeuille, M., and Dolbow, J., A Nitsche stabilized finite element method for
frictional sliding on embedded interfaces. Part I: single interface. Comput. Meth. Appl. Mech. Eng.
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CALIBRATION OF COUPLED DUCTILE FRACTURE LOCUS MODEL
USING ARTIFICIAL NEURAL NETWORKS
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Ductile damage and fracture modelling is essential for a broad spectrum of metal alloys
applications, ranging from large lightweight structures over car bodies to tiny electronic
components. Although sophisticated stress state dependent damage models have been proposed
in the literature, the complexity of the calibration procedure often hinders their application in
aerospace, automotive and electronics communities.
A coupled ductile fracture locus model [1] of AA-1050 aluminium alloy has proven capable of
capturing strongly different ductile failure modes, namely the behaviour of specimens
experiencing a wide range of various loading paths. The idea of this work is to further improve
the overall agreement of experimental and numerical results by employing Artificial Neural
Network (ANN) for material parameter identification, because of the great advantages of an
ANN based identification procedure over the classical inverse analysis [2].
The ANN model is developed and trained using numerical results of the finite element (FE)
simulations of dogbone tensile tests carried out under ANSYS Mechanical. For the training
data, the combinations of 4 material parameters of the ductile damage model [1] were designed
following a Box-Behnken matrix of a 4-variable system with 3 levels (minimum, medium,
maximum). FE simulations provided an insight into (i) local displacement fields, (ii) the
damage value in the critical gauge region and (iii) the global force-displacement curve resulting
from various parameter combinations. Using the numerical results (i-iii) of the FE simulations,
the ANN was trained by passing the training data throughout the complete numerical
experiment in specified increments. In this way, valuable information about the local complex
stress state evolution in a dogbone tensile test, from uniform strain over diffuse to localized
necking is taken into account. The ANN model validation is done by evaluating the model
predictability of material parameters of FE simulations unseen in the training stage.
Finally, the experimental data obtained from dogbone tensile test and Digital Image Correlation
(DIC) analysis was introduced to the trained ANN to identify the parameter set that predicts the
real mechanical response of the dogbone specimen in terms of local strain distribution, global
force-displacement curve and the instant of fracture. Even though the ANN calibration involved
a single dogbone specimen, thanks to the convenient inclusion of the local displacement field
evolution, the behaviour of notched and shear tension specimens is also successfully predicted.
REFERENCES
[1] Baltic, S.; Magnien, J.; Gänser, H.-P.; Antretter, T.; Hammer, R. (2019) (in press):
Coupled damage variable based on fracture locus: Modelling and calibration. In
International Journal of Plasticity. DOI: 10.1016/j.ijplas.2019.11.002.
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CHANNEL CRACKING IN A THIN FILM UNDER EXTERNAL
LOADING: EFFECT OF SUBSTRATE PLASTIC DEFORMATION
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F-91191 Gif-sur-Yvette, France, 1 DucVinh.NGUYEN@cea.fr, 2 Lionel.GELEBART@cea.fr
3
ENSTA Bretagne, UMR CNRS 6027, IRDL, F-29200 Brest, France,
matthieu.le saux@ensta-bretagne.fr

Key Words: Thin Film, Channel Cracking, Plastic Substrate, AMITEX FFTP
Cr-coated cladding materials are studied within the CEA-Framatome-EDF French nuclear fuel joint program as enhanced accident tolerant fuel claddings for nuclear light water reactors [1]. A Cr coating
of a few micrometers thick is deposited using a specific physical vapor deposition-type process onto a
zirconium-based alloy substrate of several hundreds of micrometers thick. The mechanical integrity of
the Cr coating is an important issue. Under certain conditions, at low temperature typically (e.g. room
temperature), channel cracking (cracks perpendicular to the coating-substrate interface) can be observed
in the coating when the cladding is subjected to a mechanical loading [2]. The coating first behaves in
a rather brittle manner. The formation of the first cracks corresponds to macroscopic plastic yielding of
the substrate.
In order to understand these results, the cracking of an elastic film on an inelastic substrate subjected
to an uniaxial mechanical loading is numerically studied using the AMITEX FFTP1 solver based on
the fast Fourier transform (FFT) [3]. The steady-state energy release rate, which is the driving force of
channel cracking, is calculated from the total potential energy difference between the non-cracked and
the cracked configuration [4]. The original use of a FFT-based solver in that context is first validated from
numerical comparisons with analytical and numerical results for a film cracking under residual stresses,
with an elastic or a plastic substrate [5].
Then, it is shown that the energy release rate increases with the external loading, in particular when the
substrate starts to yield. Furthermore, the effect of initial internal stresses is analysed. These simulation results provide valuable information to explain some of the experimental observations obtained so
far. The method could be used for further thermal-mechanical properties evaluation of the Cr-coating
deposited onto zirconium-based alloy upon in-service and/or accidental conditions.
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Fuel Claddings for Light Water Reactors. Journal of Nuclear Materials, 517 (2019) 268-285.
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[3] L. Gélébart and J. Derouillat, AMITEX FFTP - Simulations FFT massivement parallèles en
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Giens, Var, France.
[4] J.W. Hutchinson and Z. Suo, Mixed mode cracking in layered materials.. Advances in Applied
Mechanics, 29 (1992) 63-191.
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of the Mechanics and Physics of Solids, 44 (1996) 1411-1428.
1 http://www.maisondelasimulation.fr/projects/amitex/html/index.html

426

Computational
Kim
L. Auth, Jim
modeling
Brouzoulis,
of stress-assisted
Magnus Ekh and
oxidation
Ralf Jänicke
and intergranular fracture of polycrystals
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

COMPUTATIONAL MODELING OF STRESS-ASSISTED OXIDATION
AND INTERGRANULAR FRACTURE OF POLYCRYSTALS
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Critical gas turbine components, often fabricated from nickel-based superalloys, need to
withstand significant loading, high temperatures as well as an oxidative environment.
Prediction of the material behavior is crucial for reliable design of such components. Under
cyclic loading followed by long dwell times at high temperatures, intergranular fracture is
enhanced by oxygen rich environments such as the environmental air.
To account for this phenomenon a model for stress-assisted oxidation of the grain boundaries
in polycrystals is suggested and implemented in a finite element framework. Grain boundaries
are modelled by cohesive zones, cf. e.g. [1]. The proposed model combines the Xu-Needleman
cohesive law [2] with the environmental damage approach suggested by [3]. It accounts for a
full coupling between the acceleration of the diffusion process by mechanical stresses and the
decrease of grain boundary strength by oxygen diffusion into the grain boundaries. The
mechanical behavior of the grains is modeled by crystal plasticity.
Based on numerical examples of 2D polycrystal structures, analyses of the influence of the
coupling between the oxidation and the mechanical problem are conducted. Numerical aspects
such as finite element discretization, time stepping, and staggered algorithms are analyzed.
Finally, the resulting oxygen diffusion and stress relaxation as well as the influence of loading
direction and size dependence are discussed.
REFERENCES
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The fracture mechanics problems of dynamic loading of cracked engineering materials are
traditionally of interest in academia and industry, as cracks could be the main reason of
structures’ collapse. Solving any crack problems, the possible contact of the crack faces must
be taken into account, as it changes the distribution of the stresses and the displacements in the
vicinity of the crack not only quantitatively but also qualitatively [1].
The linear crack between two dissimilar elastic isotropic half-spaces under normal harmonic
shear loading is considered. The system of boundary integral equations for displacements and
tractions at the interface is derived from the dynamic Somigliana identity in the frequency
domain [2]. To take the crack faces’ contact interaction into account we assume that the contact
satisfies the Signorini constraints and the Coulomb friction law.
The problem is solved numerically using the iterative process – the solution changes until the
distribution of physical values satisfying the contact constraints is found [3]. The numerical
convergence of the method with respect to the number of the Fourier coefficients and mesh size
is proved. The effects of material properties and values of the friction coefficient on the
distribution of stress intensity factors (opening and shear modes) are presented and analysed.
Special attention is paid to the size of the contact zone and the results are compared with the
classical model solutions obtained for the static problems with friction [4]. In the future the
approach can be extended to three-dimensional fracture mechanics problems for layered
cracked materials under dynamic loading.
REFERENCES
[1] A.N. Guz and V.V. Zozulya, Elastodynamic unilateral contact problems with friction for

bodies with cracks. Int. Appl. Mech., Vol. 38(8), pp. 895–932, 2002.

[2] O.V. Menshykov, I.A. Guz and V.A. Menshykov, Boundary integral equations in

elastodynamics of interface cracks. Philos. Trans. R. Soc. A, Vol. 366(1871), pp. 1835–
1839, 2008.
[3] M. Menshykova, O. Menshykov and I.A. Guz, An iterative BEM for the dynamic analysis
of interface crack contact problems, Eng. Anal. Bound. Elem, Vol. 35, pp. 735–749, 2011.
[4] M. Comninou and J. Dundurs, Effect of friction on the interface crack loaded in shear, J.
Elast., Vol. 10, pp. 203–212, 1980.

428

Yang JiaoThermodynamically
Coupled
and Jacob Fish
Consistent Thermo-Mechanical Model of Silica Glass Subjected to
Hypervelocity Impact

Coupled Thermodynamically Consistent Thermomechanical Model of Silica Glass Subjected to
Hypervelocity Impact
Yang Jiao and Jacob Fish
Columbia University

Abstract
Silica-based glass may possess paradoxically high resistance to hypervelocity impact due to the
experimentally observed phase change emanating from high pressure characteristic to hypervelocity impact
combined with irreversible densification of the material, which leads to a highly efficient kinetic energyabsorption mechanism. In order to capture this extraordinary behavior of silica glass in hypervelocity
impact, a coupled thermo-mechanical model is developed in the framework of thermodynamics with
internal state variables. In addition to pressure induced densification (phase change), the proposed model
is aimed at capturing the effects of dramatic increase in temperature, stain rate sensitivity and
fragmentation/comminution of the material. The proposed model is based on the multiplicative
decomposition of the deformation gradient into thermoelastic and plastic parts. The irreversible
densification of silica glass is characterized by the plastic volumetric strain which is a basic internal state
variable associated with a molecular structure rearrangement due to phase change. Evolution of the plastic
deformation is described by a critical state plasticity model combined with damage evolution. In the absence
of damage, the elastic domain is fully informed by molecular dynamics simulations of perfectly intact silica
glass. With evolving damage, the atomistically informed elastic domain shrinks smoothly to another critical
state plasticity elastic domain which serves as a granular description of the fragmented/comminuted state
of the material. Thermo-mechanical coupling is considered where temperature rises as a result of
mechanical dissipation while mechanical behavior depends on temperature through thermal softening. In
addition, the model is capable of capturing both the material’s ductile behavior (featuring significant
densification due to high pressure) in the vicinity of projectile-target contact interface and its
characteristically brittle behavior exhibited elsewhere. This is achieved by introducing a brittle damage
initial criterion based on the thermodynamic driving force for damage that is analogous to the energy release
rate-based criterion for crack growth. Constitutive functions and material parameters in the model are
determined from the molecular dynamics simulations. The proposed model has been implemented in the
explicit coupled thermo-mechanical finite element code and validated against hypervelocity impact
experiments.
Keywords: silica glass, hypervelocity impact, critical state plasticity, thermo-mechanical coupling
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Failure of sheet metal is typically due to either localized necking or shear fracture, also respectively
termed as global and local ductility. Dual-phase steels outperform conventional steel grades (of comparable strength) in necking-controlled formability tests. They typically reveal more strain hardening,
leading to a high global ductility. This is not the case when they are subjected to a localized failure test
where necking does not occur, e.g. in shear loading. They often reveal a poor performance in such a
local ductility test. This apparent contradictory behaviour is known in the steel community as the edge
cracking phenomenon (reflecting the higher tendency to damage initiation at a sheared edge). The literature attributes this phenomenon to the intrinsic incompatibilty between the properties of the constituting
phases, but a precise explanation is still lacking. Therefore, an in-depth analysis was carried out on simplified dual-phase microstructures to unravel the edge cracking mechanism, reproducing observations
reported in literature. A higher global ductility (necking-driven) is obtained upon delaying the onset of
martensite plasticity (higher yield stress). This entails an increased mechanical phase contrast and more
heterogeneous stress-strain distributions, through which martensite will more rapidly reach its fracture
limit in shear loading. Hence, local ductility decreases.
In order to seek for a better compromise between global and local ductility, the strain hardening of
martensite needs to be increased to a level that is comparable to that of ferrite.
E-mail: v.rezazadeh@tue.nl
REFERENCES
[1] Teng ZK, Chen XM. Edge cracking mechanism in two dual-phase advanced high strength steels.
Materials Science and Engineering: A. 2014 Nov 17;618:645-53.
[2] Hance BM. Advanced High Strength Steel: Deciphering Local and Global Formability. InProc.
International Automotive Body Congress, Dearborn, MI 2016 Sep.

430

Elastic
G.
Phlipot,
and Viscoelastic
R. Glaesener,Fracture
J.-H. Bastek
Mechanisms
and D. Kochmann
in Truss Metamaterials
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

ELASIC AND VISCOELASTIC FRACTURE MECHANISMS IN
TRUSS METAMATERIALS
Gregory P. Phlipot¹, Raphael Glaesener², Jan-Hendrik Bastek²
and Dennis M. Kochmann¹,²*
1

2

California Institute of Technology, 1200 E. California Blvd., Pasadena, CA 91125, USA
ETH Zürich, Leonhardstrasse 21, 8092 Zürich, Switzerland, dmk@ethz.ch, www.mm.ethz.ch

Key Words: Fracture Toughness, Truss, Quasicontinuum, Elasticity, Viscoelasticity
We discuss the fracture mechanics of periodic truss networks, which emerges as the effective
macroscale response of the underlying structural architecture in the presence cracks and flaws.
Unlike in the classical continuum treatment of fracture mechanics, the discrete nature of the
truss network results in bounded stresses and strains – even in the linear elastic setting – and
strongly depends on the truss architecture (i.e., its topology and geometry) and the crack
orientation. For elastic trusses, we apply a quasicontinuum formulation [1] in order to extract
an effective fracture toughness by retaining full discrete accuracy near the crack tip and in
regions of localized large deformation, while efficiently coarse-graining away from those
regions. Inspired by coarse-grained atomistics, this technique enables the extraction of the
effective fracture toughness from truss architectures while minimizing the influence of spurious
boundary and size effects (which oftentimes corrupt numerical results of direct numerical
simulations due to domain size restrictions imposed by computational costs). We present results
obtained for the effective fracture toughness of a variety of 2D truss topologies and highlight
the importance of truss topology on stress blunting and stress concentration at the crack tip. We
further discuss why the classical quasicontinuum formulation is not appropriate for bendingdominated truss lattices and how to overcome the associated challenges.
Going beyond elasticity, we discuss the effect of viscoelasticity on the rate-dependent fracture
behavior of truss networks made of lossy (e.g., polymeric) base materials. Using a discrete truss
representation [2], we demonstrate that the truss architecture is of utmost importance here and
can, in conjunction with the base material properties, lead to an effective glass transition-type
phenomenon of the fracture toughness (strongly depending on loading rate), which can be
tailored by the truss architecture.
REFERENCES
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Two distinct length scale transition methodologies are developed to establish effective traction-separation
relations for fracture in composite materials within a hierarchical multiscale framework. The two methodologies, one kinetics-based and the other kinematics-based, specify effective fracture properties that satisfy a surface-based Hill-Mandel consistency condition. Correspondingly, the total amount of energy dissipated is the same whether a crack is described in detail with micro quantities or in terms of an effective
macroscopic crack. Though both methods guarantee consistency in terms of energy rates across length
scales, they provide in general distinct effective traction-separation relations. Several representative samples of fiber reinforced composites are analyzed numerically, including the formation and propagation
of cracks at mid-ply locations as well as (idealized) ply interfaces. Through post-processing of the microscale results, it is shown that the kinematics-based averaging method provides a macroscopic traction
that is prone to rapid fluctuations while the kinetics-based averaging method shows a more smooth response but with openings that can deviate from the surface average of the microscale openings. The two
methods are also compared with a previously-proposed scale transition methodology, which is a hybrid
method that only satisfies the Hill-Mandel condition approximately [1, 2]. The suitability of the three
methods is discussed in light of the results obtained from the simulations.
REFERENCES
[1] Turteltaub, S., van Hoorn, N., Westbroek, W. and Hirsch, C., Multiscale analysis of mixed-mode
fracture and effective traction-separation relations for composite materials, Journal of the Mechanics and Physics of Solids, (2018) 117:88–109.
[2] Turteltaub, S. and de Jong, G., Multiscale modeling of the effect of sub-ply voids on the failure of
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Microcracks influence on the elastic properties of materials has been studied extensively through various modelling approaches. This paper aims to further the inquiry into thermal properties, considering both steady-state conduction and thermoelasticity. Taking into account the induced anisotropy (due
to the oriented nature of cracks) and unilateral effect (different behaviour whether cracks are open or
closed) remains an open research field. Using homogenization techniques, this work intends to present
closed-form estimates of the effective thermal properties of a media weakened by arbitrarily oriented
microcracks with unilateral behaviour.
One considers a 3D Representative Volume Element (RVE) composed of an isotropic matrix with randomly distributed families of parallel penny-shaped microcracks. Uniform macroscopic temperature gradient
(for thermal conduction) and uniform macroscopic strain (for thermoelasticity) are applied on the outer
boundary of the RVE. Open cracks are supposed to obey the adiabatic condition and are also stress-free.
Following Deudé et al. [1], closed cracks are represented by a fictitious isotropic material accounting
for some heat transfer and stress continuity. Works of Eshelby allow deriving microscopic temperature
gradient and thermoelastic stress for ellipsoidal inclusions. Dilute and Mori-Tanaka schemes and Ponte
Castañeda-Willis bound were thus developed owing that cracks aspect ratio tends towards zero.
All modelling representations show a cracks-induced anisotropy of the overall thermal conductivity [2]
and thermoelasticity of the microcracked material. For both properties, the major degradation induced by
a given family of open defects is obtained in the direction normal to these microcracks. Such influence
depends also on the cracks density, the considered estimate and the related cracks spatial distribution.
On the other hand, a family of closed cracks do not contribute to any degradation of thermal properties.
Contrary to elastic properties, microcracks closure here thus corresponds to the total deactivation of their
influence on the conduction and thermoelastic behaviour of the material.
This study provides some relevant information to further develop a fully coupled thermo-mechanical
model with evolving damage.
REFERENCES
[1] Deudé, V., Dormieux, L., Kondo, D. and Pensée, V. Propriétés élastiques non linéaires d’un milieu
mésofissuré. C. R. Mécanique (2002) 330:587–592.
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properties of microcracked media: Accounting for the unilateral effect. C. R. Mécanique (2019)
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Crack growth is a general failure mechanism that dominates the life of many engineering components, like
turbine blades that operate under high temperature and high frequency cyclic loading. To capture the dynamic
behavior of engineering structures under high frequency cyclic loading in the time domain, very short time steps
are required. Additionally, a large number of cycles for crack growth simulations are necessary to evaluate the
residual lifetime. This work presents the application of the extended finite element method (XFEM) to dynamic
crack propagation with thermo-mechanical coupling and gradient-enhanced damage. To reduce the high computational costs for the simulation of a large number of cycles, an explicit time integration method is adopted
to solve the transient thermal and dynamic mechanical fields, along with nonlocal damage simultaneously[1].
In addition, an improvement of the level set technique[2] for a more robust update of the crack representation
is presented. Some linear elastic fracture mechanics examples show the accuracy and the robustness of the
employed approach.
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The aim of this presentation is to propose a fast numerical approach for computing the shear stress
amplitude during loading cycles.
For fatigue life analysis of metals, lots of multi-axial theories are of the critical plane type and they
need to determine the facet on which the shear stress amplitude is maximal. This approach consists to
calculate the shear stress amplitude on all facets at a given material point, and for high-cycle multi-axial
fatigue, one can cite the first version of the well-known Dang Van criterion [1]. However, the research of
the critical facet is very time consuming from the calculation point of view.
To avoid the computing time difficulty, Dang Van et al. [2] proposed a second version of its criterion that
consists to estimate the shear stress amplitude in the space of the deviator. In the same way, our analysis
is based on the material history in the space of the deviator. We use a method based on the geometrical
approach proposed by Fischer et al. [3] for searching the smallest ball containing the material history in
the deviator space as suggested by Dang Van et al. [2].
Moreover, we show that the calculated maximal amplitude can be used as a satisfactory majoration of the
amplitude obtained with critical plane theories. The main benefit of the approach developed is its very
low CPU time consuming compared to the algorithms used in the literature.
By this way, the proposed approach allows analyzing a high number of material points in the case of
the FEM analysis of a structure or a high number of temporal points in the case of an experimental high
frequency measurement.
The algorithms proposed are applied on two types of cases: analytic and experimental industrial multiaxial cyclic loadings. The results show on one hand the relevance of the method and on the other hand the
efficiency and the robustness of the numerical algorithms proposed by comparison with others methods.
REFERENCES
[1] Dang Van K., Sur la résistance à la fatigue des métaux. Sciences et techniques de l’Armement,
1973, N o 47, 3ème fascicule, pp. 641-722.
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keru@chalmers.se

Key Words: Gradient crystal inelasticity, Grain boundary interaction, Decohesion
The macroscopic constitutive properties of a polycrystalline metal depend, among other things, on the
size and shape of the individual grains and on the nature of interaction along the grain boundaries. A
standard way of introducing a length scale in crystal inelasticity models is by incorporating gradient
variables (slip gradients) in the free energy density, which typically results in an extra set of constitutive
equations (commonly denoted microforce balance in the literature, refer, for instance, to [1]). These
microforce balance equations require additional boundary conditions that are thermodynamically well
motivated, e.g. [2].
In addition, the corresponding interface conditions along grain boundaries must be able to account for the
mismatch of crystal orientation of the neighboring grains as well as the more conventional mechanical
interaction. Most importantly, it is desirable to incorporate the coupling between the gradient (microtraction) interaction and decohesion that is expected at sufficiently extensive macroscopic strain levels. An
energetic and dissipative microtractions model is applied. The introduced decohesion model is based on
proper fracture energy measures in tensile and shear loadings. In this presentation, we discuss the appropriate modeling framework and illustrate our approach by numerical results utilizing the Finite Element
Method.
REFERENCES
[1] Gurtin, M.E., A gradient theory of single-crystal viscoplasticity that accounts for geometrically
necessary dislocations. J. Mech. Phys. Solids (2002) 50(1):5–32.
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Peridynamics is a recently developed theory of solid mechanics introduced in [1]. In peridynamics,
the partial differential equations of the classical continuum theory are replaced with integral equations.
Peridynamics is therefore especially convenient to capture discontinuities such as cracks without the
complications of mathematical singularities.
In a peridynamic simulation, the material is represented by discrete points in a regular grid and interactions of each pair of points are considered only within a certain radius, the so-called horizon. For
numerical implementation, we use an analogy with finite element analysis, adopted from [2], to represent
a bond-based peridynamic system by a finite element truss model. The resulting macroscopic response
of the material is dictated by the properties of individual truss elements, which represent bonds on the
microscopic level. We consider elastic-brittle links or elastic-damaging links with a linear softening. For
each link, the elastic micromodulus and critical strain are evaluated as a function of its length. Various
combinations of length functions are employed to achieve a variety of macroscopic responses.
In this contribution, we focus on the effect of the specific choice of micromodulus function and critical
strain function on the evolution and localization of damage. A detailed one-dimensional study of localization mechanisms is performed and supplemented by several two-dimensional examples dealing with
a periodic unit cell. Furthermore, a convergence study of the adopted numerical representation of the
peridynamic model is provided.
Acknowledgement
This research has been performed in the Center of Advanced Applied Sciences (CAAS), financially supported by the European Regional Development Fund (project No. CZ.02.1.01/0.0/0.0/16 019/0000778).
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Non-local Continuum Modeling of Fluid Driven Fracture in Porous Media
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Fluid-driven fracture in porous media is achieved by applying large pressure on a deformable
porous solid skeleton. The fracture process involves coupled mechanical failure as well as
changes to transport properties (e.g. permeability) of the porous material. In this research, we
propose a continuum non-local formulation for coupled damage and transport in porous media.
The formulation is motivated from experimental observations and is based on thermodynamics
principles. The non-local damage represents the extended micro-fracture network surrounding
the macro-fracture. The non-local transport represents the long-range sub-scale capillary
networks leading to fluid dissipation away from the macro-fracture. The non-local damage and
transport contributions are introduced as contributors to the overall Free Energy, which is then
used to derive the state laws and constitutive relationships. The non-local transportation
definition proves analogous to the Darcy-Brinkman fluid flow which realizes second-order
porosity and transport effects. The constitutive model definition features a stress-dependent
damage and permeability functions that allow for capturing the material non-linear deformation
and transport effects. A mixed finite element formulation is developed and the non-linear system
of equations is solved monolithically in an implicit scheme.
The developed model is used to analyze benchmark problems such as hydraulic fracturing of
geomaterials and damage enhanced consolidation. The model response is consistent with
findings from previous studies, and the solution demonstrates mesh-independence. The
developed continuum model allows for the exploration of physical phenomena beyond the
capabilities of discrete fracture modeling, for example, quantifying the fluid leakoff from the
sides of the macro-fracture.
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Comminution is an essential process in mineral processing during which the size of run of mine
material is reduced through breakage to increase the downstream likelihood of liberation of
valuable minerals. Several factors, such as pre-weakening, mineralogical composition and
particle size, are known to affect ore breakage behaviour. While investigating the contributing
role of each factor is essential to improve the understanding of breakage, isolating individual
factors by experiment is typically impractical. Numerical techniques such as the Bonded
Particle Model-Discrete Element Method (BPM-DEM) have been developed as a means of
examining a closely controlled breakage environment. This study utilises this technique in
modelling the effect of pre-weakening and mineralogical composition on the breakage of
synthetic ore specimens during impact breakage in a short impact load cell (SILC).
Results confirm that the force required for fracture decreases as the extent of pre-weakening
increases. An increase in the composition of the soft component mineral phase similarly results
in a decrease in fracture force. These simulations demonstrate the potential causes of the
variation observed between laboratory ore hardness characterization tests and in situ ore
behaviour and highlight the potential benefits in energy reduction that can be obtained by preweakening of ores and closely monitoring their mineralogy.
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In this work, it is proposed to evaluate the predictive capacity of the Lemaitre and Gurson
damage models, through the simulation of notched specimens, manufactured from the AA6101T4 and AISI 4340 annealed alloys. For this, both models are implemented in a finite element
academic tool. The simulations are carried out for smooth and notched cylindrical specimens,
with notch radii of 10, 6 and 4 mm. The displacements obtained numerically at fracture are
captured, with those experimentally observed. Also, the reaction strength levels of the
numerical and experimental reaction curves are evaluated, checking the influence of the stress
triaxiality on the numerically calculated values. The location of the beginning of the ductile
fracture, based on the node with the highest damage value, is also evaluated and compared with
the beginning of the fracture observed in the experimental tests. At the end, the levels of
equivalent plastic strain at fracture are calculated using the two models and observed their
behavior as a function of the stress triaxiality. It is observed that the Gurson model has greater
precision in determining the displacement in the fracture, for stress triaxiality greater than 1/3.
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On the equivalence between the multiplicative hyper -elastoplasticity and the additive hypo-elasto-plasticity based on the
modified kinetic logarithmic stress rate 1
Yang Jiao and Jacob Fish
Columbia University

Abstract
The talk critically examines a half a century old idea of decomposing the rate of deformation into elastic
and plastic parts. We show that even the most recent additive variant based on the logarithmic rate is
inconsistent with the notion of elasticity in so-called unloading stress ratchetting obstacle test while the
earlier corotational variants based on the Jaumann and Green-Naghdi rates are well known not to be
integrable.
In two theorems, we then prove and subsequently demonstrate in several numerical examples involving
homogeneous deformation that for isotropic materials, hyper-elasto-plasticity models based on the
multiplicative decomposition of the deformation gradient coincide with an additive hypo-elasto-plasticity
model that employs the spin tensor based on so-called kinetic logarithmic rate. We also show that other
well-known additive decomposition models, such as those based on the Jaumann and logarithmic rates,
may considerably deviate from the multiplicative model.
The proposed model has been implemented in the explicit coupled thermo-mechanical finite element code
and validated against hypervelocity impact experiments.
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Low cycle fatigue is in general associated with large plastic strains accompanied by the formation and
coalescence of pores, i.e., ductile damage. Regarding continuum mechanics, many local constitutive
frameworks dealing with ductile damage are nowadays available in the literature, e.g. in [1]. However,
most of these models do not involve any length-scale and are ill-posed from a mathematical point of view.
This leads to a pathological mesh dependence as far as the finite element method is concerned. On the
basis of the micromorphic approach proposed in [2, 3] the local anisotropic ductile damage model in [1]
is regularized. By doing so, the gradient-enhanced model inherits the structure of the corresponding local
model, i.e., the constitutive equations are preserved. In this talk, it will be shown that a straightforward
implementation of the micromorphic approach fails in regularizing ductile damage models of Lemaitretype. A modified version will be elaborated and its capabilities will be visualized. Beyond that, the
model in [1] will be extended to finite strains, to thermomechanics as well as to cyclic testing. Finally,
the capabilities of the model to capture the material response under cyclic loading up to a few hundred
cycles until failure will be shown on illustrative example.
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[1] Menzel, A., Ekh, M., Steinmann, P. and Runesson, K. Anisotropic damage coupled to plasticity:
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The Thick Level Set (TLS) method is a damage model containing a non-local treatment that prevents
spurious strain localization. In this method, the location of damage front that separates the damaged
material from the undamaged one is tracked by a single level set field, whose evolution is in turn dictated
by the non-local energy release rate of the material. Furthermore, the TLS damage variable is assumed to
be a function of the distance to the damage front changing over a thick band of material with a predefined
width. The TLS method has been proposed in a staggered solution scheme in which displacements and
damage are separately computed. From an existing level set configuration, the displacement field is
computed in a standard finite element analysis, i.e. with fixed damage distribution; as a result, this leads
to a robust framework for handling with topological events as merging and branching.
From implementation point of view, the global solution scheme of the TLS contains three modules; each
one responsible for specific tasks: update of the level set field, equilibrium solution of the problem and
damage front evolution. Despite its robustness and versatility, the TLS is a computationally demanding analysis approach, mainly because its equilibrium solution phase. The high computational demand
comes from the fact that the TLS requires element sizes significantly smaller than the width of the damage band in order to achieve a desirable accuracy. This issue can be further amplified if the size of this
width is constrained to be small relative to the geometry of the problem being investigated.
Parallel iterative solver strategies with Domain Decomposition (DD) methods may be used to accelerate
finite element simulation [1]. The main idea behind the DD approach is to divide the whole domain
into sub-domains that can be solved almost independently on distributed processes. Some exchange
of data between the neighboring sub-domains is necessary, since the solution on one sub-domain is
not completely independent of other sub-domains. Because of the DD data structure, extra care is still
required with the two remaining analysis phases, since they are mostly sequential in nature.
This work seeks to describe how to apply the DD framework to obtain a parallel implementation version
of the TLS method. It demonstrates how to handle the TLS-specific analysis phases that spawn multiple
tasks, where time-demanding parts of the solution scheme are performed in parallel while other parts
that require global solution strategies are kept sequential. Results obtained with the proposed parallel
framework are quantitatively assessed by speed-up and load-displacement curves.
REFERENCES
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Over the past two decades, refinement of microstructure in metallic materials from ordinary coarsegrained (CG; grain size dCG ≥ 10 µm) down to ultrafine-grained (UFG; grain size dUFG ≤ 1.0 µm, has
been proved as one of the best approaches for achieving superior strength. However, the downside of
bulk homogeneous UFG metals is their rather poor ductility.
Since both strength and ductility are important characteristics for the majority of structural applications,
fabrication of materials, with superior combinations of both, remains a hot issue in material engineering.
Fabricating structures with rather wide, gradient or, better, bimodal grain size distributions appears to be
very efficient for the enhancement of ductility at a little compromise in strength. Recently, a new concept
of ‘architechtured’ microstructure design called ‘harmonic structured materials’ (HS), which implies
solid bulks having continuous three-dimensional network of strong UFG skeleton filled with islands of
soft CG regions, was proposed and in addition a technological route for HS materials fabrication based
on powder metallurgy approach and proved the concept at a variety of materials is established.
Recent studies employing a simulation with classical continuum models demonstrate higher structural
efficiency in heterogeneous materials and suggest the development of new directions in respective area.
However, classical continuum mechanics models cannot accurately resolve micro/nanoscale phenomena. Due to the limitation of local continuum framework in this paper, a peridynamic model for bimodal
harmonic-structure distributions of grain size in pure nickel and copper were developed in order to investigate the non-local phenomena which inevitably influence the material behavior under loading.
In this paper, a peridynamic model of a thin harmonic structured metal sheet is subjected to deformation
at a high strain rate. Fracture as well as mechanical vibrations are exhibited.
REFERENCES
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Phase-field models based on the variational formulation for anisotropic fracture have recently been gaining popularity. These models have proven the capability of predicting complex anisotropic crack in
polycrystalline materials (e.g. [1]) or modeling complex fracture phenomena (e.g. transverse and longitudinal damage [2]). In this work we propose an anisotropic phase-field model to simulate crack initiation
and propagation in directional porous polymers. Here different damaging mechanisms are involved, the
cracks induced by coalescence of the directional distributed pores are defined as interfacial damage and
the cracks in the matrix are defined as the classical damage. Associating with each damage variable a
different dissipated fracture energy is defined. The coupling between all mechanisms is achieved through
the degradation of the elastic stiffness. In order to accurately and robustly obtain the degraded elastic
stiffness corresponding to the interfacial damage, a numerical homogenization method based on strain
approach is used. Then, the different problems (mechanical, interfacial damage and phase field problems) are derived and an algorithmic procedure is described. Numerical examples show the capabilities
of the method to handle initiation, propagation and interactions between both bulk cracks and interfacial
cracks in directional porous polymers.
REFERENCES
[1] T.-T. Nguyen, J. Rethore, J. Yvonnet and M.-C. Baietto. Multi-phase-field modeling of anisotropic
crack propagation for polycrystalline materials. Comput Mech (2017) 60:289–314.
[2] J. Bleyer and R. Alessi. Phase-field modeling of anisotropic brittle fracture including several damage mechanisms. Comput. Methods Appl. Mech. Engrg. (2018) 336:213–236.
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Rate dependent failure mechanism in 2D and 3D polycrystalline structures
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We present a micromechanical computational framework for the direct mesoscale simulation
of high strain rate failure mechanisms in 2D nanostructures and 3D bulk materials based on the
Optimal Transportation Meshfree (OTM) method [1] and the microstructure-informed Eigenfracture approach [2, 3]. A statistically equivalent polycrystal structure is reconstructed to
match the probability distribution functions of the grain size, grain orientation, and grain
boundary misorientation measured in experiments [4]. A crystal elasticity model with damage
is employed to predict the anisotropic dynamic response of the polycrystalline structure. The
critical energy release rate as a function of the local micro-features is evaluated in first principle
calculations and utilized in the Eigen-fracture approach to predict the interactions between the
crack front and the microstructure. The computational model is validated by directly comparing
the predicted compressive strength of 6H-SiC at various strain rates against Split-Hopkinson
pressure bar (SHPB) experiments [5]. The influence of the microstructure on the dynamic
failure mechanisms of graphene is also quantified by using the proposed computational scheme.
The analysis demonstrates that the ultimate macroscopic strength of materials is controlled by
the competition and combination of intergranular and transgranular fracture patterns in the
microstructure at high strain rates [6].
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Based on a numerical model to simulate the static behaviour of a smooth fibre extracted from a cementitious matrix [1], a rate dependent friction law, widely used in earthquake engineering for steady-state slip
phenomena, is proposed to capture the rate effect observed in dynamic pull-out tests for both smooth and
hooked-end fibres [2]. After calibrating the friction coefficients with the experimental results of smooth
fibres, the model is subsequently applied to predict the pullout behaviour of both smooth and hookedend fibres at different inclination angles (loaded at three different velocities (0.01, 0.1 and 1 mm/s).
The global tendency of all the pull-out curves was captured, fibre’s cross sectional deformations were
also reproduced remarkably well. Moreover, the developed model helps to cast light on the different
mechanisms related with the pull-out process [3].
REFERENCES
[1] Zhang, H. and Yu, R.C. Inclined fiber pullout from a cementi- tious matrix: a numerical study.
Materials(2016). 9,800.
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447

Lei Liu, Francesco Maresca,
Re-Understanding
the Martensite/Ferrite
Johan Hoefnagels,
Interface
MarcDamage
Geers and
Initiation
VarvaraMechanism:
Kouznetsova
the Key Role
of Substructure Boundary Sliding
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

RE-UNDERSTANDING THE MARTENSITE/FERRITE INTERFACE
DAMAGE INITIATION MECHANISM: THE KEY ROLE OF
SUBSTRUCTURE BOUNDARY SLIDING
Lei Liu∗ , Francesco Maresca† , Johan P.M. Hoefnagels§ , Marc G.D. Geers§ and Varvara
G. Kouznetsova§
Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands
Materials Innovation Institute (M2i), 2600 GA Delft, The Netherlands
l.liu@tue.nl
†
Engineering and Technology Institute Groningen, Faculty of Science and Engineering, University of
Groningen, 9747 AG Groningen, The Netherlands
f.maresca@rug.nl
∗

§

Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands
j.p.m.hoefnagels@tue.nl
m.g.d.geers@tue.nl
v.g.kouznetsova@tue.nl

Key Words: Dual-phase steel, Martensite/ferrite interface, Damage initiation, Substructure boundary
sliding, Microstructural morphology, Crystal plasticity
Abstract: Martensite/ferrite (M/F) interface damage plays a critical role in controlling failure of dualphase (DP) steels and is commonly understood to originate from the large phase contrast between
martensite and ferrite. This however conflicts with a few, recent observations, showing that considerable M/F interface damage initiation is often accompanied by apparent martensite island plasticity and
weak M/F strain partitioning. In fact, martensite has a complex hierarchical structure which induces a
strongly heterogeneous and orientation-dependent plastic response. Depending on the local stress state,
(lath) martensite is presumed to be hard to deform based on common understanding. However, when
favourably oriented, substructure boundary sliding can be triggered at a resolved shear stress which is
comparable to that of ferrite. Moreover, careful measurements of the M/F interface structure indicate the
occurrence of sharp martensite wedges protruding into the ferrite and clear steps in correspondence with
lath boundaries, constituting a jagged M/F interfacial morphology that may have a large effect on the
M/F interface behaviour. By taking into account the substructure and morphology features, which are
usually overlooked in the literature, this contribution re-examines the M/F interface damage initiation
mechanism. A systematic study is performed, which accounts for different loading conditions, phase
contrasts, residual strains/stresses resulting from the preceding martensitic phase transformation, as well
as the possible M/F interfacial morphologies. Crystal plasticity simulations are conducted to include
inter-lath retained austenite (RA) films enabling the substructure boundary sliding. The results show
that the substructure boundary sliding, which is the most favourable plastic deformation mode of lath
martensite, can trigger M/F interface damage and hence control the failure behaviour of DP steels. The
present finding may change the way in which M/F interface damage initiation is understood as a critical
failure mechanism in DP steels.
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Topology optimization to increase the resistance of composite structures to fracture resistance is a relatively new subject. In recent works [5, 1], we have developed a framework combining the phase ﬁeld
method [2, 4] and BESO method [3] to increase the fracture energy of a heterogeneous structure, implying the whole fracture initiation and propagation until total failure of the structure. In this context,
the topology of one phase is changed to increase the fracture resistance, under constraints like a given
volume fraction. The advantage of the phase ﬁeld method is its ability to initiate cracks and to perform
crack simulations in ﬁxed meshes, which is of great importance in topology optimization strategies. In
[1], we have extended the framework to interfacial damage, allowing crack initiation from interfaces.
In the present work, we extend the approach to periodic composites, multi-objectives optimization, for
e.g. optimization problems with multiple loads. We also present comparisons of optimized heterogeneous structures when using different topology optimization schemes (here SIMP and BESO). Several
examples in both 2D and 3D are presented.
REFERENCES
[1] D. Da, J. Yvonnet, L. Xia, and G. Li. Topology optimization of particle-matrix composites for optimal fracture resistance taking into account interfacial damage. International Journal for Numerical
Methods in Engineering, 115(5):604–626, 2018.
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Simulation of fatigue crack initiation as well as growth is a challenge as the damage growth occurs over
a large number of cycles, moreover, the stress-state differs drastically between the stages of initiation
ahead of a notch and propagation of a fully grown crack. For the prediction of crack growth subjected
to monotonic and cyclic loads, cohesive zone model (CZM) is widely used in recent years [1]. CZM,
uses a phenomenological approach in which the constitutive behaviour of the process zone ahead of the
crack tip is represented by a traction-separation law (TSL) in which traction increases with separation till
a critical separation and eventually reduces to zero. In the present paper, a stress-state dependent cyclic
cohesive zone model is formulated and implemented in plane strain finite element simulations of mode-I
crack growth.
Cyclic traction-separation behaviour for cohesive elements is formulated using the stress-state parameand ˆ = ˙˙ 33
from the neighboring continuum element. A one dimensional
, = 33
, ˆ = ˙˙ 11
ters, = 11
22
22
22
22
yield surface for the opening traction is formulated using the stress-state parameters in which the state
variable, traction and internal variables such as plastic separation and damage are updated for every
incremental separation based on the formulated stress-state dependent TSL and using stress-state parameters in it. For updating the current traction a return mapping algorithm is used. The formulated TSL is
able to reproduce the elastic-plastic hysteresis loop within the process zone accurately for applied cyclic
remote load.
The softening behaviour of the TSL is a consequence of monotonic damage due to macroscopic plasticity
[2] as well as fatigue damage due to microscopic plasticity [3] which accumulates with the incremental separation of the cohesive elements. The behaviour of the cohesive elements are formulated and
implemented in ABAQUS using the user subroutines.
The model is implemented as interface elements and plane strain FE simulations are performed by placing the cohesive elements along the mode-I failure path in a mesh of a compact tension fracture specimen.
We show that by incorporating an accurate description of elastic-plastic behaviour of the process zone,
the model is effective in reproducing experimental trends on the retardation effects for different combinations of tensile and compressive overloads.
REFERENCES
[1] Kuna M, Roth S. General remarks on cyclic cohesive zone models. Int J Fract. 2015;196:14767
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Concurrent multiscale methods for solid mechanics are essential for the understanding and prediction of
behavior of engineering systems when a small-scale event will eventually determine the performance of
the entire system. In [1], the domain-decomposition-based Schwarz alternating method was proposed
as a means for concurrent multiscale coupling in finite deformation quasistatic solid mechanics. It was
proven that the method converges to the single-domain solution provided each of the subdomain problems is well-posed, and that the convergence rate is geometric. The method was implemented in Sandia’s
research and production codes, and demonstrated to have a number of appealing features and advantages
over competing multiscale coupling methods, most notably its concurrent nature (i.e., the ability to exchange information back and forth between small and large scales), its ability to couple non-conformal
meshes with different element topologies, and its non-intrusive implementation into existing codes. Accuracy, convergence and scalability of the proposed method were demonstrated on several numerical
examples.
Herein, we focus on our extension of the Schwarz alternating formulation to dynamic solid mechanics
problems as described in [2]. As with the quasi-static version of the method, the basic idea is to use the
solution of a partial differential equation on two or more regularly shaped subdomains to iteratively build
a solution for a more complex domain. Although our dynamic Schwarz formulation is not based on a
space-time discretization like other dynamic Schwarz-like methods; it is nonetheless equivalent to applying the method to the entire domain on the space-time continuum, and thus its lack of dynamic artifacts
and strong convergent properties. The method is formulated by using a governing time-stepping algorithm that controls time-integrators within each subdomain. As a result, the method is straight-forward
to implement into existing codes, and allows the analyst to use different time-integrators with different
time steps within each subdomain. We demonstrate on several test cases that coupling using the proposed
method introduces no dynamic artifacts that are pervasive in other coupling methods (e.g., spurious wave
reflections near subdomain boundaries), regardless of whether the coupling is done with different mesh
resolutions, different element types like hexahedral or tetrahedral elements, or even different time integration schemes, such as implicit and explicit. Furthermore, on dynamic problems where energy is
conserved, we show that the method is energy-preserving.
Sandia National Laboratories is a multimission laboratory managed and operated by National Technol-
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Figure 1: Tension specimen subjected to dynamic loading leading to necking. The ends are meshed with 8node hexahedral elements, and the center is meshed with 10-node composite tetrahedral elements [3]. The three
subdomains are coupled using our formulation of the dynamic Schwarz alternating method [2].

ogy & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International
Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DENA0003525.
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ABSTRACT
The objective of this mini-symposium is to provide a forum for the in-depth discussion of new
and recent analysis methods that simulate the non-linear deformation, damage and failure of
structural composite materials. Such models may address different matrices (e.g. polymer,
ceramic, metal), different reinforcement materials (e.g. carbon, glass) and architecture (e.g.
laminates, fabrics, spread tows). Abstracts submitted to this mini-symposium may also include
models developed at different length and time scales, addressing quasi-static or dynamic
loading and degradation mechanisms such as fatigue. Recent developments on the constitutive
and kinematic representation of the failure mechanisms of composite materials are also within
the scope of this mini-symposium. In summary, the following topics are welcome:
¥
¥
¥
¥
¥
¥
¥
¥
¥

Failure of polymer, ceramic and metal-matrix composites.
Failure of unidirectional, non-crimp, braided and woven fabrics.
High-strain rate response of composites.
Simulation of composites under fatigue loading.
Micro, meso, and macro-mechanical modelling of composites.
Multi-scale modelling of composites for structural length scales.
Advanced kinematic representations of discrete fracture in composites.
Simulation of the hygro-thermal degradation of polymer composites.
Effect of defects and uncertainties
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Three dimensional (3D) fibre-reinforced composites have shown a number of positive properties. Along
with weight efficient stiffness and strength, 3D fibre-reinforced composites have demonstrated promising
damage, fracture and impact performance. They have also shown high specific energy absorption capabilities. The widespread adoption of 3D woven composites in industry however, requires the development
of efficient computational tools. These tools must be able to capture how the material deforms and is
damaged under mechanical loading. Many approaches reported in the literature explicitly consider 3D
fibre-reinforced composite at the micro and meso-scales. While this allows for a detailed understanding
of subscale behaviours, it requires substantial computational resources for larger structural components.
Another, more computational efficient option, is then to consider a macroscale homogeneous material
material model of orthotropic nature, such as that in [1].
This work presents a macroscale, phenomenologically based constitutive model for 3D fibre-reinforced
composites. A stress and strain decomposition proposed first by Spencer [2] and later used by e.g. Nedjar
[3] and Vogler et. al [4] is extended to the case of 3 mutually perpendicular reinforcement directions.
These decompositions provide an ideal framework that fulfills thermodynamic principles. The proposed
structural tensor based framework allows for the stress and strain tensors to be divided into two main
parts; one driven by the behaviour of the fibre reinforcement, the other driven by the matrix response.
Nonlinear shear behaviour is captured using a crystal plasticity inspired model with viscoelastic slip
planes. Further, the decomposition naturally allows for the introduction of separate evolution equations
for the damage developing in the different material constituents. The proposed model is validated against
experimental testing.
REFERENCES
[1] Hurmane, A., Mavel, A., Paulmier, P. and Laurin, F. Combined Experimental and Modeling Approaches for Strength Analysis of 3D Woven Composites: from Elementary Coupons to Complex
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[4] Vogler, M., Rolfes R. and Camanho P.P. Modeling the inelastic deformation and fracture of polymer
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In this study, we examine the mechanical property of the composite material, which consists of glass
ﬁber and matrix involving the initiation and propagation of the discontinuities using the multi-scale
simulation. Developing the mechanical property of the composite material has been interested in the
many engineering ﬁelds. However, the composite material, which consists of the matrix and the ﬁber
is complicated and involves the anisotropic, makes predicting the strength difﬁcult. Moreover, the ﬁber
reinforced plastic (FRP) exhibits the discontinuous deformation during the loading[1].
The ﬁnite element method (FEM) based on continuum mechanics is employed to predict the mechanical
property involving each dependency or microscopic structure affects. The constitutive model considering
the degradation of the material, however, it is not good at dealing with the discontinuous surfaces. On the
other hand, A multi-scale simulation, which considering the micro-macro coupled behaviors is widely
accepted by their capability to simulate the macroscopically complex responses from their microscopic
simulations for unit-cells[2]. The multi-scale analysis is one of the candidates to estimate the mechanical
behavior considering the microscopic structural effect. A multi-scale analysis based homogeneous theory
for the periodic microscopic structure has been introduced for studying micro-macro coupled behaviors
and widely accepted by their capability to simulate the macroscopically complex responses from their
microscopic simulations for unit-cells. The multiscale analysis is one of the candidates to estimate
the mechanical behavior considering the microscopic structural effect. In this paper, to understand the
process of the failures with composite, the multi-scale simulation was executed.
Firstly, a short ﬁber model is used to investigate the ﬁber orientation effects on macroscopic behavior and
mechanical properties. The simulation results are compared with the experimental results. Finally, the
criterion of failure is examined to deal with the initiation and propagation of discontinuities, additionally
trying to describe the macroscopic discontinuous deformation. Consequently, we conﬁrm the correlation
between the calculated microscopic effects and the macroscopic mechanical properties.
REFERENCES
[1] Durate, A.P.C., Dı́az Sáez, A. and Silvestre, N. Comparative study between XFEM and Hashin
damage criterion applied to failure of composites. Thin-Walled Structures (2017) 115:227–288.
[2] Terada, K. and Kikuchi, N. A class of general algorithms for multi-scale analyses of heterogeneous
media. Comput. Methods Appl. Mech. Eng.(2001) 190:5427–5464.
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Fatigue-driven delamination is one of the main damage modes leading to the final failure of composite
laminated structures such as wind turbine blades or aircraft parts. Great advances have been achieved in
recent years on accurate modelling of delamination onset and growth under fatigue loading by the use of
Cohesive Zone Models (CZM) integrated into cohesive interface finite elements. However, such models are still computationally expensive and complex to build and mesh thus having limited use on a full
structural scale. A new analysis methodology named the Floating Node Method (FNM) has recently been
proposed [1] that can overcome most of the causes behind current models high computational costs and
setting-up difficulty. This new methodology can be used to model delamination integrating CZM in the
numerical formulation, making it highly interesting for the modelling of fatigue-induced delamination
growth. In this work, an FNM based element capable of modelling delamination growth under fatigue
loading of a Double Cantilever Beam (DCB) specimen with only one element in the thickness direction
is presented. The purpose of the model is to demonstrate the ability of the FNM based enhancements
to model fatigue by using advanced CZM based fatigue formulations, improving the results of existing
formulations while gaining in computational efficiency. As a first step towards further developments,
the presented formulation uses an FNM enhanced 2D solid isoparametric elements as a base to model
the laminate. The delamination growth is accounted for using a model based on [2] which combines a
quasi-static cohesive zone model with a Paris law to assess the delamination growth using an envelope
approach. Different enhancing possibilities within the FNM such as dynamic addition of cohesive interfaces and local refinement without remeshing are implemented in the formulation following [3]. The
results of the analysis of a DCB specimen will be presented at the conference focusing on the accuracy
and efficiency of the model compared to other models and experimental data sets.
REFERENCES
[1] Chen B., Pinho S. and De Carvalho N. A floating node method for the modelling of discontinuities
in composites. Engineering Fracture Mechanics (2014) 127:104-134.
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[3] X. B.Y. CHen, V.B.C. Tan and T.E. Tay, Adaptative Floating Node Method For The Modelling of
Delamination Fracture of Composites. International Conferences on Composite Materials (2017).
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The understanding of the mechanical response of woven composites under off-axis tensile loading requires a full description of the yarn-yarn/matrix interfaces. For off-axis tensile loading, after the decohesion of the yarn contact interfaces, the yarns will reorient towards the loading direction and lead to a
more ductile behavior compared to on-axis tension. To capture this mechanical response, the damage
model should be used that includes finite strain effects. Recent works [1] have proposed an automated
methodology to generate a RVE geometry without yarn interpenetration based on implicit geometries.
The existing implementation requires the insertion of a gap between yarns to enable a conformal discretization [2]. However, this leads to problems since the element size is then governed by the thickness
of the introduced gap and needs to be rather small to yield realistic results. Furthermore, it results in
severe element distortions in the gap during damage simulations.
This contribution will outline a novel methodology to extract the geometry of contacting surfaces from
the distance fields which can be subsequently used in a conformal meshing strategy for the RVE extended with cohesive zones. This allows the use of larger elements at the interface, which reduces the
computational cost and the distortion in elements during large strain simulations. The methodology and
the subsequent damage simulation will be illustrated on a satin weave ply, shown in Figure 1.

(a) Level-set based geometry

(b) Conformal mesh with gap

(c) Conformal mesh without gap

Figure 1: Level-set based geometry of a satin weave with its conformal finite element mesh.
REFERENCES
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In fiber reinforced polymer composite structures, large stresses can develop due to a
combination of differing constituent thermal expansion properties and geometric constraints.
Numerous models with varying levels of complexity have been proposed to define damage
envelopes for composite materials. In order to predict and mitigate damage, it is advantageous
to explore how ply orientation influences development of stress components and damage
metrics. In this work, we investigate the sensitivity of a few composite damage criteria metrics
to ply orientation for woven fiber reinforced polymer composite cylinders subjected to large
temperature changes. The sensitivity studies are conducted using Sandia’s DAKOTA software
utilities. Three damage onset criteria are considered, including the max principal stress
criterion, the Tsai-Wu criterion [1], and the Mat162 criteria [2]. The commonly used max
principal stress criterion is the simplest method examined; no interactions between stress
components are considered in this single term criterion. The Tsai-Wu and Mat162 criteria are
implemented as user-subroutines in Sandia’s finite element solid mechanics software
Sierra/SM. The Tsai-Wu criterion is a single equation of fully interactive terms including all
stress components [1]. The Mat162 metric is taken as the maximum value of a set of
mechanism-based damage criteria for woven composites based on the well-known Hashin
criteria; these criteria are also implemented in the commercial software LSDYNA with the same
name [2-3]. Three-ply composite cylinders are subjected to extreme heating and cooling
conditions for a total of six sensitivity studies, where the sensitivity variables are the orientation
of the three ply layers. Incremental Latin Hypercube Sampling is used to investigate the
sufficient sample size of each study by sequentially doubling the sample size. Stochastic
expansion methods are also investigated. Statistics including correlations and sensitivity indices
are assessed and analyzed. Quality metrics of the input parameter space are also reported.
Results of this work will help reduce parameter space for future optimization studies and give
insight into the feasibility of forming surrogate models for this class of composite structures.
REFERENCES
[1] Tsai, S. W. & Wu, E. M., 1971. A general theory of strength for anisotropic materials. Journal of
Composite Materials, pp. 58-80.
[2] Xiao, J. R., Gama, B. A. & Gillespie Jr., J. W., 2007. Progressive Damage and delamination in
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To overcome the inaccurate estimations of local response near free-edges of equivalent single-layer theories, a collection of layerwise models have been developed by the Navier laboratory in which the interlaminar shear stress is one of the generalized forces [1, 2]. The latest one (SCLS1) with ﬁrst-order
membrane stresses is considered in this work. The laminated plate is considered as a superposition of
Reissner-Mindlin plates coupled by shear and normal interface stresses. The model ensures an accurate
estimation of the shear stress and respect the free edge boundary conditions.
First the equations of the SCLS1 model are derived from the 3D Cauchy model under the assumption of
piecewise linear membrane stress. The model is then built by satisfying the 3D equilibrium equations.
The problem is numericaly solved by a standard displacement ﬁnite element methods. The generalized
displacements are the Lagrange multipliers of each equilibrium equations. A variational damage formulation is then used to predict the initialization and the propagation of the delamination between two
related plies. The delamination is driven by 2n scalar variables which lower the interfacial stress to zero.
In order to manage the evolution of these scalar variables, we postulate that the potential energy is divided
between the strain energy and an interfacial fracture energy Epot (u, d) = EelΩ (u) + EFΓ (d) − Wext . The pair
displacement-damage (u, d) is found using an incremental strategy ⇒ stationarity of the potential energy
under the constraint of strict growth of the damage variables:
(u, d) = arg minEpot (u, d)
d; d≥d n

A double cantilever beam problem is considered to evaluate the accuracy of such models. An analytical
solution given by linear fracture mechanics is used to validate our approach. All the simulations have
been implemented using the open source FEniCS platform for solving partial differential equations.
REFERENCES
[1] Rawad Baroud, Karam Sab, Jean-François Caron, and Fouad Kaddah. A statically compatible layerwise stress model for the analysis of multilayered plates. International Journal of Solids and
Structures, 96 :11–24, 2016.
[2] Rui Pedro Carreira, Jean-François Caron, and Alberto Diaz Diaz. Model of multilayered materials for interface stresses estimation and validation by ﬁnite element calculations. Mechanics of
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Due to high strength and light weight, carbon ﬁber reinforced plastic (CFRP) structures have been widely
used in the aviation industry in recent years. However, CFRP laminates may have complex internal
damage under out-of-plane loads, including delamination, matrix crack and ﬁber failure. Such damage
causes degradation of compressive strength of laminate. Therefore, it is necessary to clarify the damage
mechanism of CFRP laminates.
Abisset et al.[1] conduct Quasi-Static Indentation (QSI) tests in which the load was quasi-statically applied to the top surface of laminate by rigid spherical indenter. In this study, damage propagation analyses
for QSI tests are performed by the quasi-three-dimensional extended ﬁnite element method (XFEM)[2].
In XFEM, cracks can be modeled independedly of ﬁnite elements through approximation functions. In
the numerical models, interface elements considering cohensive zone model (CZM) are introduced to
model delamination. In addition, geometry of matrix crack is modeled by a set of multiple line segments
in a two-dimensional area, and matrix crack is implicitly modeled by level set method (LSM). In order
to solve the discretized governing equations with implicit method, a zig-zag softening law is employed
for CZM to obtain converged solution.
In this presentation, the results including relation between load point displacement and applied load, and
total delamination area obtained by analyses are shown and compared with the experiments.
REFERENCES
[1] E. Abisset, F. Daghia, X.C. Sun, M.R. Wisnom and S.R. Hallett, Interaction of inter- and intralaminar damage in scaled quasi-static indentation tests: Part 1 – Experiments. Composite Structures,
Vol.136, pp.712–726, 2016.
[2] T. Nagashima, and M. Sawada, Development of a damage propagation analysis system based on
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Thermoplastic composite pipe (TCP), consisting of a fibre-reinforced multi-ply laminate with inner
and outer thermoplastic liners, is an ideal candidate to replace steel pipes in deepwater where high
specific strengths/moduli and corrosion resistance are advantageous. Already operating successfully in
downline and jumper applications, TCP is attracting growing interest for ultra deepwater risers [1].
TCP is subjected to a variety of mechanical and thermal loads during its lifetime. When in operation,
this may include pressures and tension in combination with thermal gradients arising from the
mismatch between internal and external temperatures [2]. When spooled for storage/installation, TCP
is subjected to large bending moments, potentially in hot or cold climates as exploration and
production continues to expand globally. It is important to investigate how TCP responds under
bending at different temperatures, the implications for spooling and optimal reinforcement angles.
In this paper, a finite element model for analysing 3D stress state in a section of carbon/PEEK TCP
under combined bending and thermal load is developed in Abaqus/CAE. The case of pure bending is
validated against a 3D elastic solution [3] and extended for thermomechanical analysis with the
application of rotation and temperature in a coupled temperature-displacement step. Temperaturedependent material properties are considered. Temperature change is shown to cause deviation from
the symmetry expected between stress magnitudes at top and bottom of the pipe as per simple bending
theory. As such, stress-based failure indices depend on circumferential location.
Failure responses according to existing failure criteria are compared for [±55]4, [±42.5]4, [±30]4 and
[(±55)2/(±30)2] laminates. A ‘middle’ angle of ±42.5° displays optimal spooling capacity as plies
orientated at ±55 and ±30° experience high utilisation of relatively weak transverse tensile or fibre
compressive strengths. In practical terms, the [±42.5]4 configuration exhibits <55% utilisation of
Hashin coefficient when bent to the [±55]4 failure radius at 0 or 50°C. The [(±55)2/(±30)2] sequence
was previously shown to be effective for operating under combined pressures, thermal gradient and
high tension illustrative of a deepwater riser application [4]. However, orientating a portion of plies at
a low angle results in excessive fibre compression and is detrimental to spooling. It is therefore
essential that both operation and spooling are considered in tandem during the design phase.
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Computational homogenisation
Due to their exceptional mechanical and chemical properties, fibre reinforced polymer composites are
used in a variety of industrial applications. The successive staking of unidirectional fibrous layers in
combination with polymer matrix is used for the manufacturing of composites structures. The choice of
fibre orientation in an individual layer or ply provides designers with enormous flexibility to tailor the
material properties in the desired direction. On the other hand, discontinuity/mismatch in the material
properties across these layers leading to very large inter-laminar stresses, especially on approaching the
free edges. In literature ([3]), this is referred as free-edge or boundary-layer effect. The classical laminate
theory cannot predict these stresses. Due to very low inter-laminar normal and shear strengths, the freeedge effect can lead to the initiation of delamination and subsequent failure of composite laminates.
Therefore, accurate calculations of the inter-laminar stresses are essential for the optimum design of
composite structures.
This paper presents a hierarchic finite element-based computational framework for the efficient and accurate investigation of inter-laminar stresses and displacements in composite laminates of finite width
subjected to a variety of loading scenarios. As compared to the standard finite elements, hierarchic finite
elements allow to change the order of approximation locally or globally without changing the underlying
finite element mesh leading to very accurate results for relatively coarse meshes [1]. In the case of hierarchic finite elements, high order shape functions are calculated from low order shape functions recursively
and therefore maintain the continuity in the shape functions across the elements in the case of localised
p-refinement. A variety of laminates including cross-ply [90/0]s , angle-ply [±45]s and quasi-isotropic
[90/0/ − 45/45]s are considered as test cases. The effective or homogenised material properties for each
layer are calculated using the computational homogenisation [5, 4, 6]. Tetrahedral elements are used for
the discretisation of composite laminates. The problem domain is divided into several blocks and the
computational framework allows to change the approximation order independently within each block.
As compared to the rest of the problem domain, higher approximation order is used near the free-edges.
With increasing approximation order near the free-edge, the computational framework is able to capture
the complex profiles of inter-laminar stresses and displacements very accurately. Results are compared
with reference results from the literature and found in a very good agreement. The computational model
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is implemented in the finite element software library Mesh-Oriented Finite Element Method (MOFEM)
[2]. The computational framework has additional flexibly of high-performance computing and makes
use of the state-of-the-art computational libraries including Portable, Extensible Toolkit for Scientific
Computation (PETSc) and the Mesh-Oriented datABase (MOAB).
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One of the most critical failure modes in layered structures in general and, particularly, in beams
strengthened with externally bonded composite layers, is interfacial failure between the bonded
layers. As a dominant failure mode, the debonding mechanism drew a lot of research attention
in the last three decades, the majority of which refers to the problem as a deterministic one, i.e.
one that is governed by a set of exactly known quantities. In real world problems however,
some measure of uncertainty regarding the physical quantities is always present, and the
problem is driven into the stochastic world. Studies in which uncertainty and the stochastic
nature are taken into account mostly take a reliability analysis standpoint where the main
desired result is the reliability index. A complete description of the uncertain structural response
and the stochastic evolution of the uncertainties through the debonding process extends beyond
what is reflected by such index but have gained only minor attention in the literature. Bearing
in mind the brittle, dynamic and potentially catastrophic nature of the debonding failure [1], the
consideration of the inevitable uncertainty and the stochastic nature is called for.
This paper aims at facing the aforementioned challenge and looks into the role of uncertainty
in the debonding failure mechanism of layered structures. As a first step towards achieving this
multifaceted goal, the investigation outlined here explores a simple model problem of a rod
resting on an interface and subjected to a prescribed end displacement. While keeping the model
as simple as possible, it is designed to consist all (or at least most) relevant aspects of the
problem. This includes a model representation by means of a set of nonlinear ODEs and
stochastic/deterministic boundary conditions; the nonlinearity involved with the nucleation,
evolution and potential arrest of an interfacial debonding mechanism; as well as many other
features of the problem. Two cases are examined, a linear one where the interface reflects an
elastic foundation and a nonlinear one, where the rod is resting on a cohesive interface that
responds to the structural state with debonding. In both cases, uncertainty is attributed to Young
modulus, E, which is represented as a random field along the rod. The stochastic analysis is
based on the perturbation based Stochastic Finite Elements Method (SFEM) [2] and used to
investigate important structural performance criteria from a stochastic point of view.
The results demonstrate the impact of uncertainty on the linear and nonlinear behaviour. By
that, the investigation gains new physical and engineering insights into the problem of
debonding and paves the way to the application of the stochastic approach to more detailed
structural problems involving interfacial debonding.
REFERENCES
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beams strengthened with CFRP composites, Composites Part B: Engineering, vol 34(8), pp.
663-667.
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Computational predictions of the response of laminated composites are usually based on the pure mechanical loading assumptions. However, there is a considerable effect of in-service temperature and
moisture that alters the mechanical behaviour of composite constituents such as matrix (epoxy). Indeed,
this alters the material operating conditions and life cycle of the structures. These hygro-thermal ageing
effects on the mechanical behaviour are seldom modelled mathematically [1] and/or numerically.
Semi-empirical mathematical models for the different material properties were developed by accounting the temperature and moisture effects. These models were implemented as a material subroutine in
ABAQUS/VUMAT and initial validation were carried out with basic experimental tests [2,3]. The developed hygro-thermal dependent material property models and the numerical procedures were used to
assess the failure responses of laminates that contain manufacturing induced defects and features. In particular, special importance is given to the laminates that contain embedded wrinkles and ply termination
induced gaps (cut-ply).
The initial predictions show that the moisture alone has minimal effects on the ultimate failure of wrinkle
and cut-ply laminates. In fact, there is an increase in strength for wet specimens due to stress relaxation
effects than dry specimens. On the other hand, a considerable knock-down on the failure strengths
(delamination and ultimate) were predicted for hot-wet specimens which are in good agreement with
the available experimental results. A detailed investigation of the delamination progression and matrix
damage of the conditioned (hot-wet) laminates that contain defects and features will be carried out and
the outcomes will be discussed in detail.
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Two-dimensional composites are often found in living organisms which must accomplish
complex mechanical tasks. Nature shows us multiple instances where the solution to a
mechanical problem is given by the combination of different materials. This concept now
broadly appears also in artificial materials and is often responsible for their tunability and
synergetic mechanical properties. A topic of high interest in the scientific community which
presents the characteristics described above is the mechanical behaviour of composite structures
which have an adhesion-friction interaction with a substrate.
The interaction between surfaces is the major ruler of the behaviour of adhesive structures and
has been intensively studied in the past years both theoretically and experimentally. However,
the adhesive and frictional properties of two generic surfaces for three-dimensional problems
are far to be understood. Moreover, unless particular symmetries and homogeneous conditions
are considered, it is almost impossible to predict how two generic surfaces adhering to each
other will interact. This is caused by the high number of ruling parameters, which comprehend
the geometrical and mechanical properties of the materials, the substrate properties and the
adhesive potentials connecting them. To understand how adherent composite materials fracture
or fail when large strains are applied it is then required to develop efficient numerical models.
In this work, we present how the Lattice Spring Model (LSM) can be used to simulate
composite and heterogeneous structures interacting with a rigid substrate and sustaining large
strains. LSMs can be used to discretize continuous surfaces using the framework method. By
using LSMs we avoid the definition of 2D and 3D elements, leading to a much simpler Finite
Element Analysis. The FEA is realized in C/C++, making it possible to take full advantage of
the many high-speed linear algebra libraries available. The model describes the lattices in a 3D
space and can describe anisotropic structures.
We present some results of how the LSMs can be applied at the macroscale. We apply the
model to a composite adhesive structure to observe how different potentials between the
composite and the substrate change the surface stress distributions and thus the damage
propagation.
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Use of composite materials are highly preferable in aerospace, automotive, marine, and wind
turbine parts because they offer advantageous mechanical properties such as high inplane
strength and stiffness-to-weight ratios. However, low strength of composite laminates in
through-the-thickness direction, especially under uncontrollable impact loadings, is an
important problem to consider in design. In the literature, there have been a number of studies
showing a good agreement between the post-mortem damage patterns from impact experiments
and computational analysis [1,2]. More recently, experimental and numerical study of the insitu initiation and growth sequence of damage was carried out by the authors for a composite
beam with [05/903]s layup subjected to a cylindrical low velocity impact load [3].
In this paper, 2-D line impact on [05/903]s and [905/03]s CFRP beam specimens is studied both
experimentally and computationally. The experiments are conducted using an in-house built
drop-weight test setup where micro-crack formation and delamination propagation in [05/903]s
beams are captured for the first time via ultra-high-speed camera system at rates up to half a
million frames-per-second. Strain fields prior to failure are calculated with digital image
correlation method. Post-mortem damage patterns in the beams are characterized using a digital
microscope. Finite element simulations of the beam experiments are conducted in
ABAQUS/Explicit. Composite ply damage is simulated through implementation of a
continuum damage model with LaRC04 initiation criteria into the FEA tool via a user-written
subroutine VUMAT. Cohesive zone method is used to simulate delamination damage. Our
numerical results are in good agreement with the experiments in terms of damage form,
initiation location and time. Comparing delamination propagation speeds from in-situ
experiments and simulations, we propound that dynamic values of interface properties
including interlaminar strength and fracture toughness should be used for accurate simulation
of dynamic failure in a [05/903]s beam subjected to flexural impact loading.
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Out-of-plane stress from loading events such as impact to composite structures can result in
multiple delamination damage occurences. The numerical modelling of such events is often
performed using cohesive zone model (CZM) interface elements. A current limitation is the
requirement of fine mesh in the numerical cohesive zone to model the damage progression.
This paper is aimed at relaxing such constraint by developing a cohesive element which allows
larger element sizes to be used in the delamination analysis. The resolution of the numerical
cohesive zone is increased in the proposed cohesive element formulation using additional
degrees of freedom in the form of rotations.
The rotational degrees of freedom located at the vertex of an element are used to calculate the
displacement at the midpoint of every edge. The cohesive element with rotations is sampled
with more than four integration points to model the variation in displacement. This gives a
better approximation of the displacement at the interface when compared to a linear cohesive
element. The energy release rate associated with an integration point in a cohesive element with
rotation is smaller when compared to an integration point in linear cohesive segment with four
integration points. So, a stable solution for damage progression can be obtained even with
coarser meshes using cohesive elements with rotations.
To model multiple delamination paths, a method called Adaptive Mesh Segmentation to
automatically insert cohesive segments is used [1]. This method predicts the location of
numerical cohesive zones in a finite element model and models displacement discontinuities by
forming additional nodes and cohesive segments at the interface of elements. A bilinear traction
separation law is used in the current work [2]. The newly proposed element is validated using
mode I double cantilever beam (DCB), fixed ratio mixed mode (FRMM) and End Notched
Flexure (ENF) fracture toughness tests.
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Highly particle-filled composites usually consist of stiff crystal particles, polymeric
binder/matrix and the interfaces between the particles and the binder. The micro failure of the
composites mainly governs particle fracture, binder deformation and fracture, and interfacial
debonding. The deformation and failure of highly particle-filled composites is reproduced at
micro scale using the Finite Element Method. The proper mechanical constitutive law for
each constituent is developed. The particle is regarded as elastic. The mechanical behaviour of
the binder is described by a viscoelastic model. To study the interfacial debonding, particle
fracture, and the failure of the binder, zero-thickness interface elements with a bilinear
cohesive law[1] are inserted into the elements of these constituents, respectively, with
different parameters. The constitutive models are validated by comparing the simulation
results with theoretical results and experimental results[2]. The effects of temperature and
strain rate on the mechanical performance of the materials are investigated. A representative
unit cell of composites with a particle volume ratio up to 90% is built by using a special
particle generator[3]. The quasi-static uniaxial tensile and compression test is simulated. The
equivalent elastic modulus agrees well with the experiment. The numerical simulation results
indicate different failure mechanisms. Under tensile loading, the dominant failure mode is
interface debonding, while under compressive loading, the primary failure is interface
debonding and particle fracture. The cracking path is roughly perpendicular to the loading
direction. Besides, the asymmetry of tension and compression is obvious, i.e. compressive
strength is higher than tensile strength. This work provides a tool to predict the failure
behaviour of composites.
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I. Lizarralde∗1,2,3 , Á. León1 , E. Sapountzi4 and C. González1,3
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Predicting thermal load-induced damage initiation during the cooling down of the material after the
cure cycle is critical on non-crimp fabric (NCF) composites as it dramatically decreases the structural
performance of the final part. Due to its importance, an appropriate modelling of this type of composite
material based on NCF fabrics is crucial to understand the phenomena governing these defects, allowing
us to predict material’s behavior without deploying such big experimental campaigns. Damage initiation
at early loading stages has been analyzed experimentally and using FE analysis by Mikhaluk et al. [1].
This work tries to understand this early damaging in NCF by analysing stresses produced during the
manufacturing of the composite part.
This work proposes a non-crimp fabric composite modelling under thermal loads focused on the cooling
step after curing. The predictive model has been built following a parametric approach to analyze the
effect of each geometrical or physical parameter in the microcracking behavior [2]. For that purpose,
special boundary conditions have been developed, as the RVE for each particular layer involved in the
model has different dimensions.
The numerical results have been validated comparing computational damage to CT scans from experimental analysis. The interface detachment between the stitching thermoplastic thread and the matrix
predicted by the model and the real one observed by x-ray computed tomography means can be compared in Figures 1 and 2.
In addition, parametric studies have been performed in order to observe the effect of different lay-up
configurations, diverse geometrical dispositions and physical properties of the material, on the defect
generation coming from the manufacturing process of the composite part. Finally, a mechanical performance analysis of the different cases has been realized in order to evaluate the effect of these defects on
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the material properties and consequently determining the structural life of the part.
This research has provided a useful tool to understand damage generation on NCF laminates, what is
fundamental in order to make improvements in future design processes.

Figure 1: Detachment predicted by the model

Figure 2: 3D reconstruction where cracks are highlighted in red and composite part set transparent
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The use of fiber reinforced polymer (FRP) composites has been quickly increasing since they were introduced in the industry in the 1960’s. With applications in most engineering fields, they can outperform
traditional materials like steel and aluminium in many aspects, having low density, high stiffness and
excellent corrosion resistance. The major drawback regarding FRP composites is related to their poor
fire performance. When exposed to high temperatures, their polymer matrix decomposes, releasing heat,
smoke, soot and toxic volatiles. The poor fire performance is the main issue preventing the use of FRP
composites in numerous applications [1].
In this study, we aim to develop a numerical model capable of predicting the thermo-mechanical behaviour of glass-FRP profiles subjected to fire. It is agreed in the literature that the thermal and mechanical components of the problem can be solved separately in a one-way coupling [2]. Using FEM
and considering either tubular or I-shaped profile sections, the thermal problem is solved first, where
the temperature and decomposition degrees of the profile sections are obtained. It includes the coupling
between the heat, decomposition, Navier–Stokes and internal radiation equations. Hereafter, using the
thermo-decomposition results as input, we move onto the mechanical problem. To this end, we introduce
the use of geometrically exact shell theory (also in a FEM context) together with constitutive models
capable of integrating temperature variations, decomposition degree, anisotropy and creep behaviour.
Finally, the results obtained are compared with experimental data for validation.
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ABSTRACT
Composites materials fund increasing applications in many industrial sectors, such as aerospace,
automotive and renewable energy, and many of these applications face challenges against
dynamic loading and impact from foreign objectives. The anisotropic and non-homogenize
nature of composites, complicated with features from different manufacturing processes, make
dynamic failure of composite materials and structures a complex of multiple failure modes,
including the fracture within each component and the interface among them. Besides, strain rate
effects may arise in materials, manifest in terms of the change of failure mode as a function of
loading rate. Experimental investigation of such damage event can be expensive and time
consuming. Numerical modelling provides an alternative yet potentially efficient way to
analyse the dynamic fracture of composite structures. Many successful numerical models have
been proposed, although there are remaining issues that limit the accuracy and reliability of
their predictive capabilities.
This minisymposium provides a just timely opportunity to share our latest progresses in
dynamic failure modelling of composites, as well as an open forum to discuss challenges
involved in this field. The following topics are suggested here:
1) Constitutive model and its strain-rate dependency, including all major failure modes
of composite materials;
2) Environmental effect in the dynamic damage modelling of composites, such as heat
and moisture;
3) Computational efficient methods for dynamic failure modelling of large-scale
composite structures;
4) Advanced numerical methodology for complex damage initiation and growth in
composites.
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Abstract: The traditional laminated composites have relatively low toughness against in-plane
splitting and are prone to inter-laminar delamination. In recent years, three-dimensional braided
composites have received tremendous attention. In particular, three-dimensional (3D) braided
composites are recognized as the most promising materials because of their low delamination
tendency. Furthermore, the near-net-shape manufacturing, out-of-plane stiffness, strength,
impact tolerance and ablation resistance recommend these materials, therefore, it has been
widely used in the aircraft and aero-engine, among which in the aero-engine, it is mainly applied
to aero-engine fan blades.
The fiber reinforced plastic resin (FRP) composites in general are known to exhibit rate- and
temperature-dependent behavior with non-linear response during loading and unloading. Due
to the fiber is not sensitive to the strain rate, the strain-rate effect characteristics of FRP
composites are mainly derived from the resin. In the current work, we chose epoxy as the resin
of 3D braided composites because of its high strength and high cross-link, and the temperature
effect for epoxy will not be considered, and focus will be given to the non-linear response and
the strain-rate effect for epoxy. It is necessary to choose an appropriate yield criterion for epoxy.
Many researchers have found that the epoxy presents dependency on hydrostatic pressure and
a greater yield strength in compression than in tension. Hence, a yield criterion on pressure
dependency proposed by Melro [1] was been used in the current study. Based the Melro’s model,
a constitutive model considering the strain-rate effect for the epoxy was developed. In order to
improve the convergence rate, an improved consistent tangent formulation proposed by Van
der Meer [3] was adopted. Fig.1 shows the comparison of numerical results with numerical
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results from Melro [1] and experimental results from Fiedler et.al.[2], which not only verifies
the validity of the improved model and but also proving that the prediction accuracy is better
than the Melro’s numerical results. Fig.2 shows the stress-strain curves of epoxy under different
strain rates for compression and tension, which represents the improved constitutive model can
contain the strain-rate effect. Isotropic damage is considered for epoxy in this study. The
damage criterion and evolution law are the same as those presented through Melro [1]. However,
we used the technique based on viscous regularization of the damage variable to enhance the
calculability of the failure model to enhance the numerical stability, and also employed a more
general and concise framework to obtain the consistent tangent operator. Fig.3 shows the effect
of viscous parameters on the damage evolution for epoxy, the value of  =0.000001 was
employed in this study. Fig. 4 presents the comparison on the elasto-plasticity-damage for
epoxy under tension and compression, which further verifies the validation about the elastoplasticity-damage model using viscous regularization damage.
In this paper, the meso-model of 3D braided composite contains fiber tows and resin, the
mechanical parameters of the fiber tow are obtained from homogenization of the represent
volume element (RVE), shown in Fig. 5. The RVE includes fiber、interface and resin, shown
in Fig. 6. The 20 groups for different RVEs’ size (including 5、10、15、20 … 95、100 fibers,
interval of 5) have been investigated in order to avoid non-statistical significance for
homogeneous stiffness parameters through specific RVE size, the statistical law about
homogeneous stiffness parameters for different RVE sizes can be found in Fig.7. Combined
with the improved constitutive model presented for epoxy in this study, the dynamic numerical
simulations of 3D braided composites were carried out by establishing a Split Hopkinson
Pressure Bar (SHPB) finite element model in ABAQUS incorporating VUMAT subroutine.
The progressive damage process during impact was analyzed qualitatively, and the numerical
results and experimental results are compared quantitatively.

Fig. 1. Comparison of numerical results with numerical results from Melro [1] and
experimental results from Fiedler et.al.[2]

Fig. 2. Stress-strain curves of epoxy under different strain rates for compression and tension.
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Fig.3. Effect of viscous parameters on the damage evolution for epoxy

Fig.4. Comparison on the elasto-plasticity-damage for epoxy under tension and
compression(  =0.000001 )

Fig.5. Schematic of a meso-model for the 3D braided composite
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Fig.6. Finite element model of RVE of fiber tow.

Fig.7. Comparison for stiffness parameters for different RVE sizes.
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Delamination damage is one of main failure mode for composite structures. In this study the
constitutive models of interlaminar static and fatigue delamination were developed. For static
delaimination constitutive model, the bilinear cohesive constitutive mode was usde. The
quadratic stress criterion was used to predict the initiation of delamination damage, and the BK law was employed to characterize the delamanation damage evolution. Some numerical
cases were selected for validating the proposed model, and the results showed that the static
constitutive model can predict the initiation and evolution of mixed delamination damage.
The static tensile tests on single-lapped adhesive joints were carried out to study the
deformation laws, damage evolution and failure mechanism comparing with numerical results.
Based on the static constitutive model, the fatigue delamination model was proposed by
combing fracture mechanics and the damage mechanics. Some numerical cases on fatigue
delamination were chosen to valid the interlaminar fatigue delamiantion model. The fatigue
tests on single-lapped adhesively composite joints were conducted, and a three demensional
finite element model was bulit. Base on the experimental and numerical results, this paper
investigates the delamination damage evolution and fatigue life of single-lapped adhesive
composite joints.
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ABSTRACT
Various diseases effect growth or remodeling processes in biological tissue. These changes in
structure have a significant impact on tissue behaviour as well as metabolic processes.
Furthermore, the blood perfusion with its nutrient supply is affected by tissue growth and the
harmed organ impairs the functionality of the whole body. Computational modelling of growth
and remodeling processes in biological tissue allows a more detailed, patient-specific
assessment, prediction and therapy of individual diseases.
Central organs in which growth and remodeling can develop are besides others e.g. the
brain, lung, liver, kidney, urinary bladder, and the vascular system
The mini symposium aims to bring together researchers dealing on computational models of
the organs mentioned above. We want to share the organ modeling experience in view of the
used approaches such as e.g.
multi-field, multi-scale, multi-phase and coupled problems techniques.
Also knowledge in the field of experimental techniques for biological systems on validating
model approaches will be exchanged. Thus, experimentalists are highly welcome. Moreover,
possibilities will be discussed to connect existing organ models in order to develop a holistic
view on the organ system in the body. Consequently, it is the aim of this mini symposium to
bring together experts in biomechanical organ modeling on several scales and of various types.
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Arterial tissues adapt to nonphysiological loading conditions through growth, the change of mass, and
remodeling, a rearrangement of existent mass, to reestablish a homeostatic state. On the other hand, loading conditions above their physiological limit, as during trauma or surgical procedures, cause damage.
This initiates repair mechanisms at cell- and molecular-level and impacts the growth and remodeling
(G&R) process. Furthermore, disturbances in the repair process can lead to pathological G&R. This
work presents a model that aims to predict the evolution of damage, the biochemical response to damage
and its influence on G&R in the framework of restenosis. Therefore, a damage model [1] considering
the interstrand delamination in collagen and a G&R model [2] based on the theory of homogenized
constrained mixtures are coupled modeling the evolution of growth factors (GF) and matrix metalloproteinases (MMP).
To account for the different mechanisms, the deformation gradient is multiplicatively decomposed into
damage, growth, remodeling and elastic deformation gradients. The two constituents, elastin as matrix
material and collagen fibers, experience the same total deformation but individual elastic and inelastic
deformations. Once a physiological stretch threshold is exceeded, damage evolves. The flow rule is
thereby governed by the evolution of the maximum stretch [3]. The induced damage influences the
stress-stretch response in the tissue and initiates the evolution of GF and MMP. These are governed by
the amount of healthy and damaged tissue and in turn drive the removal of damaged and production of
healthy tissue. Growth then describes volume variations due to mass changes. Remodeling is assumed
to occur only for collagen and is governed by the disturbance of a homeostatic state.
The results show that the amount of damage has a significant impact on the biochemical response and
thus on the evolution of restenosis.
REFERENCES
[1] Marino, M., Converse, M.I., Monson, K.L. and Wriggers, P., J Mech Behav Biomed Mat,
doi:10.1016/j.jmbbm.2019.04.022 (2019).
[2] Braeu, F.A., Seitz, A., Aydin, R.C. and Cyron, C.J., Biomech Model Mechanobiol 16(3), 889-906
(2017).
[3] Converse, M.I., Walther, R.G., Ingram, J.T., Li, Y., Yu, S.M., Monson, K.L., Acta Biomater 67,
307-318 (2018).
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Within the extended life expectancy over the last century, malignant neoplasms revealed to be one of
the most dangerous diseases. Carcinomas describe a specific class of cancer that arise in the epithelial tissue of an organ, characterised by cell populations that are eager to proliferate in a continuous
and enhanced manner. This proliferative feature ensures a high probability for cancer emergence and,
therefore, carcinomas represent the majority of newly formed neoplasms. Herein, basal-cell carcinomas
(BCC) contribute to the most common class of yearly diagnosed cancers in Germany, cf. [1].
The talk focuses on the development of a continuum-mechanical model to describe the tumour growth
and regression in soft biological tissues, toughing the disciplines biology, chemistry and physics. Therefore, the well-established Theory of Porous Media (TPM) is chosen as modelling framework, cf. [2].
Within the TPM a macroscopic representation of the micro scale (of molecules and cells) is used to evaluate individual processes on the tissue scale. Applying the general TPM model to basal-cell carcinoma in
its avascular environment, a separation between three different constituents is considered. Namely, it is
distinguished between a solid compound ϕSh of healthy cells and the extracellular matrix, the interstitial
fluid ϕI and a solid tumour phase ϕSt . Furthermore, the interstitial fluid itself is composed of its aqueous
base solution ϕIs with dissolved solutes ϕIγ . In particular, these are nutrients ϕIn in the form of glucose,
vascular endothelial growth factors ϕIv and mobile tumour cells ϕIt .
In conclusion, a governing set of coupled partial differential equations (PDE) evolves from the underlying balance and constitutive equations, which is solved using the well-known finite-element method
(FEM). For this purpose, the software package PANDAS is used, in which the set of PDE are spatially
discretised by Taylor-Hood elements and temporally with the implicit Euler method. The capabilities of
the model, where the processes of cancerous-cells metabolism, proliferation, apoptosis and necrosis, as
well as angio- and lymphangiogenesis are discussed at numerical examples.
REFERENCES
[1] Barnes, B. et al., Bericht zum Krebsgeschehen in Deutschland 2016. Robert-Koch-Institut und die
Gesellschaft der epidemiologischen Krebsregister in Deutschland e. V., (2016).
[2] Ehlers, W., Poröse Medien: ein kontinuumsmechanisches Modell auf der Basis der Mischungstheorie, Habilitation, Universität-GH-Essen (1989).
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As the key organ for metabolic processes in the human body, the human liver is responsible for essential processes like fat storage or the detoxification. Some liver diseases can trigger growth processes in
the liver, disrupting important hepatic function-perfusion processes. With an increased intake of free
fatty acids, a non-alcoholic fatty liver disease (NAFLD) develops causing tissue growth with a negative
impact on the hepatic functions. NAFLD can lead to hepatic carcinoma, causing a growing tumor and
influencing the blood perfusion as well as the metabolic processes. To better understand the interplay
between perfusion, metabolism and tissue in the hierarchically organized liver structure, we have developed a multicomponent, poro-elastic multiphasic and multiscale function-perfusion model, cf. [1,2],
using a multicomponent mixture theory based on the Theory of Porous Media (TPM, see [3,4]). The
multiscale approach considers the different functional units of the liver, the so-called liver lobules, with
an anisotropic blood flow via the sinusoids (slender capillaries between the periportal field and the central vein), and the hepatocytes, where the biochemical metabolic reactions take place. On the lobular
scale, we consider a tetra-phasic body, composed of a porous solid structure representing healthy tissue,
a liquid phase describing the blood, and two solid phases with the ability of growth and depletion representing the fat tissue and the tumor tissue. The phases consist of a carrier phase, called solvent, and
solutes, representing microscopic components, e.g. nutrients, dissolved in the solvent. To describe the
influences of the resulting tissue growth, the model is enhanced by a kinematic growth approach using
a multiplicative split of the deformation gradient into an elastic and a growth part, dependent on the fat
accumulation and tumor development. The formation of a tumor leads to angiogenesis, which alters the
permeability and thus the blood flow within the liver lobule. In the model, this process is considered by a
change in the permeability tensor resulting from the preferred flow direction. To describe the metabolic
processes as well as the production, utilization and storage of the metabolites on the cellular scale, a
bi-scale PDE-ODE approach with embedded coupled ordinary differential equations (ODE) is used.
REFERENCES
[1] Ricken, T. et al., Biomech. Model. Mechanobiol. 14, 515-536 (2015).
[2] Ricken, T. and Lambers, L., GAMM-Mitteilungen.2019; 42:e201900016.(2019)
[3] De Boer, R., Theory of porous media: highlights in historical development and current state (2000)
[4] Ehlers, W., Foundations of multiphasic and porous materials (2002)
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Statistical shape modelling is a set of computational and mathematical tools that can be used to
parameterize shape characteristics of an object,
identify shape features of dominant variation within
a population, and quantify shape differences
between populations. In the past, these techniques
have been used to understand shape variations in
bones, organs, and muscles. In the latter case, they
have been used successfully for image segmentation
and to quantify shape variation in clinically sensitive
muscles [1]. Cerebral palsy (CP) is a disorder that
causes or contributes to muscle weakening,
abnormal neural control, and impaired growth
trajectories. Previous studies have used MRI to
quantify muscle volume differences between CP and
typically developed (TD) controls [2]. No study to
our knowledge has quantified shape or assessed
shape difference in CP. Understanding shape
differences, rather than just size or volume
differences, would give a fuller understanding of
Figure 1: Results from the SSM: the mean
disease progression, impaired growth, and altered
and +/-2s.d variation shape for the CP and
mechanics.
TD population. Variation shown is along
the first principal component.

We included 36 soleus muscles (19 CP, 17 TD) obtained
from two previous MRI studies [2,3]. We used the GIAS2 Python Library
(https://bitbucket.org/jangle/gias2/src/master/) to implement shape modelling on the muscles
within each population. Mean soleus differed in shape between the two populations (Figure 1),
as did the modes of variation, with regional variation in shape apparent, especially in the
superior aspect of the muscle. Differences in shape between the populations imply the muscle
is regionally affected by the pathology and impaired growth is nonuniform in muscle regions.
Further work will separate the soleus into functional regions [4] and use longitudinal imaging
over 3 timepoints to assess soleus shape over time and begin to quantify growth trajectory.
REFERENCES
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ABSTRACT
Structural responses under extreme loading conditions, such as impact, penetration, explosion,
high-speed machining, and manufacture and surface treatment under high temperature and
high pressure, have been paid wide attention in the recent years because of the interesting and
important phenomena involved and the great challenges to computer modelling and
simulation. As localization, fracture, fragmentation and phase transformation occur, the multiscale and multi-physics phenomena should be fully considered, and new theories and
numerical methods are needed to model and simulate the structural responses under extreme
loading conditions in accurate and effective ways. This minisymposium aims at providing an
opportunity for academic researchers and industrial engineers in the related fields to discuss
the recent progress and to promote collaboration. Those who have been working on in the
related fields are cordially invited to exchange their ideas and research results in this
minisymposium. Presentations are solicited in all subjects related to the model-based
simulations of structural responses under extreme loading conditions, which include but are
not limited to the followings:
1) Development and improvement of advanced numerical methods, such as meshfree particle
methods, X-FEM, boundary-type methods, isogeometric methods, discrete element methods,
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peridynamics, for modelling and simulation of structural responses under extreme loading
conditions
2) Simulation-based disaster prediction and mitigation
3) Efficient and accurate impact-contact algorithms
4) Multi-scale computational methods and multi-scale modelling schemes
5) Numerical methods and coupling algorithms for multi-physics processes
6) Parallel algorithms and large-scale computation for the problems with extreme loading
7) Coupled Lagrangian-Eulerian schemes for the problems with moving boundaries
8) Inverse solutions and optimization in the problems with extreme loading
9) Verification, validation, and software development
10) Numerical algorithm implementation and simulation software development
11) Other related subjects
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As an efficient molecular simulation method, the smoothed molecular dynamics (SMD)[1]
method introduces the background mesh and mapping strategies into molecular dynamics (MD)
procedure to suppress high-frequency atomic motions, which allows much larger time step than
the traditional MD method. SMD can achieve satisfactory overall accuracy compared to MD.
However, the description of local atom disorders needs improvement in the application of SMD
because the high-frequency motions are smoothed during the mapping procedure.
An improved SMD method with high-order shape function is developed in this talk. Several
kinds of high-order shape functions are discussed and compared in detail with a newly
developed criterion called “one-step smoothing degree (OSD)” and the desirable properties of
shape functions in improving SMD are induced. Several examples are designed to validate the
improved method. The results show an obvious improvement in local accuracy and exhibit
advances in capturing necessary high-frequency atom motions. Besides, with the improved
method, the non-physical reflection occurred at the interface in the MD-SMD coupling scheme
decreases remarkably even without the transition scheme developed in our previous work[2].
Examples of nano-indentation and wave propagation verify the improvement in coupling
algorithm. In addition, the improved SMD method is still maintaining much better efficiency
than MD.
REFERENCES
[1] Y. Liu, X. Zhang, K.Y. Sze and M. Wang, Smoothed molecular dynamics for large step

time integration. Computer Modelling in Engineering and Sciences, Vol. 20, pp. 177-192,
2007.
[2] N.F. He, Y. Liu, X. Zhang, Molecular dynamics-smoothed molecular dynamics (MD-SMD)
adaptive coupling method with seamless transition. Int. J. Numer. Meth. Engng, Vol. 108,
pp. 233-251, 2016.
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The discrete element method (DEM)[1] and the material point method (MPM)[2] have received
much attention in recent years owing to their outstanding features. The DEM is capable of
efficiently simulating motions of large number of objects. The MPM is effective and efficient
in solving problems with extremely large deformation and fragmentation. Combining the two
methods is a promising way to analyse complex dynamic problems.
The DEM and the MPM are coupled in this talk to solve the problems of impact with large
number of particles. Shot peening and explosion with sand material are typical cases of such
problems. The whole domain is decomposed to the region of moving particles and the region
of structure to be impacted. The region of moving particles is simulated with the DEM and
the structure region is modelled with the MPM. The interactions between discrete elements
and material points are evaluated by the contact algorithms. The bucket sorting scheme is
used to accelerate the searching process, and specific local detecting scheme is designed for
determining the contact forces between the discrete element and the material point. Contact
forces are assembled to the discrete element centres and the background mesh nodes in MPM
region. Several numerical examples are used to verify and validate the proposed method. The
coupling method can simulate large deformation of the structure under impact very well, and
the interactions between numerous particles and the motions of particles can be well traced by
the discrete element part. Numerical results agree well with analytical results and
experimental results from the literature.
REFERENCES
[1] E. Oñate and J. Rojek, Combination of discrete element and finite element methods for

dynamic analysis of geomechanics problems. Computer Methods in Applied Mechanics
and Engineering, Vol. 193, pp. 3087-3128, 2004.
[2] X. Zhang, Z. Chen, and Y. Liu, The Material Point Method: A Continuum-Based Particle
Method for Extreme Loading Cases, Academic Press, 2017.
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ABSTRACT
This Mini-Symposium aims to address multiple associated aspects of discrete and continuum
modelling of crack propagation on brittle, ductile and fatigue failure.
The main focus will be numerical modelling and new solution strategies related with associated
enrichment, regularization and adaptive aspects. Topics may include continuous/discontinuous
transition, size effects, mesh dependence, solution schemes involving non-local methods,
phase–field models, XFEM/GFEM, adaptive remeshing techniques, isogeometric refinements
and related issues.
The Mini-Symposium will also address theoretical, physical and practical aspects that,
somehow, trigger the need for those methods, namely softening issues related with continuous
damage mechanics and micromechanics damage descriptions, energy dissipation in transition
from damage to fracture, size effects and complex strain and stress paths.
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Predicting the long-term response of reinforced concrete structures to age-related degradation is
important for ensuring the safe operation of a variety of critical infrastructure. The progression of
expansive reactions such as alkali-silica reaction (ASR) is influenced by the local temperature,
moisture content, and stress state. The local swelling of ASR can induce concrete damage, rebar
yielding, structural expansion that cause safety and operational issues.
Motivated by the need for predictive tools for assessing and managing age-related degradation in
nuclear power plant structures, two simulation codes named Grizzly and BlackBear are under
development at Idaho National Laboratory (INL). Both of these codes are based on INL’s finite
element-based MOOSE framework. BlackBear (https://mooseframework.inl.gov/blackbear/) is a
publicly-available open-source code that contains a core set of transport, degradation, and
mechanical models that are applicable for modeling degradation in a variety of civil concrete
structures. Grizzly inherits the full set of capabilities from BlackBear and adds models that are
applicable specifically to nuclear structures.
These codes take a modular approach to model the various mechanisms leading to degradation of
both concrete and reinforcing steel bars to model the overall mechanical behavior of the reinforced
concrete at the engineering scale. Most age-related concrete degradation is affected in some way
by local temperature, moisture content, or species transport, and BlackBear solves the field
equations governing these processes, together with those governing nonlinear mechanical response
in a tightly coupled manner.
This presentation focuses specifically on the models in BlackBear used to model the nonlinear
mechanical response of reinforced concrete subjected to age-related degradation. Mechanical
models take into account the coupled effects of strains induced by expansive reactions, creep and
associated damage in the concrete. A simplified approach is adopted to model the reinforcement
bars in a computationally inexpensive way in which rebars are modeled as 1D nonlinear truss
elements embedded in 2D or 3D continuum elements representing the concrete. Constraints are
used to tie the rebar elements to the continuum, which allows the rebar to be meshed independently
of the concrete, and facilitates modeling the bond-slip between rebars and concrete. Model
predictions are compared with experimental results of nonlinear structural response, particularly
those that are sensitive to bond-slip behavior, for validation.
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The work developed presents the advances in the development and experimental validation of
an innovative finite element constitutive model for the analysis of high cycle fatigue (HCF)
phenomena when different load sequences are being considered.
In HCF the associated failure at macroscale level takes place without appreciable plastic
deformation but with growth of material’s porosity [1]. Therefore, the involved processes are
being simulated using a constitutive model based on isotropic damage combined with a
formulation that takes into account the progressive loss of the strength of the material when a
cyclic load is applied [1, 2]. Following this approach, load sequence effects [3] can be taken
into account. A detailed analysis has been carried out comparing numerical and experimental
results for a hot rolled Advanced High Strength Steel (AHSS) sheet. These grades of AHSS
have been widely applied nowadays to produce chassis parts in the automotive industry as an
affordable solution for lightweighting of these vehicle components, typically subjected to high
static and dynamic loads.
REFERENCES
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mechanical fatigue analysis, Computational Materials Science, Volume 32, Issue 2, 2005,
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[3] N.I.I. Mansor, S. Abdullah, A.K. Ariffin, Effect of loading sequences on fatigue crack
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ABSTRACT
Heterogeneity of a material structure influencing on distribution of physical and mechanical
material characteristics (PMC) is one of the factors determining the behaviour of fracture.
This factor can be introduced into the equations of the deformable solid mechanics using
probabilistic laws of the PMC distribution [1-3].
There are the problems related to the case when fragmentation is considered to be mainly a
probabilistic process: for example, explosive destruction of axisymmetric shells, when the
behaviour of explosive fragmentation is unknown. The effect of heterogeneity of a material
structure is also shown in thin target penetration problems.
The mini-symposium will consider the problems as follows: transition from ductile to brittle
fracture, probabilistic approach to describing the destruction of biocompatible materials for
implants, explosive fragmentation of open and closed shells, penetration of a thick target,
fragmentation of a target and a shell after penetration, normal and oblique impact on a thin
target, and destruction of metal rings.
The submitted papers should cover the areas as follows:
- Transition from Ductile to Brittle Fracture
- Probabilistic Approach to Describing the Destruction of Biocompatible Materials for
Implants
- Natural Heterogeneity of a Material Structure
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- Distribution of Physical and Mechanical Material Characteristics
- Fracture and Fragmentation of Solids under Quasistatic and Dynamic Loading
- Explosive Destruction of the Open and Closed Shells
- Crushing of Metal Rings
- High-Velocity Impact of the Laminated - Spaced Targets
- Numerical Simulation of Fracture: Probabilistic Approach
- Numerical Simulation of Fracture: Deterministic Approach
- Numerical Simulation of Shock Wave and Explosive Fracture
- Fracture: 2D and 3D Statement, Deterministic and Probabilistic Approaches
- Protection of Space Vehicles from High-Velocity Debris
- Protection from High-Velocity Projectiles
- Protection of Elements against Explosive and Impact Loading
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Numerical and experimental study of impact fracture of fiber glass
reinforced PA-6.
Cherepanov R.O.1,2, Zelepugin S.A.2, Dontsov Yu. V.1 and Iurkina V.A. 1
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In the work the model of destruction of polyamide-6 (PA-6) reinforced with fiber glass is
proposed. Influence of length of fibers on features of process of deformation and destruction of
such composite material is investigated numerically taking into account the probabilistic law of
fiber length distribution and their orientation. The comparison of calculation results with the
results experiments of high-speed impact of PA-6 samples with and without reinforcement is
carried out.
The computer model of the process of plastic fracture with reinforcement is based on the
method of smooth particles [1] with restoring of particle consistency [2] in a weak variation
formulation [3].
Reinforcement fibers are considered as one-dimensional objects attached with material matrix
with limited strength.
Calculations show that an influence factor on the process of deformation and destruction of
such composite material is the strength of the connection of the fibers with the matrix. The
range of strength values of the "fiber-matrix" connection is determined, at which the best
coincidence of calculated and experimental data is observed.
In addition, the results of experimental determination of parameters of PA-6 composite material
with reinforcing fibers and results of numerical research of influence of length of fibers and
their strength on destruction process of such composite are presented.
REFERENCES
[1] R .A. Gingold, J.J. Monaghan, Smoothed particle hydrodynamics: theory and application

to non-spherical stars, Mon. Not. R. Astron. Soc. 181 (1977) 375–389
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ABSTRACT
Fracture and damage processes in heterogeneous materials span different length and/or time
scales, hence understanding the link between relevant properties at a macroscale and
phenomena occurring at lower scales is essential for design and development purposes. This
minisymposium is meant as a venue to communicate the latest developments in multiscale
fracture and damage mechanics, with special emphasis on the distinct computational aspects
required for scale transitions. Interested participants are invited to submit their contributions on
topics that include, but are not limited to:
- Multiscale methods for discrete computational fracture mechanics
- Continuum/distributed damage multiscale methods
- Probabilistic/statistical methods linking microscale defects and macroscopic failure
- Efficient solution algorithms for multiscale damage and fracture
- Multiscale phase field modelling of damage and fracture
- Numerical homogenization of constitutive models for damage/fracture
- Temporal multiscale methods for dynamic crack propagation and fatigue
The focus of the minisymposium is on computational methods, but experimental and/or
analytical results are encouraged if they enable verification or validation of the multiscale
aspects of the numerical methods.
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AND THE DAMAGE OF A SHORT GLASS FIBER REINFORCED
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Composite materials, due to their superior properties and low density, are desirable in
applications where weight reduction is crucial. PA6/GF30 (Polyamide 6 reinforced with 30%
of glass fibers) is one of those materials used in the automotive sector. It represents an
alternative to metal structures as part of the engine compartment and interior equipment of
vehicles thanks to its duality: mechanical strength-lightness. However, this material is subjected
to several environmental conditions that affect its mechanical behaviour and durability. The
challenge of this research work is to develop a numerical model based on the Discrete Element
Method (DEM) to predict the mechanical behaviour and long-term damage of the PA6/GF30.
As a first step, via experimental campaign, we determined the fiber rate by pyrolysis and the
fiber length distribution before and after injection molding. Besides, using Digital Image
Correlation (DIC) we determined the Poisson’s ratio of PA6/GF30 and, via load/unload tests,
we evaluated the Young’s modulus, and the kinetics of stiffness reduction and damage
thresholds. For the damage mechanism of PA6/GF30 we performed some SEM observations
of fracture surfaces after 3-point bending test and from what we obtained, it turned out that
interfacial debonding constitutes the main mechanism of failure in PA6/GF30. In the second
step, simulation of the composite was conducted using DEM based on a cohesive beam element
model [1]. Indeed, based on the works of Schlangen et al. [2], it was established that the DEM
based on a cohesive beam model is more suitable than spring elements to model continuous
media and its damaging under several mechanical loadings. First, for comparison purposes, we
considered a model of unidirectional fiber composite and we evaluated the stress field using
DEM and Finite Element Method (FEM) in the case of a tensile test. Then, we generated a
Representative Volume Element (RVE) of the PA6/GF30 taking into account the influence of
different geometric parameters such as fiber dispersion and shape factor. Via this model we
obtained promising numerical results in terms of elastic properties comparing with
experimental measurements. Right now, we are working on developing an interfacial model
based on Discrete Damage Zone Model (DDZM) [3] as well as integrating hygrothermal model
to simulate the behaviour and the damage of the PA6/GF30 material under a wide range of
environmental conditions.
REFERENCES
[1] W. Leclerc, Discrete element method to simulate the elastic behavior of 3D heterogeneous
continuous media, International Journal of Solids and Structures, Elsevier, 121: 86–102, 2017.
[2] E. Schlangen, EJ. Garboczi, Fracture simulations of concrete using lattice model: Computational
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[3] X. Liu, R. Duddu, H. Waisman, Discrete damage zone model for fracture initiation and
propagation. Eng Fract Mech 92:1–18, 2012.
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ABSTRACT
The first author and co-authors have been developing a two-way coupled multiscale finite
element algorithm for the purpose of modelling the evolution of microcracking and inelasticity
in a variety of heterogeneous solids [1,2,6-8]. Briefly, the algorithm utilizes an operator
splitting technique together with a time marching scheme to couple the microscale finite
element solutions to the macroscale computational solution. The two length scales are
connected via a damage dependent homogenization procedure, and the algorithm has imbedded
within it a technique for transitioning cracks on the microscale to cracks on the macroscale [12]
that is based on tracking of higher order terms within homogenization process. To date we have
been able to validate the approach against an analytic solution for an example problem [13],
and we have developed a first generation computational approach for the purpose of assessing
computational accuracy of the model [16].
In this paper we will briefly review the current state of the model, especially with respect to the
assessment of computational error introduced via the multiscale approximations embedded
within the algorithm. In addition, we will demonstrate the power of the multiscale
computational algorithm by presenting results for a wide range of applications including impact
loading on laminated continuous fiber composites (such as tank armour [6-11]), fatigue
response of layered particulate media (such as asphaltic pavement [3]), chemically evolving
viscoelastic media (such as sea ice [5,14]), multiphysics applications (such as moisture induced
cracking [4]), and effects of grain structure on cracking in high strength steels (such as railways)
[15].
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MODELLING BY HOMOGENIZATION THE EFFECTIVE BEHAVIOR OF A FRAGILE MATRIX
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Key Words: Particulate composite, swelling, homogenization, brittle.
This work is devoted to the modelling by homogenization methods of the mechanical behavior of a particulate
composite (inclusions distributed in the matrix). Here, a swelling is prescribed to the inclusions within the composite and we want to model the internal stresses induced by this loading. A previous work [1] built up a model
where the phases obey an elasto visco-plastic behavior (creep). This work focuses onto the damage behavior of the
matrix and more precisely onto its brittle damage behavior. A piecewise linear damage model, proposed previously
to describe the behavior of brittle materials, is adopted [2].
Then, this damage model is applied to the scale of the phases to represent the fragile behavior assuming that the
evolution of damage of a phase is driven by its stress average. An inelastic strain standing for the contribution of
damage is added to the elastic strain. Then, either this strain is assimilated to a free strain (Kroner approach [3])
or the strain rate is linearized (Hill approach [4]). The macroscopic behavior is established with the Mori-Tanaka
homogenization scheme [5]. These two approaches are subsequently compared and it turns out that they are
equivalent, for the considered particular loading (swelling prescribed to the inclusions) since they yield the same
damage onset criterion and damage evolution law. Nevertheless, comparisons with full field computations highlight
the tendency for the analytical model to overestimate the damage onset. That is why another analytical model is
proposed assuming that the damage onset as well as the damage evolution are driven by the second moment of
the stress over the matrix. As expected, comparisons with full-field computations show that the damage onset
occurs sooner than for the previous model. However, both of the models above struggle with the modelling of
the damage evolution. In order to overcome this issue, another model based upon an energy balance between the
stored elastic energy and the dissipated one at the end of the failure is proposed. Forthcoming comparisons with
full field computations are carried out to assess the relevance of the proposed approach.
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Numerical modeling of solids undergoing strain localization remains a challenging topic. The cohesive
crack model, among other models, is a convenient one to simulate the onset and propagation of fracture
in materials. Cohesive laws are adopted in combination with either the extended finite element method
(XFEM) or coheisve elements. However, establishing a cohesive law that is accurate for all possible
scenarios is not a trivial task. Apart from phenomenological approaches, computational homogenization
(or FE2 ) serves as a promising alternative. In such approach, along the development of macroscopic
crack, cohesive tractions are computed from the homogenization of the response of a microstructural
volume element (MVE), which provides the ability to explicitly account for microscopic details and
fracture mechanisms and to avoid explicitly formulating cohesive laws on macroscale.
While the classical first-order FE2 has become a standard approach for obtaining macroscopic constitutive laws for bulk material, there is no text-book FE2 approach for strain localization cases. Adopting
different FE techniques, several approaches have been proposed for addressing the issue of appropriate
macro-micro transitions for fractures ([1, 2, 3] among others). Nevertheless, none of them is beyond the
level of proof-of-concept. Simplifications of microscopic failures are assumed through the formulation
and simple illustrative tests are adopted.
In order to explore and extend the ability of FE2 approach for strain localization cases, this work proposes
a two-scale framework to model macroscopic crack growth considering complex fracture mechanisms
on the microlevel. The micromodel includes plasticity and tortuous micro-cracks with a transition from
distributed cracking to localized failure. On the macroscale the phantom node method is adopted to
deal with strong discontinuities while on the microscale a model that inserts cohesive elements between
neighboring elements on the fly is used.
REFERENCES
[1] Toro, S., Sánchez, P.J. and Blanco, P.J. et al., Multiscale formulation for material failure accounting
for cohesive cracks at the macro and micro scales. Int J Plasticity (2016) 76:75–110.
[2] Svenning, E., Larsson, F. and Fagerström, M., Two-scale modeling of fracturing solids using a
smeared macro-to-micro discontinuity transition. Comput Mech (2017) 60:627–641.
[3] Turteltaub, S., van Hoorn, N. and Westbroek, W. et al., Multiscale analysis of mixed-mode fracture
and effective traction-separation relations for composite materials. J Mech Phys Solids (2018) 117:88–
109.
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Solid propellants, such as bullets and rockets, operate under difficult thermo-mechanical
conditions. Mechanically-induced damage affects the combustion properties and might lead to
unsafe conditions. Knowledge and models are needed to link loading conditions, mechanical
response and damage to the material composition and structure. A multi-scale model to
characterize the mechanical properties of these solid propellants is introduced.
A 3D printing manufacturing technique for solid propellants was developed by TNO (Institute
for Applied Scientific Research). This enables a new design of solid propellants to control and
tailor the combustion process. The propellants are printed with the fused deposition method
(FDM). This method extrudes the composite in thin lines and cures each line separately
during deposition with UV-light. This method introduces an interface in between each
deposited line.
Characterisation and modelling of 3D printed solid propellants needs to be done at three
relevant scales, i.e. micro-, meso- and macroscopic scale. The micro-scale consists of small
explosive crystals surrounded by a polymer matrix. The meso-scale includes the interfaces
between the 3D printing lines. The macro-scale consists of the propellant product (gunpowder
grain) and the external boundary conditions.
The macroscopic behaviour is dependent on the micro- and mesoscopic behaviour, therefore
computational homogenisation is applied for coupling of the scales. The macroscopic
gunpowder grain is simulated by placing a microscopic representative volume element in each
integration point. The meso- and macroscopic scales are combined into one, due to the limited
separation of scales. The meso-scale is represented by zero-thickness elements in the macroscale. Resulting in a two-scale simulation representing three-scales.
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In this work, a multi-scale phase field model for fracture is developed from the fully resolved phase
field model [1] using the variationally consistent homogenization technique [2]. The concept of selective
homogenization is applied to the phase-field variable. In this regard, three possible definitions of the
macroscopic phase-field ϕ are explored, (i) non-existent (assuming the phase-field lives only on subscale), (ii) surface-average ϕ , (iii) volume-average ϕ of the sub-scale phase-field variable ϕ.
Allowing the phase-field variable to live only on the sub-scale yields a conventional local damage model
at the macro-scale, as the phase-field becomes an internal variable.
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Figure 1: Figure showing RVE phase-field in the final time-step (left), comparison of surface and volumetric definition of macroscale phase-field (middle), and phase-field flux (y-component) vs. strain (right).
Figure 1 (middle) shows the RVE (stress-strain) response is independent of the surface or volumetric
defintion of the macroscopic phase-field. Simple analytical bounds on the macro-scale phase-field gradient were derived upon parameterizing it as ∇ϕ = [αx , αy ]T ϕ. On violation of these bounds, the quantities
dual to the macro-scale phase-field and its gradient grows erratically. This is illustrated in Figure 1 (right),
where αx = αy = 1e + 2 violate the bounds and the macroscopic phase-field flux grows erratically.
REFERENCES
[1] Miehe, C. , Welschinger, F. and Hofacker, M., Thermodynamically consistent phasefield models
of fracture: Variational principles and multifield FE implementations. Int. J. Numer. Meth. Engng.
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A major source of complexity in composite materials is related to the way composite strcutures are
manufactured. A composite material internal architecture is only locked after curing which the same
process where the structure is manufactured. Structural geometric features such as curvatures and tappers
change the local heterogeneities distribution and consequently the local material response. Consequently,
the final material architecture is a function of the structure geometry as well as the initial heterogeneities
configuration. Since the structural geometric features are non-periodic in nature, this leads to a loss
of periodicity in the underlying composite material. Additionally, failure in composites occurs due to
the several interacting failure mechanisms such as matrix cracking and fibre rupture. Consequently,
for composites undergoing progressive damage, the material response is dependent on the structural
stress state as well as the loading history. These factors combined mean that scale separation cannot be
achieved for these structures and modelling approaches such Representative Volume Elements can lead
to erroneous results.
Spatial tessellation techniques can provide an effective tool for multi-scale modelling of this category
of composites. Techniques such as Voronoi Tessellation are used to create intermediate homogenisation
length scales which leads to a reduction in the problem size while allowing the effect of the internal material architecture to be presented in a structural scale simulation[1]. In the current work, a novel spatial
clustering technique is presented alongside the Voronoi Tessellation which allows for the detection of
repetitive patterns within the non-periodic material architecture of a composite structure. Consequently,
the heterogeneities distribution across the composite structure can be described in terms of a finite number of repetitive spatial cells. The clustering is carried out by comparing Voronoi Cells in terms of the
geometric heterogonies distribution within the cell as well as the properties of the individual heterogonies. The proposed technique can rebuild the tessellation cells to maximize the similarity between the
clusters and further reduce the problem size. As a result, the composite structure can be modelled by
assembling pre-computed spatial cells which tessellate to form a complete model. Moreover, this tessellated description allows for the development of reusable damage and failure envelopes associated with
each cell cluster which enables efficient modelling of progressive damage on the structural scale.
REFERENCES
[1] El Said,B. , Ivanov, D., Long, A.C. and Hallett, S.R. Multi-scale modelling of strongly heterogeneous 3D composite structures using spatial Voronoi tessellation. Journal of the Mechanics and
Physics of Solids, (2016) 88:50-71.
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Abstract
The goal of the minisymposium is to present recent advances in the development of numerical schemes
for the solution of transport dominated problems, with particular emphasis on Boltzmann and kinetic
problems, and their applications to optics, nuclear engineering and plasma physics. Key challenges in
the numerical solution of these equations include high-dimensionality, non-smooth solutions, hyperbolicity, multi-scale effects, application to the physics and rigorous quantification of uncertainties. In this
minisymposium we gather experts from various fields to report on state-of-the-art techniques to tackle
these challenges, as well as to identify new research directions, and stimulate collaboration.
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One approach to safe, clean energy is magnetic confinement fusion. This has been explored by experimental and theoretical research for several decades. Much of the research effort in magnetic confinement
of plasmas has focused on the tokamak configuration, which, due to its symmetry with respect to one
coordinate (axi-symmetry), features much simpler geometry than the stellarator. Such configurations are
therefore described as 2D, since that one coordinate can be ignored. Conversely, the stellarator relies
on breaking of this symmetry in order to provide confinement, and this is why such configurations are
referred to as 3D. While stellarators tend to be more difficult to design because of their lack of inherent symmetry, they provide several advantages over tokamak configurations, as they do not require a
large current in the confinement region. Modern stellarators can be carefully designed, allowing these
configurations to have confinement properties similar to tokamaks.
In [1], we present modeling and optimization aspects of magnetic fields for stellarator design. In this
talk, we will focus more precisely on the challenges associated with the absence of axi-symmetry to
design equilibrium magnetic fields, as well as some models and other kinds of symmetry properties for
the computation of optimized stellarator magnetic fields.
REFERENCES
[1] Lise-Marie Imbert-Gerard, Elizabeth Paul, Adelle Wright. An introduction to symmetries in stellarators. arXiv:1908.05360.
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Solving kinetic equations with high-dimensional random parameters has been a challenging
problem. In this talk, we will discuss how to employ the bi-fidelity stochastic collocation
method [1] and different ways of choosing low-fidelity models, in order to efficiently solve
multi-scale kinetic equations with uncertainties. We will focus on the linear transpot model,
and take the Boltzmann equation and the Vlasov-Poisson system as examples. In addition,
formal error estimates of the bi-fidelity approach will be presented. Numerous numerical
experiments will be shown to validate the efficiency and accuracy of our proposed methods.
REFERENCES
[1] X. ZHU, A. NARAYAN, AND D. XIU, Computational aspects of stochastic collocation with
multifidelity models, SIAM/ASA J. Uncertain. Quantif., 2 (2014), pp. 444–463.
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In this work, we examine an adaptive Monte-Carlo/deterministic resolution for the parabolic timedependent diffusion equation as a toy problem. The aim is to treat neutron transport problems where
these Monte-Carlo resolutions are most often called for.
We consider two different solvers: a “coarse” solver based on a deterministic finite-element resolution
and a “fine” solver based on a Monte-Carlo resolution. We use a hybrid “parareal in time” algorithm
based on these two solvers to reduce the computational time of the full Monte-Carlo simulation.
In the numerical experiments, we compare our parareal strategy with a standard full Monte-Carlo solution
of the diffusion equation. In particular, we show that for a large number of processors, our adaptive
strategy significantly reduces the computational time of the simulation. The convergence properties of
the proposed Monte-Carlo/deterministic parareal strategy are also discussed in this work.
REFERENCES
[1] Lions, J.-L., Maday, Y. and Turinici G. Résolution d’edp par un schéma en temps “pararéel”, C. R.
Acad. Sci. Paris, Ser. I 332 (2000) 661–668.
[2] Baudron, A-M., Lautard, J-J., Maday, Y., Riahi, M-K., Salomon, J. Parareal in time 3D numerical solver for the LWR Benchmark neutron diffusion transient model, Journal of Computational
Physics, 279 (2014).
[3] Lux, I. and Koblinger, L. Monte Carlo Particle Transport Methods: Neutron and Photon Calculations. Book. CRC Press. (1991).
This work was funded by the ANR project “Ciné-Para” (ANR-15-CE23-0019).
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We introduce a stochastic interacting particle consensus system for global optimization of
high dimensional non-convex functions. This algorithm does not use gradient of the function
thus is suitable for non-smooth functions. We prove that under dimension-independent
conditions on the parameters and initial data the algorithms converge to the neighborhood of
the global minimum almost surely.

REFERENCES
[1] J. Carrillo, S. Jin, L. Li and Y. Zhu, A consensus-based global optimization method for

high dimensional machine learning problems, arXiv:1909.09249
[2] S.-Y. Ha, S. Jin and D. Kim, Convergence of a first-order consensus-based global
optimization algorithm, arXiv:1910.08239
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Abstract: We shall discuss conservative solvers for collisional kinetic theory associated to billiard models
for binary interactions ranging from the Boltzmann models for monoatomic gases under hard potentials
to the Landau equation for Coulomb interactions modeling plasmas. After reviewing spectral methods for binary collisional forms [1], we shall focus on Discontinuous Galerkin [2] vs Galerkin-Petrov
[3]schemes and show accurate calculations of decay rate to equilibrium for closed systems or under periodic boundary conditions as well as error estimates and local stability for the approximation of the
numerical solution to the analytical [4]. In addition we shall discuss sheath formation for double layer
potentials in the case of Coulomb interactions under strong non statistical equilibrium boundary data.
REFERENCES
[1] Z HANG , C., AND G AMBA , I.M.; A conservative scheme for Vlasov Poisson Landau modeling
collisional plasmas. J. Comput. Physics 340 (2017), 470–497.
[2] M ORALES E SCALANTE , J.A. AND G AMBA , I.M.; Galerkin Methods for Boltzmann-Poisson
Transport with reflection conditions on rough boundaries, Journal of Computational Physics (2018)
363, 302-328.
[3] G AMBA , I.M. AND R JASANOW, S.; Galerkin-Petrov approach for the Boltzmann equation. Journal of Computational Physics (2018) 366, 341-365.
[4] P ENNIE , C., AND G AMBA , I.M.; Convergence and error estimates for the conservative spectral
method for Fokker-Planck-Landau equations. arXiv:2009.10352 (2020).
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The time-dependent neutron transport in a nuclear core reactor is described by the Boltzmann neutron
transport equation, where the flux depends on seven variables in the three-dimensional case. Numerically,
the approach to the problem is based either on deterministic codes, that introduce discretizations to the
variables of the equation, or on stochastic codes, that analyse the historical track of each particle.
Because stochastic codes simulate the behavior of the neutrons with a high-accuracy description of the
nuclear data (cross-sections,. . . ), they are commonly used as a reference method for the verification of
deterministic codes. Recently, some developments have been carried out to perform with the stochastic
R
the simulation of transient problems [2].
Monte-Carlo code TRIPOLI4�
In the deterministic approach, a homogenization and collapse approach is usually applied to generate
nuclear data for nuclear core reactor computation [3]. The aim is to present the first steps of verification
R
of a deterministic approach for the time-dependent Boltzmann equations in the APOLLO3�
code [5].
The solvers involved in this study are the TDT-MOC solver [4] for the computation of the collapsed
and homogenized nuclear data and the MINARET solver [1] for the simulation of the time-dependent
R
Boltzmann equations in a nuclear core reactor. The stochastic Monte-Carlo code TRIPOLI4�
is used as
a reference for the verification of different study cases of transient phenomena.
REFERENCES
[1] Baudron, A.M. Lautard, J.J. Maday, Y. and Mula., O. (2013). MINARET: Towards a timedependent neutron transport parallel solver. EDP Sciences.
[2] Faucher, M., Mancusi, D., and Zoia, A. (2018). New kinetic simulation capabilities for TRIPOLIR
4�
:Methods and applications. Annals of Nuclear Energy, 120, 74-88.
[3] Sanchez, R. (2009). Assembly homogenization techniques for core calculations. Progress in Nuclear Energy, 51(1), 14-31.
[4] Santandrea, S. and Sanchez, R. (2005). Analysis and improvement of the DPN acceleration technique for the method of characteristics in unstructured meshes, Annals of Nucl. Ene 32, pp. 163
R
[5] Schneider, D. et al. (2016). APOLLO3�
: CEA/DEN Deterministic multi-purpose code for reactor
physics analysis. In Proc. Int. Conf. Physics of Reactors (PHYSOR2016).
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High tech industrial applications often operate under extreme conditions where the continuum laws no
longer are applicable. In this work we are interested in applications such as heat transfer in photolithography, where gas gets injected in near vacuum. Typically, under these circumstances fluids are no
longer modeled as a continuum, but as a distribution of particles, moving with random velocities.
The Boltzmann equation describes the evolution of these distributions in time and space and it can be
shown that the solutions of well known continuum models, such as the Euler equations and Navier-Stokes
equations, are solutions to the Boltzmann equation in the continuum limit [1]. One of the challenges
when modeling the Boltzmann equation is choosing a suitable approximation of the collision operator.
Typically, this is approximated in such a way that all the relevant physics can be modeled, yet trying to
reduce the computational cost of the actual Boltzmann collision operator.
In this presentation we introduce a numerical approximation of the ES-BGK collision operator [2]. A notable property of this operator is that it models polyatomic gases and can be used for accurately modeling
heat transfer. The collision operator is implemented into an existing method for numerically modeling
the Boltzmann equation, using a moment method to discretize the velocity space, and a discontinuous
Galerkin finite element method to discretize the resulting system of equations in space [3].
We present several benchmark results, comparing our model to data from experiments, analytical work
and other numerical methods, showing the large range of applications for which this method can be used.
It especially notable that our method performs well in the near continuum regime and on unstructured
grids, making it a method that can be used for industrial applications as well.
REFERENCES
[1] Levermore, D.C. and Masmoudi, N. From the Boltzmann equation to an incompressible Navier–
Stokes–Fourier system. Archive for rational mechanics and analysis. Springer. (2010) 196, 753- 809
United States. Department of Energy (2004)
[2] Andries, P. and le Tallec, P. and Perlat, J. and Perthame, B. The Gaussian BGK model of the Boltzmann equation with small Prandtl number.European Journal of Mechanics - B/Fluids (2000) 19, 813
- 830
[3] Abdelmalik, M.R.A. and van Brummelen, E.H. An entropy stable discontinuous Galerkin finiteelement moment method for the Boltzmann equation. Computers and Mathematics with Applications. (2016) 72, 1988 - 1999
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The oscillatory pressure driven rarefied binary gas mixture flow in capillaries, is
computationally investigated in terms of the molar fraction and molecular mass ratio of the
species, in a wide range of gas rarefaction and oscillation frequency. Modeling is based on the
McCormack kinetic model subject to diffuse boundary conditions. The presented results are for
He–Xe, He-Ar and Ne–Ar with their molar fraction varying from zero to one. The output
quantities include the macroscopic quantities of each species and of the mixture and they are
successfully validated in various ways, including grid refinement, fulfillment of the derived
force balance benchmark expression and systematic comparisons at limiting conditions, such
as steady-state binary gas flow [1-2] and oscillatory single gas flow [3-4].
The flow rate, wall shear stress and pumping power of the oscillatory binary gas mixture flow
have qualitative resemblance with the corresponding ones in oscillatory single gas flow, in
terms of the gas rarefaction and oscillation parameters, but there are quantitative deviations
particularly in the flow rates depending on the molar fraction and the mixture composition. As
the molecular mass ratio of the heavy over the light species is increased, the mixture flow rate
amplitude becomes larger and the phase angle becomes smaller than the corresponding ones of
the single gas. The variation with respect to the molar fraction is non-monotonic, taking the
maximum and minimum values for the amplitude and the phase angle respectively at
intermediate values of the molar fraction. Concerning the species, it has been found that as the
oscillation frequency is increased, although the flow rate amplitudes of both species are
decreased, the relative difference between them is increased. This behavior becomes more
pronounced as the gas rarefaction is decreased, which is certainly not expected, since as it is
well-known gas separation effects are less intense as the flow becomes less rarefied [5]. This is
due to inertia effects, which are increased with the oscillation frequency and they influence the
flow rate amplitude of the heavy species much more than of the light one. This effect is further
amplified as the flow becomes less rarefied, overcoming diffusion effects due to intermolecular
collisions, provided that the oscillation frequency is sufficiently large. It has been confirmed
that at high frequencies the flow rate amplitude ratio of the light over the heavy species,
independent of the gas rarefaction parameter, tends to the molecular mass ratio of the heavy
over the light species. Also, the phase lag of the heavy species flow rate is always larger than
the corresponding of the light one, while the velocity overshooting effect becomes more
dominant as the molecular mass of the gas species is increased.
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The present work may be useful in the design and development of gas separation devices
operating at moderate and high frequencies in the whole range of gas rarefaction applicable in
various technological fields.
REFERENCES
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Rarefied gas flows are characterized by large mean free paths relative to the
characteristic length scale of the flow configuration and are encountered in well-established,
as well as emerging technological fields, such as vacuum gas dynamics and microfluidics
respectively. Modelling and simulation of such flows, in the whole range of gas rarefaction,
must be based on kinetic theory of gasses, where the basic unknown is the velocity
distribution function, obeying the Boltzmann equation (BE) [1]. Since the BE is notoriously
difficult and computationally demanding to solve in a deterministic manner, it is commonly
replaced by suitable kinetic model equations, which are valid in the whole range of gas
rarefaction. However, the iterative schemes employed to solve the kinetic equations coupled
with the moments of the distribution function suffer from low convergence rates as the flow
moves towards the hydrodynamics regime [2]. An alternative modelling approach is the socalled moment methods or methods of moment equations.
Typical moment methods are constructed by taking successive moments of the kinetic
equations and forming an hierarchy of moment equations [3]. As expected, the moment
methods are significantly less computationally demanding than the typical modelling
approaches for rarefied gas dynamics based on the kinetic equations. However, the major
drawback of the moment methods is that the resulting system of moment equations is open
and a closure condition is implemented, typically truncating the moments’ hierarchy at some
arbitrary point. Another drawback is that typical moment methods are relatively limited in
their application since they are accurate only in the slip and early transition regimes, failing to
accurately model flows in the late transition and free molecular regimes.
In the present work, a half-range moment method is presented. The moments are
constructed using the half-range Hermitte polynomials, resulting in a hyperbolic system of
moment equations. The proposed moment method is proved to be accurate even in high gas
rarefaction, where typical moment methods fail and furthermore, it remains computationally
efficient in high density regions where the solution of the kinetic model equations is
computationally very expensive. The implemented half-range moment method has the
potential to become a unified modelling approach for multiscale simulations in configurations
where the gas rarefaction ranges from the transition to the hydrodynamic regimes.
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We consider the relativistic Vlasov-Maxwell system linearized around a given static density profile
F0 (x, p) and a given magnetic field B0e3 . The resulting system for the perturbation reads

v(p)
∂t f + v(p).∇x f + qB0 ( v(p)
c × e3 ).∇ p f = −q(E + c × B).∇ p F0 ,
∂t B + c∇ × E = 0,

for a given E ∈ S (Rd+1 ). Among all solutions of this system of PDEs given by a choice of initial datum,
we are able to choose a precise one (not referring to its Cauchy data) which gives the response of the
plasma to the imposed electric-field perturbation E. This precise solution belongs to S  (R2d+1 ) and is
the limit, using the limiting absorption principle, of the unique solution in S  (R2d+1 ) of


v(p)
∂t fν + v(p).∇x fν + qB0 ( v(p)
c × e3 ).∇ p f ν + ν f ν = −q(E + c × B).∇ p F0 ,
∂t B + c∇ × E = 0,

when ν → 0+ , ν > 0.

Using this unique solution one is then able to define and compute, in the tempered distribution framework, for φ ∈ S (Rd+1 )

< ∂t j, φ >=

< ∂t f , v.φ > dv,

and demonstrate, under the additional assumption F0 (x, p) = n0 (x)F 0 (p) where n0 is the density of particles, that
∂t j = σ̃(E)

where σ̃ (up to a truncation in the Fourier space outside a neighborhood of k = 0) is a Fourier multiplier.
REFERENCES
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A kinetic description for evolving gases is given by the Boltzmann equations. In practice there ar situations where it suffices to consider a simplifications of the collision operator, namely the so called BGK
model. For an adequate description of a plasma, where treating the different ions is important, one is lead
to multi-species kinetic models. A new model of this type, arising in inertial confinement fusion, is introduced, where the collision frequency depends on the microscopic velocity. This model is an extension
of the model in [1]. The fact that now the collision frequency depends on the microscopic velocity gives
rise to the need to prove important theoretical properties for this new model, like conservation properties
and the H-theorem. These theorems open the way to solving these equations numerically. We present an
algorithm for doing this.
This is joint work with among others Cory Hauck, Marlies Pirner and Sandra Warnecke.
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Geometric variational discretizations are known for preserving key physical invariants in a natural way,
leading to long-time stability properties. Following the GEMPIC framework [4] proposed for electromagnetic particle simulations, we present here a class of geometric particle methods that use a spectral
discretization for the field. In some instances the method amounts to a gridless Particle-in-Fourier method
[6], while in others it can be seen as a spectral Particle-in-Cell method with antialiasing filter [2, 5, 1]. A
priori error estimates allow us to unify the analysis of these methods and their conservation properties,
extending the results established in [3] for the electrostatic case.
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An important model for describing the evolution of charged particles in an electromagnetic field is the
Vlasov equation. In this work, we are interested in the regime where the particles are subject to a large
external magnetic field, which makes the Vlasov equation singularly perturbed. The difficulty in solving
this model is that the solution involves several scales in time and this multi-scale aspect asks for a high
computational cost when using explicit numerical schemes.
We propose a new coupling strategy in the parareal framework in order to solve efficiently such models.
The parareal algorithm [3, 1] is a method that enables to parallelize in time numerical integrators of
evolution problems. It is based on the use of two solvers, a coarse solver and a fine one, which are both
approximations of the solution. In this work, we use for the coarse propagator a numerical approximation
of a reduced model. More precisely we solve zeroth order or first order two-scale models [2], depending
on the needed accuracy.
The convergence of the parareal algorithm is obtained through numerical experiments for several ODEs
as characteristics of Vlasov-like equations from two-dimensional to six-dimensional phase spaces. The
parallel efficiency of the algorithm is also discussed.
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[3] Lions, J.-L., Maday, Y., and Turinici, G. A “parareal” in time discretization of PDE’s. C.R. Acad.
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Title
Peridynamic theory and multiscale methods for complex material behavior
Abstract
Simulation of complex material behavior presents huge challenges in computational science and
engineering nowadays. Overcoming those challenges requires the development of novel
mathematical models and computational methods. Examples of such challenges in classical solid
mechanics include the characterization of the microstructure dependence of the material response,
as well as the simulation of material failure and damage; similarly, the description of coupling multiscale behaviors represents a challenge in classical theories. Peridynamics, as a new nonlocal theory,
offers an alternative approach that avoids difficulties arising in classical local theories in the
description of complex material behavior. Additionally, peridynamics as a nonlocal continuum
model can be applied to coarse-grained molecular dynamics, potentially for bridging the atomistic
scale to the continuum scale. Computational implementations of a peridynamic model, however,
often cause huge computational cost and incompatibility with classical tractions-like boundary
conditions. Multiscale coupling strategies that bridge local and nonlocal models seem to provide a
solution to both the computational expense and the boundary treatment. Multiscale coupling
methods, in general, refer to the class of mathematical and computational techniques for the
problems that exhibit characteristic features at multiple scales. Several of these methods have been
proposed in past years for the effective prediction of the material response in, e.g., composites and
heterogeneous media. This mini-symposium invites contributions on recent developments on the
peridynamic theory and multiscale coupling modeling for the simulation of complex material
behavior.
Topics of interest
 Peridynamics
 Atomistic-to-continuum coupled models and algorithms
 Multiscale coupling methods for the simulation of complex material behavior
 Numerical analysis of peridynamic models and multiscale coupling methods
 Discretization schemes and software implementation of peridynamic models and
multiscale coupling methods
 Interface representation methods of composite materials
 Material failure and damage
 Coupled multi-physics problems
 Fiber-reinforced composites, concretes, and other heterogeneous systems
 Practical engineering applications
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This talk will provide an overview of peridynamic and phase-field models for engineering fracture
mechanics. There are intense review papers for phase-field models [3] and peridynamic models [1,
2] available, however this talk compares both models.
First, the ingredients of the models needed to compare them are introduced. Second, the available material models, discretization methods, and solver are emphasized. Third, applications
of these two models to diverse engineering fracture mechanics problems are shown. Especially,
benchmarks against experimental data are used to measure the accuracy of these two models.
Lastly, the two models are compared and similarities and differences are highlighted.
REFERENCES
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1(1), pp.14-35.
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Mechanics. 53.

546

A Han
F.
Dynamic
and G.
Hybrid
Lubineau
Local/Nonlocal Continuum Model for Wave Propagation

A Dynamic Hybrid Local/Nonlocal Continuum Model for
Wave Propagation
Fei Han*, Gilles Lubineau**
*State Key Laboratory of Structural Analysis for Industrial Equipment, Department of
Engineering Mechanics, International Research Center for Computational Mechanics, Dalian
University of Technology, Dalian, 116023, PR China
**King Abdullah University of Science and Technology (KAUST), Physical Science and
Engineering Division, COHMAS Laboratory, Thuwal. 23955-6900. Saudi Arabia

A dynamic hybrid local/nonlocal continuum model is proposed to study wave
propagations in the linear elastic solid. The proposed hybrid model couples in the
dynamic regime a classical continuum mechanics model with a bond-based
peridynamic model by a generalization of the Morphing coupling method [1] that we
previously introduced. The classical continuum mechanical model is known as a local
continuum model, while the peridynamic model is known as a nonlocal continuum
model. In the Morphing coupling method, the local and nonlocal continuum domains
are overlapped in a coupling subdomain. We study the speeds and angular frequencies
of plane waves with small and large wavenumber obtained by the hybrid model and
compare them to pure local and pure nonlocal solutions. The errors of coupling are
discussed by analyzing the ghost force that is considered to dominate the spurious
reflection of a wave. One- and two-dimensional numerical examples illustrate the
validity and accuracy of the proposed approach. It is shown that this dynamic hybrid
local/nonlocal continuum model can be successfully applied to simulate wave
propagations in the linear elastic solid.

[1] G. Lubineau, Y. Azdoud, F. Han, C. Rey, A. Askari, A morphing strategy to couple
non-local to local continuum mechanics, Journal of the Mechanics and Physics of
Solids 60(6) (2012) 1088-1102.
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An improved constitutive model based on Timoshenko beam theory is proposed for bond
based peridynamics. The motion and force governing equations of the bond are established by
introducing Timoshenko beam element to simulate the interaction between the particles. Since
the axial pairwise force, shear force, moment and their coupling effect on the bond are all
considered in the model, it can capture not only the bond axial displacement but also the bond
transverse displacement and relative rotation angle. This extension in the displacement mode
can overcome the limitation of Poisson’s ratio in the classical bond based peridynamics model
and improve the simulation accuracy. By introducing three kinds of stiffness parameters and
considering the coupling effect of bond deformation and particle relative rotation angle, the
peridynamic strain energy can be completely related to continuum solid mechanics strain
energy under complex deformation field. Moreover, the energy-based failure criteria
accounting for bond stretch, shear and bending deformation are proposed, where the failure is
controlled by the maximum stretch, shear strain and rotation angle limit of bond. The
validation of the proposed model is verified by comparing the simulation results to the
analytical solution results and experiment observations. Numerical results show that this
improved model can be widely used to predict the deformation and crack propagation of
materials with variable Poisson’s ratio under complex loading conditions.
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Journal of the Mechanics and Physics of Solids., Vol. 48, pp. 175−209, 2000.
[2] W. Gerstle, N. Sau and S. Silling, Peridynamic modeling of concrete structures, Nuclear
Engineering and Design., Vol. 237, pp. 1250−1258, 2007.
[3] Q. Z. Zhu and T. Ni, Peridynamic formulations enriched with bond rotation effects,
International Journal of Engineering Science., Vol. 121, pp. 118−129, 2017.
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deformability: Elasticity, failure properties and initial yield domains, International
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A micropolar peridynamic [1] model for in-plane electro-mechanical behavior of isotropic and orthotropic
solids is presented. The analytical implicit formulation of the electrical part of the model is based on the
definition of a proper microelectrical energy function and a specific electrical inelastic deformation parameter. A compatibility condition and a constitutive relationship has been derived and thus the electrical
stiffness operator has been obtained. The electrical formulation is then coupled with a mechanical micropolar peridynamic formulation that accounts for full orthotropy [2] and isotropy as special case [3]. A
distinctive aspect of the formulation is the use of continuous trigonometric functions, being the mechanical and electrical bond constants continuous functions of its orientation with respect to the principal
material axes. The obtained unified model is capable to predict the elastic response and the electrical
conduction of elastic brittle materials taking into account the influence of cracks and other defects along
with mechanical and/or electrical orthotropy.
The accuracy of the proposed model has been assessed by several examples including the prediction
of the electric field potential and electric current density in isotropic and orthotropic square metallic
laminae, and the simulation of a coupled electromechanical problem.
REFERENCES
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solids. International Journal of Mechanical Sciences (2019) 160 140–155.
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Elasticity, failure properties and initial yield domains. International Journal of Solids and Structures (2019) 160 201–231.
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This paper is devoted to the development of the unified weak form of non-ordinary statebased peridynamics and classical continuum mechanics. A new force state vector is
reconstructed by introducing the first Piola-Kirchhoff stress. The construction of this new force
state vector is similar to the correspondence material formulation in original NOSB-PD but in a
mathematical way. The consistency of the new NOSB-PD strong form and the equation of
motion in classical continuum mechanics (CCM) is also proved, which gives a new
interpretation of the long-range force in NOSB-PD. Since the Gauss's theorem plays a key role
in building the weak form in classical continuum mechanics. We propose a nonlocal Gauss's
theorem based on the equivalence between the non-local boundary in peridynamics and the local
boundary in classical continuum mechanics. The unified weak form is then proposed for nonordinary state-based peridynamics and classical continuum mechanics based on this non-local
Gauss's theorem. Further, a fully implicit algorithm is developed to simulate the whole process
from the elastic deformation to the fracture of materials. In addition, the penalty method is
adopted to suppress the zero-mode oscillations in NOSB-PD. Several numerical simulations are
studied to validate the method.
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Abstract
Multigrid methods are one of the efficient solvers for the algebraic systems arising from the
discretization of partial differential equations (PDEs). The idea of multigrid methods is to find
the correction in the coarse level and to update the prolongated correction terms to the fine level.
In this work, the geometric multigrid algorithms are employed to solve for algebraic system
arising from implicit peridynamic system. Peridynamics is a nonlocal continuum thoery
concerned with the physics of a material body and considers how a point on this body interacts
with all other points within a finite distance. The peridynamics uses an integral of forces instead
of a divergence of stress, which allows the peridynamic equation of motion to be valid
everywhere, regardless of existing discontinuities. We study the convergence behavior of the
implicit peridynamic system with changing nonlocality on geometric multigrid levels. The
efficiency and convergence performance of the implicit peridynamic solutions with various
multigrid algorithms are also investigated.
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Solid oxide fuel cell electrolytes work under mechanical-electrochemical coupling complex conditions.
When GDC is exposed to a low partial pressure of oxygen or reducing conditions, it will lead to the
deviation from stoichiometry and oxygen vacancies defects. When the GDC electrolyte has micro crack
under load, stress concentration appears at the crack tip, which has an attractive effect on oxygen vacancies. At the same time, the accumulation of oxygen vacancies at the crack tip will further affect
the material properties of the electrolyte. In this paper, the deviation from stoichiometry distribution of
20GDC plate is studied by the electrochemomechanical coupling theory, and the fracture toughness of
the non-stoichiometric GDC is calculated by the Atom-to-Continuum multi-scale method. It is found
that the stress near the crack tip has induction effect on the deviation from stoichiometry. Compared with
standard stoichiometric GDC, the fracture toughness of non-stoichiometric reduces nearly 30%.
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Consider a linearized peridynamic model described by the following integro-differential equation:
∂2 u(x,t)
+
∂t 2



Rn

K(x − y)[u(x,t) − u(y,t)]dy = f (x,t), x ∈ Rn , t > 0,

with initial values u(x, 0) = φ(x),

ut (x, 0) = ψ(x),

(1)

x ∈ Rn .

Here u : Rn × [0, T ] → Rn is unknown function, the kernel K is n × n matrix-function, φ and ψ are initial
data, and f is the external force.
We consider the kernel
K(x) = |x|−α−2 χ(|x|) (x ⊗ x) + β(x),

α > 0,

x ∈ Rn .

The functions χ and β are from C0∞ (R) and the function χ satisfies for some fixed ρ > 0 the following
conditions: χ(r) = 1 for r ≤ ρ, χ(r) = 0 for r ≥ 2, and 0 ≤ χ(r) ≤ 1 for r ∈ R. The problem with similar
type of kernel has been studied by several authors (see [2]).
In what follows we assume that n ≥ 3 and n < α < n + 2. This means that integral operator on the right
hand side (1) is hyper-singular. Note that the case α = n was considered in [1].
To investigate the equation (1) we modify this equation and define the solution of the Cauchy problem
as the function u(x,t), which belongs to the space L2 (Rn ) for every t ≥ 0, is continuous on the closed
half-line t ≥ 0 and two times continuously differentiable on the open half-line t > 0 with respect to t in
the norm of this space, and satisfies equation (1) and initial conditions.
We prove that in case where initial functions φ(x) and ψ(x) belong to some Sobolev spaces, and external
force f (x,t) continuously depends on t in the norm of corresponding Sobolev space, the solution of the
Cauchy problem exists and is unique.
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In this contribution, a peridynamic computational model is used to investigate dynamic fracture process
in brittle materials. In peridynamic models for fracture, the dissipated fracture energy is regularized
over a non-local region denoted as the peridynamic horizon. This paper investigates the influence of
this parameter on the dynamic fracture process in brittle solids, using two as well as three dimensional
simulations of fracture propagation in a notched plate at various levels of the initially (quasi-statically)
stored elastic energy [2]. Delta convergence analysis is performed with respect to crack velocities as
well as the evolution of strain, kinetic and dissipated energies. The predicted crack speed for different levels of the initially stored energy as well as characteristics of the crack surface topology obtained
in different crack propagation regimes in 3D computational simulations are compared with the experimentally observed crack velocity and fracture surfaces for PMMA (Poly-methyl-metacrylate) specimens
[3, 4]. We also investigate the influence of the specimen size on the dynamic fracture process using 2D
peridynamic simulations. The fracture strengths and the velocity toughening relationship obtained from
different specimen sizes are compared with the LEFM size effect relationship [1] and with experiments
[3], respectively.
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PERIDYNAMIC FINITE ELEMENT MODELLING OF QUASIBRITTLE
STRUCTURES
In a number of applications, large size structures subjected to loads that cause highly
non-linear behavior need to be analyzed. With the peridynamic theory, proposed by
Stewart Silling in 2000 and 2007 elasticity and damage in quasibrittle structures such
as plain and reinforced concrete structures can be modeled with the peridynamic
theory. To model these structures, lattice models with brittle beam elements are used
to model concrete. A shortcoming of lattice and particle models is that they are highly
demanding of computational power. Molecular dynamics may be, in some cases an
appropriate tool for analyzing microcracks in quasibrittle materials in compression,
but molecular dynamics becomes infeasible at scales larger than a few million
atoms. For example, in masonry structures, cracks form in the brick mortar joints,
and concrete blocks can be assumed to have a uniform displacement field. This
allows us to use the peridynamic finite element model, which is an improvement over
discrete lattice models. This model assumes a continuous displacement field within
each finite element, with displacement discontinuities allowed to develop between
finite elements. The objective of this work is to model cracks in relatively large
structures, such as masonry walls with the peridynamic model. The peridynamic
finite element model is shown to be much more computer time- and memory-efficient
than the similar discrete particle-based models. Results show that this
implementation appears to be more computationally efficient than particle or lattice
models.
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Composite materials are widely used in civil aircraft because of their unique performance
advantages. The composite structure on the aircraft is usually damaged by the impact of foreign
objects, and hail is a main impact source. The composite structure is very sensitive to hail
impact. Hail impact of high speed, low mass and low energy will lead to serious degradation of
structure performance, even loss of bearing capacity of local structure, directly or indirectly
leading to accidents.
Although some achievements have been made in the field of dynamic response and failure
mechanism of ice and constitutive model related to strain rate in recent years, the constitutive
relationship and failure mode of ice under the joint action of temperature and strain rate are still
unknown, so it is still unable to establish accurate calculation model to simulate the failure
behavior of hail impact under different temperature and impact speed, It greatly limits the
development and optimization design of the anti-hail impact structure.
As a new theory of nonlocal continuity, peridynamics can effectively deal with the
problem of material separation with large deformation, and avoid the singularity of traditional
calculation method in the uneven deformation and the instability of traditional meshless method.
In order to predict the failure behaviour of composite structures under high-speed impact
of hail, an effective dynamic constitutive model of ice is developed based on peridynamics
theory. The dynamic stress-strain relationship and progressive failure behaviour of composite
structures under high strain rate are studied. On this basis, the dynamic mechanical model and
failure criterion of composite structures are developed. Based on the nonconventional state
theory of peridynamics, the peridynamic model and numerical analysis method are developed
considering the interface adhesion, damage evolution law and dynamic mechanical properties
of composite. The damage initiation, crack propagation and structure failure behavior are
simulated, and the failure mechanism and influencing factors of the composite structure under
the high-speed impact of hail are studied and revealed.
This study will be helpful to understand the dynamic response and failure mechanism of
the composite structural layer under the high-speed impact load of hail, and provide the
theoretical basis for the evaluation and optimization design of the composite impact
performance.
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It is a challenge to choose the appropriate kernel function in nonlocal problems. We tackle this challenge
from the aspect of nonlocal wave propagation and study the dispersion relation at the analytical level.
The kernel function enters the formulation as an input. Any effort to narrow down this function family is
valuable. Dispersion relations of the nonlocal governing operators are identified. Using a Taylor expansion, a selection criterion is devised to determine the kernel function that provides the best approximation
to the classical (linear) dispersion relation. The criterion is based on selecting the smallest coefficient in
magnitude of the dominant term in the Taylor expansion after the constant term.
The governing operators are constructed using functional calculus [1, 2] which provides the explicit expression of the eigenvalues of the operators. The ability to express eigenvalues explicitly allows us to
obtain dispersion relation at the analytical level, thereby isolating the effect of discretization on the dispersion relation. With the presence of expressions of eigenvalues of the governing operator, the analysis
is clear and accessible. The choices made to obtain the best approximation to the classical dispersion
relation become completely transparent. We find that the truncated Gaussian family is the most effective
compared to power and rational function families [3].
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ABSTRACT
From molecular dynamics to simulation of large scale structures, capability of
simulation tools for composite materials has come a long way over the past decade. However,
much of composite materials/structural analysis methods used in industry today are still limited
to linear analysis or simplified failure analysis. The primary reason for which is that composite
materials exhibit very complex failure mechanisms, which is still quite out of reach for methods
employed thus far. Complexity is compounded by numerical issues like mesh dependency,
non-linear behavior, multi-scale phenomena, simplified assumptions, etc. The aim of this minisymposium is to bring together researchers in the field of composite material/ structure
progressive failure analysis methods to have an open discussion on current and future methods
for progressive damage analysis of composites.
We invite papers in the following, but not limited to, topics in the general theme of
progressive damage analysis of composite materials.
 Hi-Fidelity analysis methods that reproduce physical failure mechanisms.
 Lo-Fidelity analysis methods that produce “effective” failure mechanism.
 Multi-scale progressive damage analysis.
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Issues with PDA. E.g.; Mesh size effect, mesh alignment errors, stress calculation errors
using FEM, etc.

With application to items below (not limited to):
 Composite material allowable prediction.
 Composite structure failure prediction.
 Progressive damage analysis of composite joints.
 Progressive damage analysis of architecture composites (textile, 3D printed).
To provide focus, the material system in consideration will be limited to composite
materials currently in use in aerospace, automotive and wind energy, namely carbon composite,
glass composite, aramid composite, and ceramic composites. Preference will also be given to
methods validated using experimental data; however, the focus of the paper should be on the
analysis.
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Digital Image Correlation (DIC) is one of the most used non-intrusive techniques for its
practicality and its cost-benefit ratio. The method uses one or more cameras to capture images
of plane surfaces under load effects. Given a pair of images as input of the process, DIC
identifies a displacement field that represents the movement of surface points relative to their
initial position. From the displacement data in a region, it is possible to obtain a series of
information about the specimen, such as deformations, tensions, mechanical and fracture
properties. The mathematical basis of the method can be seen in Blaber et al. (2015) and the
experimental proceedings for image captation is detailed in Pan (2018). An alternative approach
to the measured displacement field for movement mapping that can be applied to DIC is one
used in Finite-Volume Direct Averaging Micromechanics Theory (FVDAMT). FVDAMT is a
recent concept of thermo-mechanical problems solver. A formulation for the method using a
Legendre Polynomial as displacement field can be seen in Cavalcante and Pindera (2016).
This paper brings the formulations of FVDAMT to the scope of DIC. By implementing
these concepts, it is possible to make a comparative analysis to DIC’s traditional configurations
through analytical models found in the literature. In this study, a strand of the DIC method that
utilizes the Legendre Polynomial as displacement field is formulated and implemented.
Following, the experimental data is analyzed comparatively to theoretical models found in the
literature for validation. The images used as input are obtained by a Finite Elements Method
computer simulation of a load effect on a surface.
The images generated were used as input in the program developed applying both
polynomials as displacement fields. Also, the displacement was calculated using the analytical
method. The data acquired in this study shows that both displacement sets acquired via DIC are
extremely close and precise, as the relative error to the theoretical displacement averaged 3,4%.
This shows how DIC is a reliable method for measuring displacement and proves the
applicability of the Legendre polynomials as displacement fields. By having one more concept
implemented into DIC, the users of this method have more variety of configurations. But, the
most important advantage is the theoretic proximity with FVDAMT, which makes possible the
use of its formulations for advanced mechanical analysis and characterization of the specimen.
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Ultra-High Molecular Weight Poly-Ethylene (UHMWPE) fibres are ideal reinforcements for
ballistic cross-ply composites as a result of their high specific stiffness and strength. The failure
mechanisms exhibited by such fibre composites, and their dependence on the composite’s
microstructural characteristics have been studied in detail experimentally as well theoretically
[1,2]. An important failure mechanism, termed ‘indirect tension’ in these references, results
from the build-up of tensile stress in the fibres due to plastic rearrangement of the fibres in the
cross-plies under out of plane compression. Once this tensile stress reaches the fibre strength,
the fibres break, allowing the projectile to penetrate the composite. In the competition with
other failure mechanisms, this indirect tension mode has been found to be the critical
mechanism for a relevant range of properties (e.g. matrix shear strength).
In this study we examine the possibility of reducing the prominence of the indirect tension mode
by replacing the fibres in the plies by a tape-like microstructure. The hypothesis is that such
tapes are harder to deform plastically than a bundle of fibres, because they cannot rearrange as
easily. This would imply less plastic strain in the cross-plies and hence a less efficient
translation of out of plane compression into in plane (fibre) tension – possibly resulting in a
higher impact resistance.
To test the viability of this improvement, we employ a detailed, micromechanical finite element
model of a cross-ply composite beam which is impacted by a projectile. The plies are modelled
individually, using a crystal plasticity model to capture the sliding of fibres relative to each
other. To model the tape system, some of these plastic sliding mechanisms are switched off.
The comparison indicates that indeed a better ballistic performance may be obtained for the
tape system, even if the tape itself would have a lower strength than the fibres.
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Regularized eXtended Finite Element (Rx-FEM) is a discrete damage modeling (DDM)
method, which represents an approach to progressive damage analysis (PDA) in composites
when multiple individual damage events such as matrix cracks and delamination are introduced
into the model via displacement discontinuities. Rx-FEM is a variant of the eXtended Finite
Element Method, where a continuous approximation is used in place of the Heaviside step
function. To date, this methodology has been implemented in BSAM, a standalone software,
and extensively applied to static and fatigue analysis of laminated composite structures [1,2].
The regularization of the Heaviside step function offers unique possibility for implementation
of Rx-FEM in commercial software by using superimposed native elements of the parent
software. The proposed implementation capitalizes on utilization of original Gauss integration
schema in Rx-FEM even after the enrichment is introduced to accommodate a Mesh
Independent Crack (MIC). Thus, the enriched displacement field is represented by
superposition of native ABAQUS elements such as CPS4, which are used in the present work.
Three verification models including a simple bar, unnotched plate, and an OHT coupon are
considered for verification of accurate insertion and propagation of arbitrary transverse matrix
cracking. The numerical simulation showed that one or
more MICs are correctly inserted parallel to the fiber
orientation at the failure locations when the failure
criterion is met or exceeded at the end of each loading
increment. The propagation of each MIC, is governed
by a mixed-mode cohesive model implemented in the
MIC UEL, and shows good agreement compared with
Fig 1. PDA in composite laminate. experimental data for the splitting phenomenon of the
OHT 0° coupon. Fig 1 demonstrates the ability to take
advantage of geometrically nonlinear formulation and contact capabilities of the host FEM
software in conjunction with MIC modeling as well as the ability to visualize stress fields (a),
(b) and displacement fields (c), (d).
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The increasing demand for fiber-reinforced materials in various industrial applications leads to
the need for efficient material models accounting for the anisotropic material. In addition,
plastic effects for the matrix as well as both matrix and fiber damage should be incorporated.
Furthermore, well-known failure analyses have shown that different damage modes for fiberreinforced materials can be differentiated, in particular between the compression (kinking) and
the tension regime (fiber break). These mainly decoupled damage mechanisms lead to the
effect of crack-closure and further asymmetric damage evolution.
Based on the pioneering work of Kachanov [4], the field of Continuum Damage Mechanics
(CDM) has been well established to describe damage evolution by introducing several scalar
damage variables. However, in the context of the finite element method, undesired localization
effects occur resulting in mesh-dependent solutions [5]. To overcome this problem, one
possibility is the use of gradient-extended damage models based on the micromorphic approach
by Forest [6]. Here, additional so-called nonlocal damage variables are utilized.
The model proposed in the current paper uses the concept of structural tensors to account for
the transversal isotropic behavior of fiber-reinforced materials in the finite strain regime. To
account for the matrix plasticity and damage, the two-surface damage-plasticity model
presented in [7] is used, which applies the concept of nonlocal damage. The nonlocal damage
concept is applied for the fiber damage by introducing two damage variables associated with
fiber tension and compression failure, respectively. In total, the framework results in a
thermodynamically consistent model with three additional nonlocal damage variables.
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The progressive damage analysis of fibre-reinforced composite structures is currently a
challenging task due to the complex damage and failure mechanisms exhibited by such
materials. The complexity is further increased due to the significant computational expense
associated with high-fidelity computational modelling of composite structures. The objective
of the current work is the development of a virtual test platform which addresses the issue of
computational costs without compromising on the accuracy of the solution.
The present work is based on the Carrera Unified Formulation (CUF), which is a generalised
framework for the development of higher-order structural theories for beams, plates and shells
[1]. The kinematic field is improved via the use of expansion functions across the cross-section
and through the thickness of 1D and 2D structural models, respectively, resulting in 3D
displacement and stress fields that approach 3D-FEA in terms of accuracy, while avoiding the
associated computational costs. The multiscale analysis is based on the high-fidelity 1D
micromechanical analysis toolbox, where the CUF Component-Wise (CW) approach enables
the explicit modelling of the constituents [2]. Progressive failure at the microscale is modelled
using the crack band theory, while matrix inelasticity is modelled via the J2-plasticity theory.
The micromechanical framework is extended to a fully nest multiscale framework where CUF
models are used at both scales. The use of the computationally efficient micromechanical
toolbox in the multiscale framework translates to significant reduction in the overall analysis
time [3, 4].
The highlighted developments constitute a part of the virtual test platform based on the CUF
for the multiscale analysis of composite structures. Numerical assessments are performed to
demonstrate the capability of the framework to provide accurate solutions in a computationally
efficient manner.
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Scatter in composite properties is attributed to variations in the microstructure. For instance,
matrix properties depend on processing conditions such as cure temperature, time and residual
stress build-up which result in variation in local cure level and deviation of in-situ matrix
properties from the pristine material. Additionally, the manufacturing process induces random
fiber distribution and 3-dimensional fiber entanglement which in turn affects the spatial
variation of local matrix properties. In order to address the scatter in the global properties and
optimize structures, these microstructural variations need to be quantified.
In this work, Micro-CT scans and Raman Spectroscopy are used to quantify respectively 3D
fiber spatial distribution and curing induced variability in matrix properties in thermoset
composites for aerospace and automotive applications [1]. Statistical descriptors for random
fiber distribution and entanglement are developed in terms of local volume fraction and
misalignment angle [2-8]. The spatial distribution of two different microstructures, for the
aerospace and automotive composite grade, is compared both qualitatively and quantitatively
using these descriptors. Local matrix property variation is studied experimentally using microRaman Spectroscopy as a function of the degree of cure and quantify respectively on the crosssection and in the depth direction of neat polymer [9-11]. Finally, the correlation between fiber
structure and local matrix cure-induced variability will be determined using virtual cure models
with artificial fiber reconstruction of the microscale and virtual testing to characterize
mechanical properties and progressive failure behavior [12].
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Miromechanical models have been created for fiber reinforced composite materials in order to
predict the homogenized composite properties based on fiber and matrix constitutive properties
[1]. This has been shown to be very useful in many different applications, with finite element
(FE) models being the most common microscale models. These models are primarily 2-D,
which allows the models to be more efficient and even able to be coupled concurrently with
larger-scale finite element models.
However, these micromodels have a few potential limitations. First, recent research has shown
that the fibers are not all parallel and aligned, but entanglement exists between fibers [2–5]. It
is unclear how this entanglement effects homogenized composite properties, but it has been
speculated that transvers fracture and failure inition may be sensitive to fiber entanglement [2].
To ascertain this effect computationally, a representative volume element (RVE) large enough
to represent the entanglement must be modelled, which may push the feasability limits of
traditional FE models [6]. Second, dense mesh requirements due to high gradients a between
near-touching or touching fibers can prohibit model size. Alternatively, many chose to enforce
a minimum distance between fibers to eliminate the need for a dense mesh, but this changes the
microstructure and altres sites likely to instigate failure.
To overcome these to potential limitations, a reduced order model has been created for fiberscale RVEs. The model was based on the discrete element method (DEM), and the only degrees
of freedom are the fiber centerline displacements and rotations. The model assumes that the
majority of the load transfer occurs between fiber neighbors. A linear displacement field is
assumed between fibers, and the effect of the matrix on fibers is found by integrating the stresses
at the fiber/matrix interface. In this way, the matrix can be reduced to springs connecting fibers,
while still being able to extract stress fields for application of failure theories. Progressive
damage is captured by removing material between the fibers and changing the bounds of
integration for the forces. The model will be presented along with comparisons with traditional
FE models to judge the relative accuracy.
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ABSTRACT
The last few years have experienced a resurgence of activity in the formulation of fracture
mechanics models, particularly to place them within a sound mathematical framework, as
well as to address open questions related to crack nucleation and evolution, especially in
coupled materials and three dimensions. New classes of models have appeared, such as
smeared crack models, gradient damage formulations, and variational approaches to
fracture. Computational fracture mechanics refers to the creation of numerical methods to
approximate the crack evolutions predicted by these models.
The goal of this minisymposium is to bring together researchers working on the formulation
and/or numerical analysis of methods in computational fracture mechanics, including but not
limited to the following strategies:
- Strong Discontinuity Methods
- Extended and Generalized Finite Element Methods
- R-adaptive methods, such as those based on Configurational Forces
- Meshfree methods, such as the Material Point Method and the Reproducing Kernel Particle
Methods
- Phase-field and Variational Approaches to Fracture
- Discontinuous Galerkin and Polytopal Finite Element Methods
- Methods for Cohesive Fracture Models, including those based on cohesive elements
- Models for crack nucleation and evolution in materials with electric, magnetic, or chemical
coupling
- Models and methods designed to effect a transition from damage to fracture
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Modeling dynamic fracture of a weak interface in a 3D unbounded domain is a useful tool to study
fundamental aspects of fracture mechanics related to problems such as the onset of friction and
earthquake rupture propagation. Typically, such a simulation involves solving the elasto-dynamic wave
equation on a finely discretized domain with an explicit time integration scheme. If the domain is purely
elastic and homogenous, one can apply boundary-element methods [1], which are efficient and limit
discretization to the weak interface only. However, if the solid is inelastic or heterogeneous,
discretization of the full domain is required and boundaries need to be far enough to approximate an
unbounded domain [2-3]. This results in a very large number of degrees of freedom and thus large
computational cost. We propose a hybrid method, which combines the finite-element method with the
spectral-boundary-integral method [4-5]. The discretized finite-element domain describes accurately all
non-uniformities near the weak interface. but is truncated and coupled with an infinite boundary
condition, which absorbs all incident waves. The infinite boundary condition is provided by the spectralboundary-integral method, which is based on a semi-analytical solution of the elasto-dynamic impulse
response of an infinite elastic half space. The semi-analytical nature provides very accurate wave
absorption and the spectral representation provides computational efficiency due to the independent
response of each wavelength. We compare the developed hybrid method with full finite-element
simulations of established benchmark simulations and determine the potential increase in computational
efficiency.
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In this work, we examine a phase-field method for ductile fracture based on a cohesive model. We first
present a general framework for constructing variational phase-field fracture models for non-conservative
systems, and derive a hyperelastic-plastic-fracture model from a Helmholtz free energy. Simulations of
three quasi-static problems are performed to illustrate the effects of different assumptions and modeling choices in the Helmholtz free energy. The first examines the homogenized response of the model,
where we demonstrate the implications of the local dissipation potential and the degradation of the yield
surface. The results also indicate that a linear local dissipation potential is essential to obtain a damageindependent yield stress. In the second problem, we study Mode-I crack propagation in a notched plate.
The plate is loaded with displacement-control according to an elasticity solution such that the crack propagates in a stable manner, and the J-integral is evaluated as a function of crack length. The results from
this problem indicate that a linear local dissipation potential is critical to obtain convergence in the J-R
curve with a diminishing phase-field regularization length. Oscillatory J-R curves are obtained for larger
values of the regularization length, and this artifact becomes negligible as the regularization length decreases. In the third problem, a thin copper plate with a hole is loaded in compression. The results from
this problem indicate that the plastic contribution to the damage evolution is decisive in determining the
crack path.
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We develop new asymptotic path-independent integrals for the evaluation of the crack tip
parameters in a neo-Hookean material. The new integrals are of both J-integral and interaction
energy integral type and rely on the separation of the asymptotic boundary value problem into
independent problems for each of the deformed coordinates. Both isotropic and anisotropic
(fiber-reinforced) neo-Hookean materials are considered. Discrete and continuous distributions
of fibers are considered. The integrals developed are related to the first and second order crack
tip parameters and allow for direct extraction of these parameters from numerical results. A
long strip with an edge crack is considered for both homogeneous and bi-material cases. It is
found that, for both the isotropic and anisotropic neo-Hookean materials, the asymptotic Jintegrals produce good results for the first-order parameters while the interactions integrals
produce good results for both the first and second-order parameters.
Key Words: asymptotic path-independent integrals, crack-tip fields, finite deformation, neoHookean materials, anisotropy
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Hydraulic fracturing is the commonly used treatment for oil and gas production from a low
permeability reservoir. During this procedure fluid driving crack is created. The effectiveness
this treatment depends on quality of the hydraulic fracture propagation modeling.
The problem of the creation the long fracture with restricted height is considered in the
presented study. For solving the task the Pseudo3D model [1-3] is used. For storagedominated case (without leakoff) the main equation for finding pressure distribution 𝑝𝑝(𝑥𝑥, 𝑡𝑡)
along the fracture is:
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

(1)

+ 𝜕𝜕𝜕𝜕 = 0,

where 𝑄𝑄 = 𝑄𝑄 (𝑝𝑝, 𝜕𝜕𝜕𝜕 ) – fluid flux along fracture length through a vertical cross-section with
area 𝐴𝐴 = 𝐴𝐴(𝑝𝑝).
The key feature of the presented work is the innovation of using self-similar change of
variables of the following form:
𝑧𝑧 = 𝐶𝐶𝐶𝐶𝑡𝑡 𝛾𝛾 .

(2)

The change of variables (2) transform equation (1) to the following:
1

1

−1
+1
1
𝜕𝜕𝜕𝜕(𝑝𝑝)
𝐾𝐾(𝑝𝑝)(𝑝𝑝′ (𝑧𝑧))𝑛𝑛 𝑝𝑝′′ (𝑧𝑧) + 𝜕𝜕𝜕𝜕 (𝑝𝑝′ (𝑧𝑧))𝑛𝑛
𝑛𝑛

−

𝑛𝑛 𝜕𝜕𝜕𝜕(𝑝𝑝)
𝑛𝑛+1 𝜕𝜕𝜕𝜕

𝑧𝑧 𝑝𝑝′ (𝑧𝑧) = 0,

(3)

where 𝐾𝐾(𝑝𝑝), 𝐴𝐴(𝑝𝑝) are found from the solution of 2D elastic problem in cross-section
𝐴𝐴(𝑝𝑝(𝑧𝑧)), n is the flow behavior index of the fracturing fluid. The boundary condition of
constant pressure to restrict the height growth leads to a self-similar solution, where fracture
one wing length 𝐿𝐿 and fracture one wing surface area 𝑆𝑆 depends on time in following way:
𝐿𝐿 ∼ 𝑡𝑡 −𝛾𝛾 , S∼ 𝑡𝑡 −𝛾𝛾 , 𝛾𝛾 = −

𝑛𝑛
.
𝑛𝑛+1

(4)

It should be mentioned that the crack length L and the surface area S of the hydraulic fracture
are important technological parameters for optimizing the hydraulic fracturing design. Based
on these values, the dynamics of oil and gas production after hydraulic fracturing is predicted.

The fracturing fluid injection rate to one fracture wing in the resulting solution has the
following form:
1

1

𝑄𝑄(0, 𝑡𝑡) = [𝐾𝐾(𝑝𝑝0 )(|𝑝𝑝′ (𝑧𝑧)|𝑧𝑧=0 ) 𝑛𝑛 ] 𝑡𝑡 −𝑛𝑛+1 ,

The example of calculations is shown on Figure 1.
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(5)

G.V. Paderin

Figure. 1. Нydraulic fracture contours and fluid injection rate for crack growth in 5 layers reservoir

Thus, the self-similar solution derived in this study provides simulation of the hydraulic
fracture growth in a low permeability reservoir at constant bottom hole pressure for limiting
crack height.
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[2] X. Weng, O. Kresse, C. Cohen, R. Wu, and H. Gu // Modeling of hydraulic-fracturenetwork propagation in a naturally fractured formation. SPE Production & Operations
2011. 26 (4): 368–380. doi:10.2118/140253-PA.
[3] G.V. Paderin // Proxy Pseudo3D model: the optimum of speed and accuracy in hydraulic
fracturing simulation. IOP Conference Series: Earth and Environmental Science. 2018.

582

Chris Pearce,
Brittle
Crack Propagation
Andrei Shvarts,
Under
Ignatios
Contact
Athanasiadis
Loading Using
and Łukasz
the Arbitrary
Kaczmarczyk
Lagrangian-Eulerian
Formulation
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France
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Configurational mechanics provides the theoretical basis for modelling thermodynamically consistent
crack propagation in brittle materials [1]. Using the Arbitrary Lagrangian-Eulerian formulation, we
consider two related kinematic descriptions. In the spatial domain, Newtonian forces are work conjugate
to changes in spatial coordinates at fixed material positions (no crack propagation). In the material
setting, configurational forces are conjugate to changes in material position with no spatial motion (crack
surface extension). In the current work, we consider the case where crack propagation is driven by the
contact loading, see Figure 1. While the crack surface is distant from the contact interface, contact
elements act only in the spatial domain. However, during propagation the crack may change its shape
and eventually intersect the contact interface, which requires additional considerations. On the one hand,
mesh cutting and mesh smoothing due to evolution of the crack surface affect the position of nodes in
the material domain, requiring reconstruction of contact elements. On the other hand, once the crack
front reaches the contact interface, contact pressure provides additional contribution to configurational
forces driving the crack propagation. Several examples are considered demonstrating the robustness of
the proposed framework and evaluating the effect of the contact loading on the crack propagation.

Figure 1: Schematic of crack surface intersecting the contact interface: fracture of groove wall at graphite
brick’s end face caused by contact interaction with the seal ring fitted into the groove (not shown).
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We have devised a crack-tracking methodology for elasto-damaging materials based on the extended
finite element method [1]. The resulting procedure is in-between nonlocal models [2], where the discontinuity surface is replaced by a finite width zone, and cohesive zone models, where the discontinuity
surface is governed by a traction-separation law. We have previously proved that the regularized extended
finite element method [3] is effective for known discontinuity surfaces and interfaces [4]. Here, we aim
at the ambitious target to capture general crack paths. The idea is to let the local damage model build
the strain localization band. Then, as soon as a critical condition is achieved, the regularized extended
finite element method is adopted in the pre-determined strain localization band. On the one hand, the
width of the localization band is strictly controlled by the regularization parameter, i.e. it cannot either
prematurely vanish or spuriously increase. On the other hand, the model eventually captures a strong discontinuity kinematics, but not before the structural strength is completely exhausted. We discuss results
and pros and cons of the present approach for a set of structural applications displaying curved crack
paths.
REFERENCES
[1] Sukumar, N., Dolbow, J. E., Moës, N. Extended finite element method in computational fracture
mechanics: a retrospective examination. Int. J. Fract. (2015) 196: 189–206.
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damaging materials. Eur. J. Mech. A/Sol. (2002) 21: 535–553.
[3] Benvenuti, E. A regularized XFEM framework for embedded cohesive interfaces. Comp. Meth.
Appl. Mech. Engng. (2008) 197: 4367–4378.
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In finite element analysis for solid mechanics, the solution of the linear system of equations represents
the performance bottleneck in terms of both computation time and memory storage. For this task, direct
solvers are a common choice due to their simplicity and robustness, however the very large amount
of memory required to factorize the stiffness matrix precludes the solution of medium to large-sized
problems. For this reason, substantial research effort in the field of iterative solvers has resulted in
the adoption of the Conjugate Gradient (CG) method. In this procedure, explicit factorization and thus
large quantities of additional memory are not necessary, due to the use of a gradient-descent optimization
process. Among many available improvements of the CG, the Deflated Conjugate Gradient (DCG) solver
[2] includes information from approximate eigenvectors (known as the deflation space) to achieve a faster
convergence.
In this contribution, we present an application of the DCG for fracture mechanics with the eXtended
Finite Element Method (XFEM) [1]. Among other features, such as holes and inclusions, cracks can
be effectively modeled with this method, due to the addition of degrees of freedom and functions that
enable the representation of discontinuous displacements and singular stresses within the solution space.
In addition to the perspective of accelerated numerical analysis, the motivation to employ an iterative
solver lies in the fact that no explicit assembly of the entire stiffness matrix is required, which has
positive implications in crack propagation and large scale analyses.
With this approach, the main challenge lies in the construction of the deflation space in the presence of
additional displacement patterns provided by the enrichment functions. Different methods to achieve
this feature are studied and tested. With respect to the CG, the decrease in the number of necessary
iterations provided by the optimal method should be comparable to the one delivered in a setup without
enrichment. Finally, one can observe that, especially for large simulations, such acceleration justifies the
higher implementation effort required.
References
[1]
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N. Moës, J. Dolbow, and T. Belytschko, “A finite element method for crack growth without remeshing,” International journal for numerical methods in engineering, vol. 46, no. 1, pp. 131–150, 1999.
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Abstract:
Computational modeling of the fracture and failure of ductile metals remains a challenging problem in mechanical engineering. This problem is relevant to diverse applications, such as
metal cutting processes and ballistic impacts on metals. While continuum damage models have
long been applied to model this problem, an area of rapid development within the computational
fracture community is phase-field modeling. By introducing a regularization length scale, the
phase-field approach motivates damage growth through a continuum approximation of a discrete
crack in a way that alleviates the spurious strain localization endemic to damage models in the
softening regime. Only recently has the phase-field approach been applied to characterize ductile
failure.
In this work, we introduce a cohesive phase field formulation that has been implemented
in SIERRA, a scalable multi-physics finite element code, with the aim of simulating ductile failure. While it is tempting to employ conventional phase field methods developed for brittle fracture to this problem, we identify one critical drawback of doing so: a material dependence on the
phase field regularization length scale that is typically considered a purely numerical parameter.
The cohesive phase field model implemented in this work includes an additional parameter,
providing a consistent representation of material failure strength regardless of the regularization
length scale. We will briefly touch upon the invariance of the material failure response to the
length scale parameter. Additionally, we share a model validation study focusing on two physical
experiments conducted at Sandia National Laboratories: punching of an aluminum plate and
crushing of a stainless steel can.
Sandia National Laboratories is a multi-mission laboratory managed and operated by National
Technology & Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell
International, Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.
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We present a finite element method for cohesive fracture within the context of the energy
(variational) approach. The method delivers two distinct features: a) unlike other
implementations of the energy approach such as the phase field method, it preserves the discrete
nature of fracture, b) it allows a smooth (interface traction-continuous) transition from
“uncracked” to “cracked” states. It thus sidesteps issues of robustness and convergence that
have been patched away in implementations that rely on stress criteria for crack initiation and
growth. Furthermore, we present two numerical implementations of the method, namely the
block-coordinate descent (block-CD) algorithm and the alternating direction method of
multipliers (ADMM) algorithm. Both methods use sequential minimization along with
generalized differential calculus to treat the constrained, non-differentiable energy
minimization problem arising from the energy formulation. The block-CD algorithm uses a
discontinuous Galerkin formulation and its strength is in explicit time integration for fast
dynamic problems. The ADMM algorithm uses an augmented Lagrangian formulation and is
best suited for implicit time integration of quasi-static and moderate dynamic problems. These
methods provide robust and efficient means for simulation of different fracture problems at
various spatial and temporal scales.
REFERENCES
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algorithm for dynamic cohesive fracture. Computer Meth Appl Mech Eng, Vol. 354, pp.
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The Thick Level Set (TLS) approach [1] is a non local damage model allowing a transition from damage
to fracture. It is based on the use of a level set function, whose iso-zero defines the damage front (the
boundary between the sane and the damaged material). A particularity of the TLS approach is that the
problem of the damage propagation can be reduced to the propagation of the damage front, which is a
problem of dimension n−1 (n being the dimension of the global problem). This is particularly interesting
from the point of view of computational costs .
In this work, the propagation of the TLS damage front is discussed. We use an explicit dynamic scheme,
to update the mechanical fields and the level set functions in separated steps, which avoids the need
to compute complex tangent operators. In particular, the level set update is formulated as a Linear
Complementarity Problem (LCP) [2]. Note that having a level set problem of dimension n − 1 allows
to have a LCP with a number of degrees of freedom low enough to be solved in a reasonable amount of
time. Compared to previous work in dynamic [3], this formulation allows to deal with time independent
models, with an improved stability of the scheme.
This approach will be illustrated in 2D cases; in particular, we will show an example of a brutal crack
propagation obtained from a quasi-static solution. Emphasis will be put on accuracy of the results, but
also on CPU performances.
REFERENCES
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The prediction of speed and propagation direction of a dynamic crack in an elastomer membrane is of
interest. Also of interest is to predict the entire history of crack speed as it travels in a complex geometry
and loading scenario [1].
Cracks propagating in an elastomer are known to travel faster than the elastic shear wave under high
imposed stretches. Their behaviour is also known to differ from the cracks that travel slower than the
shear waves [2]. These characteristics of the crack are of the current interest as well.
A rate dependent cohesive zone model, with a viscoelastic bulk has been used for the analysis. The
importance of including the rate dependent behaviour in bulk as well as that of the cohesive zone has
been looked into. The effects of cohesive zone parameters on the crack speed have been investigated.
The problem of the crack propagating in a pure shear specimen has been analyzed. The analysis has been
performed using ABAQUS where the cohesive model is implemented into a user defined subroutine
UEL. It shall be noted that the cohesive zone model has been used in the first phase of the analysis (a
straight crack) because of its simplicity in implementation into the finite element code and because of
the knowledge of the crack path apriori. Implicit time integration has been used. The specimen is first
stretched to a target stretch and the crack is introduced by deactivating some cohesive elements on one
edge of the specimen. The results of the simulation have been compared with the experiments performed
on different geometries.
REFERENCES
[1] Corre, Thomas. “Experimental study of dynamic crack growth in elastomers”. Proceedings of the
European Conference on Constitutive Models for Rubbers X (Munich, Germany, 28-31 August
2017) pp.325-330
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Thermal shock loads induce rapidly evolving thermal stresses and can trigger complex fracture phenomena. Such crack propagation processes can be modelled using discontinuous or continuous approaches.
While the former approach is more intuitive, it requires numerical methods that can represent stress
singularities accurately and efficiently and facilitate frequent re-meshing. In this context, the scaled
boundary finite element method has gained popularity due to its capability of modelling stress singularities semi-analytically. Moreover, it can be used on polygon meshes, which facilitate simple, yet efficient
localized re-meshing in the vicinity of the tips of propagating cracks [1].
In this contribution, use of the scaled boundary finite element method for thermally-induced crack propagation modelling on polygon meshes is discussed. Both decoupled and coupled thermoelasticity are
addressed. In the first case, the scaled boundary finite element equation in temperature is solved first
for a given set of thermal boundary conditions [2]. The resulting temperature field is expressed semianalytically as a power function of the radial coordinate ξ. It leads to a corresponding body load in the
scaled boundary finite element equation in displacements, which can also be treated semi-analytically
[3]. The scaled boundary finite element method is also used to derive polygon shape functions with inbuilt singularities, where applicable. In both cases, the stress intensity factors are extracted directly from
the resulting stresses due to thermal and mechanical loads without any post-processing. They are used to
predict the direction and velocity of crack propagation in an incremental manner.
The procedure is illustrated using several examples, including the response to combined mechanical and
thermal loading. The results of parametric studies provide insight into the effects of mesh quality and
assumed crack propagation length on accuracy.
REFERENCES
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ABSTRACT
Composite structures excel by their excellent strength-to-weight and stiffness-to-weight ratio and have
demonstrated over decades a superior potential in lightweight design. The combination of high design
flexibility and high performance material properties is of special relevance in aerospace, civil, automotive
and wind energy engineering, in industry design and beyond. The variety of available composite materials represents a subset of potential material designs tailored to the physical needs of various engineering
disciplines and applications. The success of each design essentially depends on its failure resistance
linked with the need to explore carefully the natural limit states with regard to strength, fatigue and stability. The reliable prediction of failure includes both phenomena, material degradation and structural
instabilities or any combination thereof and calls for sophisticated numerical methods which allow to
assess the physical response on different models and different scales. Furthermore, robustness, accuracy and computational efficiency are key factors for an innovative and sustainable composite structural
design which exploits the full lightweight potential.
This mini-symposium aims at bringing together researchers from across the composite structures community to discuss and exchange latest achievements in the field of composite material and structures
research. Topics of interest include, but are not limited to aspects of modeling and analysis of composite
materials and structures across the scales, fracture, delamination, fatigue and stability, high-performance
composites, computational and algorithmic aspects, model verification and validation by experiments
and applications.
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The use of composite materials is booming in the field of transport, whether naval, aeronautical
or automotive industries. In addition, the race to preserve energy pushes manufacturers to found
ways to lighten their structures, including the modification of assembly methods. The new
assembly generation propose bonding for assemblies. Methods for dimensioning bonded
assemblies under fatigue stress require experimental data that can be correlated to finite element
simulation results.
The Arcan Joint Characterization Test was shown to be suitable for fatigue testing. These tests
were carried out using a tool and a butterfly test specimen (D. Thevenet, 2013). Later, a
simplified Arcan specimen was developed for quasi-static testing (R .Créac'hcadec, 2015),
called the Arcan TCS (Tensile/Compression Shear) specimen. This simplified ARCAN
specimen was modified for a dynamic test (Valès, 2017), thus highlighting all the capabilities
of the Arcan TCS specimen.
Today, the objective is to carry out a characterization test of bonded assemblies between
composite materials. In view of the evolutions suffered by the Arcan specimen since (D.
Thevenet, 2013), the main difficulty is to determine the best geometry of the Arcan test
specimen for fatigue test.
The purpose of this work is to propose an evolution of the Arcan test specimen in order to
predict the behavior of bonded joints using a fatigue approach. Thus, a numerical study was
carried out making it possible to compare current geometries of specimens: composite butterfly
specimen in an aluminum tool, and an entirely composite test specimen in order to guarantee
the strength of the specimen during the test. The analysis was based on a finite element
approach. The glue joint has been modeled by interface elements. The Arcan TCS test specimen
was therefore adapted and allowed to apply efforts to the adhesive joint in different directions:
traction, compression, shear and mixed mode.
This work presents the main results describing the full potential of the specimen.
REFERENCES
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Ceramic Matrix Composite (CMC) materials have been extensively studied due to their
promising characteristics for high temperature structural applications and low density.
Understanding and modeling stress rupture, creep resistance, and fatigue resistance in CMCs
is critical to the use of these materials in the extreme environments their applications typically
require. A unified approach to capture the lifetime behavior of SiC/SiC CMCs was developed.
This approach can be used to model quasi-static loading at a wide variety of temperatures,
creep at both high (950℃-1400℃) and intermediate (700℃-950℃) temperatures, as well as
fatigue at high temperatures. By focusing on physical phenomenon for composite phase
material models and taking advantage of the reduced order homogenization approach that
provides an efficient framework for computing overall composite behavior [1] for model
reduction this unified approach allows for accurate capturing of this wide variety of material
behavior. Constitutive models for the component material phases are combined to build the
unified approach. Quasi-static behavior is captured through a time-independent orthotropic
continuum damage mechanics model. Oxidation assisted creep is observed at intermediate
temperatures and a slow-crack growth model developed by Iyengar and Curtin [2] is
employed. For high temperature creep, a combination of viscoelastic and viscoplastic
mechanisms are exercised. Fatigue performance is developed using a temporal multiscale
strategy where the accumulation of continuum damage and plasticity in key cycles are applied
to blocks of cycles allowing for both high and low cycle fatigue. These techniques were
applied to both uni-directional and woven fiber SiC/SiC CMCs to validate their effectiveness.
REFERENCES
[1] J. Fish, Practical Multiscaling, John Wiley & Sons, 2013.
[2] N. Iyengar, W.A. Curtin, Time-dependent failure in fiber-reinforced composites by fiber

degradation, Acta Mater. 45 (1997) 1489–1502. https://doi.org/10.1016/S13596454(96)00260-1.
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MANUFACTURING DEFECT TOLERANCE QUANTIFICATION FOR
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Stochastic analysis in engineering sciences takes into account the uncertainties that may exist and affect
a certain physical system in an a priori unknown manner. As the design of structures gets increasingly
complex over the years, the impact of those uncertainties onto the system response has to be studied
in order to implement numerical procedures for virtual testing platforms [1]. Uncertainty quantification
(or propagation) allows for determining the stochastic distribution of component strength and thereby,
defining an allowable load level that is exceeded with a desired probability of failure (see, e.g., [2]). In
contrast, given a desired load level, the allowable scatter of input parameters (such as defect size) can be
quantified by solving the inverse uncertainty quantification problem.
In the current contribution, several inverse methods are investigated for the derivation of defect tolerances
in order to reach a desired allowable (global) buckling load of a stiffened composite panel. A multi-scale
approach using detailed defected 3D finite element models is utilized [3], in order to create a surrogate cause-and-effect relationship covering uncertainties such as fiber undulations, gaps, overlaps etc.,
in terms of magnitude, defected layer and defected location within the panel structure. Afterwards, the
inverse stochastic problem is addressed by taking into account the desired allowable (B-value) buckling
load, while updating the random input parameters of the metamodel via Bayesian inferene and optimization techniques. Thereby, for the stiffened panel use case, upper bounds are derived for the defects
considered. When using manufacturing online monitoring, these tolerances may be used to evaluate
whether a detected defect has to be considered as a concession or not.
Acknowledgment: This work is implemented within the SuCoHS project, which has received funding
from the European Union's Horizon 2020 research and innovation programme under grant agreement N◦
769178.
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distortion and waviness with 1D random fields. Compos. Part A-Appl. S. (2019) 127:105639.
[2] Kriegesmann B., Jansen E., Rolfes, R. Semi-analytic probabilistic analysis of axially compressed
stiffened composite panels. Compos. Struct. (2012) 94:654–663.
[3] Heinecke F., Wille T. In-situ structural evaluation during the fibre deposition process of composite
manufacturing. CEAS Aeronaut. J. (2018) 9(1):123–133.
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The inherent nature of the heterogeneous morphology of composite substrates and the non-uniform pretreatment result in spatial heterogeneity in adherend/adherent interface of a secondary bonded composite
joint (SBCJ) [1]. We present a computational strategy for modeling the local complexity during debonding of SBCJs. The model deploys two parallel cohesive zones with stochastic properties and elastoplastic
adhesives to characterize the sandwich configuration of bondline. We assume the spatial heterogeneity
of adhesion to follow a log-normal distribution. The Napierian logarithm of toughness Gc and separating
strength S can thus be described by a Gaussian Process. The model allows people to distinguish the
physical failure mechanisms within bondline, i.e. the cohesive failure and interfacial failure, and thus,
the hybrid fracture mechanisms can be captured.
Applying the model, we investigated the effect of randomly distributed adhesion properties on the
debonding behaviors of SBCJs, via running Monte Carlo simulations. A parametric study on the characteristic parameters of the random distribution was carried out. It was found that, in the presence of
adhesion heterogeneity, the mechanisms of crack-tip jumping within alternating paths can be triggered
and the associated ligament bridging can trap the propagation of the main crack and thus significantly
enhance the crack resistance of SBCJs [2]. The bridging triggered by the adhesion heterogeneity can
be affected by the bondline thickness. An optimum bondline thickness exists for specific distribution
characteristics to achieve maximum crack resistance. We also found that lower spatial correlation of
the adhesion heterogeneity may increase the occurrence of bridging during debonding and enable higher
macroscopic crack resistance within joints.
REFERENCES
[1] Tao, R., Alfano, M. and Lubineau, G. Laser-based surface patterning of composite plates for improved secondary adhesive bonding. Composites Part A: Applied Science and Manufacturing. 109
(2018): 84-94.
[2] Li, X., Tao, R., Alfano, M., and Lubineau, G. How variability in interfacial properties results
in tougher bonded composite joints by triggering bridging. International Journal of Solids and
Structures. (2019).
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Due to their excellent material properties, fibre reinforced plastics (FRP) are constantly entering
new application areas in the field of mass production, such as automotive industry and
consumer goods. For fulfilling the challenging time-to-market demands of these industries
virtual testing and design are gaining importance and suitable material models are required. In
this context, the service strength analysis is of great relevance in order to guarantee safe usage
of FRP structures under cyclic loading conditions. Compared to homogeneous materials FRP
show a much more complex fatigue behaviour because of their anisotropy and the formation
and interaction of numerous damage phenomena. A current challenge is the accurate and
computationally efficient prediction of the fatigue life for arbitrary multiaxial fatigue loads with
different stress ratios.
Extensive efforts have been made previously to develop different models for the lifetime
prediction – mostly for constant amplitude loading [1, 2]. But for arbitrary fatigue loading with
variable amplitudes and multiaxial stress states comprising significant out-of-plane stresses,
typical for hybrid FRP-metal structures in automotive industry, there are still significant
challenges to be tackled. The fatigue model presented in this work overcomes different
shortcomings of the existing models. By using the span of the normalised strain energy density
a failure mode depended fatigue model for CFRP is established for predicting constant life
diagrams and calculating the fatigue life for arbitrary loading without further assumptions or
input of functions.
In this contribution, the ply-based model and some of its main features, such as the
consideration of residual stresses or of mode interactions at general three-dimensional stress
states, are presented. For model validation, a variety of data sets from literature is used and
compared with the model prediction for SN curves and constant life diagrams. For the practiceoriented service strength analysis of FRP structures the consideration of scatter is mandatory.
In this work, first steps are shown to account for scatter within the model prediction. Finally,
an outlook is given on the model application in a numerical design process for hybrid structures
and further validation on newly generated experimental data.
REFERENCES
[1] A. P. Vassilopoulos and T. Keller. Fatigue of fiber-reinforced composites. Springer

Science & Business Media, 2011.
[2] I. Koch, M. Zscheyge, K. Tittmann and M. Gude. Numerical fatigue analysis of CFRP
components. Composite Structures, Vol. 168, pp. 392-401, 2017.
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ABSTRACT
Structural integrity and failure assessment have been considered by many fields of engineers in
the literature since it is a multi-disciplinary concept. The assessment procedure vitally ensures
that structural elements will remain functional throughout their service lives. Structural failure
refers to the loss of structural integrity by means of loss at the component or system-level
elements. The main concern of integrity assessment as an aspect of engineering is that a
structural failure may be avoided at the service level by designing the structure to withstand its
designated loads. Hence, for satisfactory structural performance, structural safety, failure, and
interaction between them should be both taken into account throughout the design and analysis
stages. The main purpose of this minisymposium is to provide the researcher with a
comprehensive perspective on structural integrity and its sub-disciplines. Topics of interested
include but are not limited to: Structural integrity, sustainable structural design and analysis,
failure analysis and case studies, damage, fatigue, and fracture of materials and structures,
durability, safety and reliability analysis of structural components, and structural health
monitoring.
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Disruption of structural continuity due to the inherent nature of the connections poses a
challenge in seismic design of precast concrete structures. Seismic behaviour of portal frame
systems typically used for industrial halls, is greatly influenced by the beam-column
connections. Capacity design dictates that these connections should have an elastic behaviour
under seismic horizontal actions to allow for the dissipation mechanisms to develop in the
desired area, in this case the base of the columns. If this connection fails, the entire structure is
compromised and may lead to a premature, partial, or even total collapse [1]. Efforts are
currently underway for a better understanding of the seismic response of precast structures:
SAFECAST project [2].
The test setups tried to replicate as closely as possible the behaviour of the beam-column
assembly connected by steel dowels. The test specimens were designed as full scale precast
concrete elements to reduce as much as possible the uncertainties of the experiment. This
experimental campaign aimed to determine the failure mechanisms of the assemblies and to
check if capacity design requirements were satisfied. Three setups have been tested according
to the experimental protocol described in the SAFECAST report [2]. The first test specimen
was subjected to a unidirectional monotonic loading protocol with the aim of observing the
maximum failure displacement. The resulting displacement was used to determine the load step
increment for the cyclic loading protocol of the following two specimens. In all the cases,
failure has occurred in the area of the dowel connection. The failure mechanism was either
because of dowel yielding, concrete spalling around the dowel, or a combination of both,
consistent with results obtained by other researchers [3]. The results have showed that the
column was far from reaching its failure capacity and a premature failure has occurred in the
connection area, which should be avoided in common practice.
Description of the testing setup, force-drift relationship, failure mechanism and final damage
observed will be presented and discussed.
REFERENCES
[1] Task Group 6.12: fib Design Handbook, “Planing and design handbook on precast building

structures,” International Federation for Structural Concrete, Lausanne, 2014.
[2] European Comision, “Design Guidelines for Connections of Precast Structures under
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ABSTRACT
Meshfree and particle methods have emerged as a new class of numerical method and play an
increasingly significant role in the study of challenging engineering problems. New and
exciting developments of meshfree and particle methods often go beyond the classical theories,
incorporate more profound physical mechanisms, and are becoming the exclusive numerical
tools in addressing the computational challenges which were difficult or impossible to solve by
conventional methods. The goal of this minisymposium is to bring together experts working on
these methods, share research results and identify the emergent needs towards more rapid
progress in advancing the important fields of meshfree and particle methods. Topics of interest
for this minisymposium include, but are not limited to the following:
• Recent advances in meshfree and particle methods, coupling of meshfree methods with other
methods, smoothed particle hydrodynamics, material point methods and peridynamics
• Methods coupling multiple physics and/or multiple scales
• New domain integration methods for Galerkin meshfree methods
• Strong form collocation methods
• Characterization and stabilization of numerical instabilities
• Recent advances in modeling strong and weak discontinuities
• Methods of fictitious or immersed domain and non-intrusive coupling
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• Recent advances in modeling extreme loading events
• Recent advances in modeling manufacturing problems
• Recent advances in modeling bio- and nano- mechanics problems
• Nonlocal mechanics and computation
• Parallel computation, solver and large-scale simulations
• New applications
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Abstract: The strong-form direct collocation method (DCM) based on the reproducing kernel
approximation has been often criticized due to its complexity and time-consuming computation of
the arising spatial derivatives, and it is rather difficult to use the low-order basis functions to
improve the computational efficiency of the method. In this paper, we propose a new meshfree
gradient-smoothing collocation method (GSCM) based on the reproducing kernel (RK)
approximation which introduces the gradient-smoothing technique for the calculations of the RK
derivatives. Constant basis functions can be used for the approximation in the numerical solutions
of the elasticity problems which can greatly improve the computational efficiency. The proper
positions of the integration points and the corresponding weighs for the numerical integration in
the gradient-smoothing technique are derived to keep the consistency of the RK shape functions,
which guarantee the accuracy and convergence of the proposed method. The Delaunaytriangulation technique is utilized for the construction of the integration mesh. Numerical results
demonstrate that the proposed method can outmatch the DCM in accuracy, stability and
computational efficiency, and perform better than the super-convergent gradient-smoothing
meshfree collocation method (SGSMC) in most cases.

REFERENCES
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Numerical simulation of violent free-surface flows has a wide range of applications across
engineering fields. As a particle-based method, Smoothed Particle Hydrodynamics (SPH)
conserves mass and momentum, and the free-interface condition is inherently preserved,
which are the main advantages over the grid-based methods. However, comparing to gridbased method, SPH is computationally more expensive due to the number of interactions per
particle and developing a high-performance particle-adaptation method is still an open topic
for the simulation of incompressible flows [1][2].
In this work, a parallel multi-resolution weakly-compressible SPH method is developed for
large-scale industrial free-surface flows. A scalable dynamic refining and coarsening
algorithm is proposed to handle particle adaptation with large resolution jumps. A tag-based
feature definition algorithm is proposed to characterize the refinement regions for complex
geometries and motions. An accurate and low-dissipative SPH solver is extended to cope with
adaptive particle resolution [3]. Moreover, spatial adaptive timesteps are used for particles of
different scales to further improve the performance. Both MPI and Multi-threading techniques
are employed to harness the computational power of modern clusters. Extensive 2D and 3D
numerical tests including academic and industrial-level benchmarks are carried out in the end
to validate the accuracy and performance of the proposed numerical method. The results
exhibit that similar accuracy comparing to constant resolution simulations is achieved while
the performance is significantly improved with the proposed method.
REFERENCES
[1] Hu, W., Pan, W., Rakhsha, M., Tian, Q., Hu, H., & Negrut, D. (2017). A consistent

multi-resolution smoothed particle hydrodynamics method. Computer Methods in
Applied Mechanics and Engineering, 324, 278-299.
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Adaptive Particle Refinement (APR) through CPU time, accuracy and robustness considerations.
Journal of Computational Physics, 354, 552-575.
[3] Ji, Z., Gestrich, M., Stanic, M., Indinger, T., An Accurate Weakly Compressible SPH

Method for Simulating Interfacial Multiphase Fluid Flow Involving Complex Geometries
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American Congress on Computational Mechanics (PANACM II), July 22-27, 2018, New
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Significant effort has been devoted to developing Galerkin meshfree methods and strong-form
collocation meshfree methods [1]. For example, many techniques have been proposed to
overcome the issues of essential boundary conditions, instability in nodal integration, and
quadrature accuracy in the Galerkin approach. As an alternative to these two formulations, a
reproducing kernel finite volume method (RKFM) is proposed, which inherently overcomes
many of the common difficulties encountered in meshfree methods. A Petrov-Galerkin
approach is adopted, where Heaviside test functions are constructed over conforming
representative nodal domains, while trial functions are constructed with a meshfree
approximation. This in turn yields a set of nodal collocation equations; the essential boundary
conditions can be directly collocated, so there is no difficulty in enforcing them. The assembly
process is avoided, and the choice of test functions results in exact satisfaction of the variational
consistency conditions using low-order quadrature. No spatial instabilities are observed in static
analysis, despite it being a purely node-based meshfree method.
In this work, it is first shown RKFM can yield spatial stability, efficiency, and optimal
convergence rates in elastostatics benchmark problems. However, when applied to
elastodynamics, it is demonstrated that this approach may result in unbounded energy growth
when conventional time integration techniques are employed, both implicit and explicit. This
unstable growth is shown to be attributable to the employment of a non-symmetric stiffness
matrix, a consequence of the Petrov-Galerkin formulation. Several strategies are presented to
overcome this difficulty, which can conserve the energy of the fully discrete system during time
integration. Elastodynamic problems are then solved to demonstrate the effectiveness of the
combined time integration and RKFM approach, in providing good agreement with benchmark
solutions, and boundedness of the discrete energy.
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Mathematical description of flow problems can use Eulerian method of fixed coordinate system
or Lagrangian method of coordinate system with flow. In the case of strong convection,
Eulerian method has no difficulties in grid, but the stability of the numerical scheme is difficult
to be guaranteed. Lagrangian method, by contrast, has stable numerical scheme, but the grid is
easy to be distorted following the fluid flow. Semi-Lagrangian (SL) method is between the
above two methods, it combines the advantages from both Eulerian method in grid and
Lagrangian method in stability [1]. Besides, SL method is not restricted by CFL condition, so
this method can achieve stable numerical results with large time steps. The SL method involves
backward time integration of a characteristic equation to find the departure point of a fluid
particle arriving at an Eulerian grid point [2]. The solution value at the departure point is then
obtained by interpolation. There is no grid deformation as in Lagrangian methods because the
“arrival points” employed coincide with the grid points. Note that the backward integration only
gives us the departure point but tells us nothing about which grid cell this point in located.
Therefore, we need to propose some algorithms of searching the elements of the grid to
determine which element contains the departure point in order to interpolate the solutions at
this point [1]. For grid based methods, there may be significant interpolation cost to obtain the
solution values at the “departure points”, especially for unstructured grids [1,3]. In order to
reduce the difficulty of implementing SL method and enhance the flexibility of the algorithm,
a Semi-Lagrangian Element Free Galerkin (SL-EFG) method for flow problems with strong
convection is proposed by taking advantage of the EFG method which requires no grid and is
easy to construct higher-order approximation. Because interpolations of the meshfree method
use no grid, searching algorithms will not need in interpolating the values at the departure points.
In addition, constructing high order interpolation functions is trivial for the meshfree method.
Therefore, the proposed method is expected having better accuracy and higher efficiency.
Several numerical examples in 1D and 2D are used to verify the good performance of the new
method for flow problems with strong convection.
REFERENCES
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The non-linear interaction between fluid and deformable structures is common in nature and
engineering. To understand fluid-structure interaction, an accurate and efficient numerical
approach is essential. Here, we present a strong coupling approach using the peridynamics
model and the immersed boundary-cascaded lattice Boltzmann method.
The peridynamics[1] regards a solid structure as a number of material points related to each
other through long-range forces. This enables solution of non-continuum deformation of solid,
such as fracture. The adoption of peridynamics gives the coupling approach the ability to
capture the deformation and damage of structures interacting with a fluid.
The cascaded lattice Boltzmann method serves as the fluid solver. A no-slip boundary
condition is enforced on the fluid-structure interface with the immersed boundary method.
The strong coupling is achieved by solving the unknown velocity corrections for the fluid and
solid simultaneously. This is achieved by solving a linear system of the implicit velocity
correction scheme[2] at each time step. The new numerical approach eliminates the need to
iteratively solve for the dynamics of the fluid and solid structure, so it reduces the
computational cost significantly. Moreover, the strong coupling approach guarantees the
temporal accuracy and numerical stability.
The strong coupling approach is used to simulate the crossflow over a flexible beam and the vortex-induced vibration
of a deformable beam attached to a rigid cylinder (Figure 1).
The formation and propagation of fractures inside the
structures are also presented. Moreover, the current
numerical approach will then be employed in the study of the
self-propelling of an elastic foil.

Figure 1 The vorticity field and the
deformation of the beam attached to a
rigid cylinder.
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An efficient localized collocation meshless computational approach is applied to the study of
transdermal drug delivery (TDD). To validate the numerical technique, a one-dimensional
analytical solution is first derived for the set of coupled differential equations that govern the
pharmacokinetic process in the two-compartment compound diffusion model. These equations
consist of one partial differential equation (PDE) and one ordinary differential equation (ODE),
given as [1],
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These equations are solved in one-dimensional space via superposition and separation of
variables to arrive at the field solution for the compound concentration in the tissue. The
resulting solution takes the form,
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The convergence of the numerical result to the analytical result indicates the viability of the
localized collocation meshless method (LCMM) as a valid approach to the solution of TDD
problems. The analytical solution is used to benchmark the numerical technique for several
cases with differing pharmacokinetic coefficients [2], demonstrating the robustness and accuracy
of the meshless numerical technique. Furthermore, the highly efficient LCCM implementation
is extended to address multi-dimensional TDD cases achieving stable and physically consistent
results.
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ABSTRACT
Mixtures of fluids and granular sediments play an important role in many industrial,
geotechnical, and aerospace engineering problems, from waste management and
transportation (liquid-sediment mixtures) to dust kick-up below helicopter rotors (gas-sand
mixtures). These mixed flows often the involve bulk motion of billions of individual sediment
particles and can contain both highly turbulent regions and static, non-flowing regions. This
breadth of phenomena necessitates the use of continuum simulation methods, such as the
material point method (MPM), which can accurately capture these large deformations while
also tracking the Lagrangian features of the flow (e.g. the granular surface, elastic stress, etc.).
Recent works using two-phase material point method (MPM) approaches to simulate these
mixtures [1, 2] have shown substantial promise; however, these approaches are hindered by
the numerical limitations of MPM when simulating pure fluids, such as its tendency to
accumulate quadrature errors and the well-known particle ringing instability. In this work, we
present an improved, two-phase continuum simulation framework based on the material point
method (MPM) that reduces the effect of these issues on the fluid-phase and provides better
accuracy and stability for long-duration simulations of these mixtures.
REFERENCES
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Due to the non-polynomial nature of meshfree shape functions and the general misalignment
between the kernel supports and background integration cells, the accurate numerical
integration has become a fundamental issue for Galerkin meshfree methods [1], and this
situation becomes more serious when high order basis functions are employed. In this work, a
general reproducing kernel gradient smoothing framework is proposed toward formulating
efficient Galerkin meshfree methods with explicit quadrature [2]. In this framework, the
integration constraint is embedded in the construction of reproducing kernel smoothed gradient
and thus the integration consistency is an inherent property of the proposed reproducing kernel
gradient smoothing methodology regardless of integration schemes. Consequently, without
violation of the integration constraint, the conventional normal low order Gauss quadrature
rules in finite element analysis now can be used to properly integrate the meshfree stiffness
matrix simply through replacing the standard meshfree gradients with the reproducing kernel
smoothed gradients at Gauss points.
Furthermore, a set of explicit quadrature rules with particular reference to 2D triangular and 3D
tetrahedral integration cells is proposed to efficiently compute the reproducing kernel smoothed
gradients [2]. The total number of sample points regarding these quadrature rules is minimized
from a global point of view through making as many as sample points shared by neighboring
integration cells. The proposed reproducing kernel gradient smoothing framework is featured
by optimal convergence, explicit quadrature, symmetric stiffness matrix as well as high
efficiency, and works well for arbitrary order meshfree basis functions. In case of linear basis
function, the present reproducing kernel gradient smoothing framework reduces to the
stabilized conforming nodal integration for Galerkin meshfree methods. The efficiency and
accuracy of the proposed methodology is demonstrated by numerical examples.
Acknowledgements: The support of this work by the National Natural Science Foundation of
China (11772280, 11472233) is gratefully acknowledged.
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A coupled material point method (MPM) is proposed for the simulations of collapse process of
ground structures such as slopes and embankments that are supposed to be caused by seepage
flow in a long time scale and involve phase transition between stable soil and flowing mixture.
The unsaturated soil is modeled as a three-phase mixture composed of soil skeleton, water and
air based on the theory of porous media and its constitutive response is given to each Lagrangian
material point common to the three phases, whereas schemes to introduce separate layers of
material points are available; see, e.g., Reference [1]. The material behavior of the soil skeleton
is represented by a finite strain elastoplastic model with the multiplicative decomposition of the
deformation gradient, whereas the water and air are assumed to be Newtonian fluids. With the
aim to represent various states of soil, we incorporate the rate-dependency and damage effects
with the conventional elastoplastic model for the soil skeleton. Also, in order to efficiently
simulate the pore water seepage flow that lasts for hours, we apply an implicit scheme to the
governing equations that are formulated with reference to the current configuration of soil
skeleton following the previous study [2]. Furthermore, to suppress the numerical instabilities
caused by cell crossing error, small element, nearly incompressibility and so on, some
countermeasure methods are needed. To resolve these problems without losing computational
efficiency with an orthogonal Eulerian grid, we employ the B-spline basis functions and the
corresponding stabilization methods often utilized in the isogeometric analyses. Several
numerical examples are presented to verify the fundamental performance of the proposed
method in realizing the multi-stage failure process of a ground structure in conjunction with the
above-mentioned soil’s phase-transitional behavior.
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Smoothed molecular dynamics (SMD) [1] method was proposed to solve the problem of too
much calculation caused by tiny time step sizes of molecular dynamics (MD) method. With the
aid of a regular background mesh and the mappings between the mesh nodes and the atoms,
SMD method can use much larger time step size while maintaining global accuracy. In addition,
SMD method also serves to bridge the MD method and the continuum-based material point
method to a seamless multiscale method [2,3].
It is found that there is a notice decrease of accuracy of SMD method when system contains
two types of atoms whose properties, which suggests that the original SMD method should be
improved for alloys. We investigate the influences of the mass ratio and the interaction potential
parameter on the accuracy, which was based to introduce the multigrid technique to improve
the accuracy of the SMD method. The numerical results validate the method and show nice
accuracy.
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Maximum-entropy (max-ent) methods were firstly introduced in computational mechanics for the definition of polygonal interpolants in [1] and then extended to meshfree approximation schemes in [2].
The key idea of these methods is to consider an equivalence between probability distributions and basis functions, which are then computed by maximizing an entropy functional, subject to constant and
linear reproducibility constraints. The resulting approximants are C∞ smooth, non-negative and locally
supported.
The extension of these methods to high-order consistency conditions is not straightforward, since the
reproducibility constraints need to be carefully designed for feasibility. By considering signed basis functions and defining a modified entropy functional, high-order local maximum-entropy schemes
(HOLMES) were developed in [3]. While most of the max-ent literature is based on the Galerkin formulation with the linear schemes developed in [2], HOLMES are suitable for the strong form collocation of
second order partial differential equations, where at least quadratic consistency of the basis functions is
required for the method to converge [4].
Starting from this consideration, this work presents a collocation framework based on HOLMES and
compares it with the classical Galerkin approach, with particular emphasis on implementation advantages, computational times and convergence properties of both methods.
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Despite being a versatile choice in many applications, the use of Coulomb’s friction with a constant coefficient
at severe contact conditions seems far from realistic. Such regimes do exist in machining processes (see [1], for
instance), making the associated thermo-mechanical analysis complicated.
In this work, robust and efficient meshfree simulations are employed to determine the unknown parameters of
an enhanced friction model in metal cutting problems. The coefficient in this model is a decreasing function
of temperature with 2 unknowns, similar to the thermal softening term in Johnson-Cook [2] flow rules. The
numerical modeling is thermo-mechanically coupled and formulated in the updated Lagrangian framework.
The software to perform this analysis is developed in house, incorporates the state-of-the-art numerical schemes,
and runs entirely on Graphics Processing Units (GPUs). As a result of this parallel computation, the short
evaluation cycles allow for running a massive load of simulations in a reasonable time. This, in turn, brings the
possibility to the parameter identification of a friction model in the context of meshfree cutting simulations for
the first time.
From the experimental point of view, a tribometer test is initially conducted to ensure the friction coefficient is
in fact temperature-dependent. After this preliminary study, a rather extensive investigation of an orthogonal
cutting test is presented. Process forces (i.e., the cutting and thrust force components) are taken into account as
the reference measurement from the literature [3] to validate the simulation result. Subsequently, an optimization procedure is carried out to inversely fit the unknown parameters to an actual cutting test by minimizing the
error of predicted forces.
Results of the present research demonstrate that:
• Meshfree methods are a viable numerical tool for addressing a variety of challenges encountered in
cutting simulations.
• GPU-accelerated computations are particularly suitable for particle-based models and bring the optimization procedure of large scale simulations into a possibility.
• The friction coefficient at the tool-chip interface has a significant impact on the accuracy of force predictions.
• The least error of force prediction was obtained from adopting a model in which the friction coefficient
was temperature-dependent.
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High strain rate deformation processes of metals, such as cold spray additive manufacturing
and explosive welding, entail intense grain refinement as well as extreme deformation and
fragmentation. While modeling of the latter phenomena can be achieved by meshfree methods,
such as reproducing kernel particle method (RKPM), additional attention needs to be paid to
capture the size effect caused by grain refinement. In this work, the Cosserat crystal plasticity
[1] is combined with RKPM to introduce a nonlocal effect with an intrinsic length scale. The
equality between the lattice rotation and the elastic rotation is strongly imposed, which leads to
introducing a nonlocal strain measure in the absence of the additional degrees of freedom,
balance equation, and the corresponding boundary conditions originally present in the Cosserat
crystal plasticity. The reduced set of governing equations provides an efficient computational
framework. The higher order of continuity of the solution space required by introducing the
nonlocal strain is naturally attained by the reproducing kernel approximation. In order to further
accelerate the computation, an implicit gradient approximation introduced in [2] is employed.
Numerical examples of 2-dimensional and 3-dimensional metal blocks subjected to shear
deformation demonstrate that the proposed method properly captures the size effect.
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The challenge of time integration for the Material Point Method (MPM) involves stability accuracy and
energy conservation. A class of methods that address many of these issues for solid mechanics problems
are the symplectic methods used in many other applications. Such methods provide conservation properties for many simpler problems than those typically addressed by MPM. In this work we build on the
work in [1] and extend these ideas to more recent high order symplectic methods. As well as comparing
them against MPM methods for which there is practical evidence of good conservation properties. At
the same time the accuracy of these methods involves closely coupled space and time errors and so the
different error contributions must be resolved to understand which time integration method works best.
Both theory and practical experiments will be presented.
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Method Applied to MPM, In Proceedings of VI International Conference on Particle-based Methods Fundamentals and Applications, Barcelona, Edited by E. Onate, M. Bischoff, D.R.J. Owen, P.
Wriggers and T. Zohdi, PARTICLES 2019, October, 2019.
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Over the years, many different methods for the approximate solution of partial differential equations
were developed and applied to various problems. The Finite Element Method (FEM) is well accepted
for the solution of a wide range of problems in industry. However, for complex evolving domains it
is advantageous to have a more flexible discretization scheme. For instance in the fast growing field of
Additive Manufacturing, the production process is accompanied by evolving surfaces, large deformations
and phase changes. A promising discretization approach consists in particle methods as for instance the
Smoothed Particle Hydrodynamics or the more recent Peridynamic correspondence approach (see [1]).
Besides the advantage of flexibility in discretization, the efficiency and accuracy of the meshbased FEM
is hard to achieve. Some reasons are consistency, stability and the imposition of boundary conditions
which are challenging aspects in the scope of meshfree methods. Rank deficiency which result in spurious zero or low energy modes is often addressed by corrections to gain stability. However, unphysical
parameters have to be determined that can be case sensitive and reduce the accuracy of the solution.
In the context of Peridynamics, approaches were developed to overcome the rank deficiency without the
use of such corrections in the last years. One of them consists of the Peridynamic Petrov-Galerkin (PPG)
method (see [2]). It is based on the principle of virtual displacements applied to the peridynamic momentum equation and depicts good accuracy and suffers no oscillations when applied within large deformations. In case of linear ansatz functions it reduces to the commonly used correspondence formulation
of Peridynamics. Hence it is applicable to any local material models. In addition, the PPG formulation
enables to a certain extent knowledge transfer from the well-established FEM like for instance the development of mixed formulations analogous to the H1P0 element. In this talk, the variational consistency is
addressed, which is a prerequisite for the satisfaction of the patch test and optimal convergence rates.
REFERENCES
[1] Silling, S. A. and Epton, M. and Weckner, O. and Xu, Ji. and Askari, E. Peridynamic states and
constitutive modeling. Journal of Elasticity, Vol. 88. (2007).
[2] Bode, T. and Weißenfels, C. and Wriggers, P. Peridynamic Petrov–Galerkin method: A generalization of the peridynamic theory of correspondence materials. Computer Methods in Applied
Mechanics and Engineering, Vol. 358. (2020).
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ABSTRACT
When shock-capturing schemes are used to model shock waves and their interaction the
discretization errors generated along the captured shock wave can severely degrade the
fidelity of the flow simulation within the entire shock-downstream region. These limitations
are rooted in some of the fundamental ingredients of shock-capturing, and in particular the
existence of intermediate shock points, representing a mere numerical artifact, and in general
unrelated to the true internal structure of the shock-wave. Shock-fitting (or front-tracking)
algorithms allow to overcome these limitations. Their use on structured grids, which still
nowadays find their way in compressible DNS, are either limited to simple flow
configurations, or require ad-hoc differencing formulae in the vicinity of the fitted shock. The
so-called floating shock-fitting is a more versatile approach, but becomes algorithmically very
complex when high-order schemes are used. The last 10 years have seen the emergence of
unstructured shock fitting methods which allow to overcome some of these limitations greatly
enlarging the domain of applicability of fitting methods in complex geometrical
configurations, both in two and three dimensions. The objective of this mini-symposium is to
bring together some of the contributors to the latest developments in fitting techniques. We
are interested in works dealing with all aspects of this method, going form the detection and
tracking of the shocks, to the meshing/re-meshing phases, to the coupling with high and very
high order CFD methods, and to all new ideas that allow to extend the application of this
method.
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Università degli Studi di Roma ”La Sapienza”, Via Eudossiana 18, 00184, Rome, Italy,
renato.paciorri@uniroma1.it
3
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About 10 years ago a new shock-fitting technique for unstructured meshes was proposed by Paciorri
and Bonfiglioli [1]. Subsequently this technique has been further developed and successfully applied
to the simulation of three-dimensional hypersonic flows [2]. However, a general implementation of this
technique for 3D flows requires a specific expertise in the field of mesh generation and mesh handling. In
the technique documented in Ref. [2] the mesh generation and handling relied on general propose codes
(tetgen [3] and yams [4]). Nevertheless, since these mesh generation codes were not specifically designed
for unstructured shock-fitting, they pose strong limitations. For instance, in the three dimensional flows
shown in Ref. [2] it was not possible to treat the interaction between two fitted shock surfaces.
Zaide and Ollivier-Gooch have developed software tools based on the GRUMMP library for the insertion
of lines/surfaces into an existing unstructured 2D/3D meshes [5, 6]. This approach provides the core
of the mesh generation and handling required for the unstructured shock-fitting technique, including
stitching together multiple shock surfaces at reflection / interaction lines, improving shock surface length
scale, and moving shock surfaces through the mesh to reach equilibrium. In the paper, we will describe
these meshing techniques, together with three-dimensional shock-fitting solutions using these meshes.
REFERENCES
[1] R. Paciorri, A. Bonfiglioli, A shock-fitting technique for 2d unstructured grids, Computers and Fluids, 38 (3), pp. 715–726, 2009.
[2] A. Bonfiglioli, M. Grottadaurea, R. Paciorri, F. Sabetta, An unstructured, three-dimensional, shockfitting solver for hypersonic flows, Computers and Fluids, 73, pp. 162–174, 2013.
[3] tetgen: http://wias-berlin.de/software/index.jsp?id=TetGen&lang=1
[4] yams: https://www.ljll.math.upmc.fr/frey/software.html
[5] GRUMMP: http://tetra.mech.ubc.ca/GRUMMP/
[6] D.W. Zaide, C.F. Ollivier-Gooch, Inserting a surface into an existing unstructured mesh, International Journal for Numerical Methods in Engineering, 106 (6), pp.484–500, 2016.
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Direct numerical simulation of blast waves involves hugely different spatial dimensions due to the presence of a shock followed by a steep rarefaction. The bast wave can propagate over very long distances
and change physical regime from hydrodynamics all the way to acoustics. For this reason, the precise
simulation of these phenomena is extremely costly. In general, however, only arrival time and wave
strength are of interest in practice.
A Geometrical Shock Dynamics type approach can be used to reduce the system to these quantities
of interest. We will present the way the hyperbolic model on the shock front can be obtained from a
kinematic approach [1]. In the case of a convex corner, inexistence of solutions for the Riemann problem
leads us to propose an ad hoc modification in order to take into account transverse effects [2]. We will
show on some examples the efficiency of the proposed Lagrangian numerical scheme and compare the
results with Eulerian simulations.
REFERENCES
[1] Ridoux, J. and Lardjane, N. and Monasse, L. and Coulouvrat, F. Comparison of Geometrical Shock
Dynamics and Kinematic models for shock wave propagation, Shock Waves (2018) 28(2):401–416.
[2] Ridoux, J. and Lardjane, N. and Monasse, L. and Coulouvrat, F. Beyond the limitation of geometrical shock dynamics for diffraction over wedges, Shock Waves (2019) 29(6):833–855.
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Moving-grid shock-tracking methods have been implemented in the context of a finite element discretization to test approaches for obtaining high-order accuracy for flow simulations with shocks. In these approaches, an element edge in the computational mesh is fitted to the shock front and moved with the
shock throughout the computation. The Euler equations are solved on the moving mesh in an arbitrary
Lagrangian-Eulerian framework. Three different methods for evaluating the shock velocity have been
implemented in a one-dimensional discontinuous Galerkin code, and the order of accuracy of the resulting solutions were verified using the method of manufactured solutions. The first method computes the
shock velocity using a Riemann invariant propagating upstream from behind the shock along with the
Rankine-Hugoniot (RH) jump conditions [1]. The second method computes the shock acceleration using
an equation for the momentum immediately downstream of the shock along with the RH jump conditions
[2]. The third method computes the shock acceleration using a characteristic relation immediately downstream of the shock along with the RH jump conditions [3]. When using a DG method with polynomial
degree p of 1, 2 and 3, methods 1 and 3 converged with the expected order of accuracy (p + 1). Based
on the results, method 1 has been deemed the most effective method for evaluating the shock velocity, as
it is the easiest to implement and achieves the expected order of accuracy.
The shock-tracking method is implemented in 2D using a SUPG ALE discretization and unstructured
triangular meshes. The shock motion is determined by shock velocity evaluation method 1, and a SUPG
stabilization term is introduced to the interface motion equation to ensure that high-wave-number numerical instabilities do not propagate along the shock. Accurate solutions are obtained for supersonic nozzle
and blunt body problems.
REFERENCES
[1] Dongyang Zou, Chunguang Xu, Haibo Dong and Jun Liu. A shock-fitting technique for cellcentered finite volume methods on unstructured dynamic meshes. Journal of Computational
Physics, 345:866-882, 2017.
[2] A. Henrick, T. Aslam and J. Powers. Simulations of pulsating one-dimensional detonations with
true fifth-order accuracy. Journal of Compuational Physics, 2006.
[3] Xiaolin Zhong. High-order finite difference schemes for numerical simulation of hypersonic
boundary-layer transition. Journal of Compuational Physics, 1998.
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Compressible viscous flows are often characterized by the interaction among shock-waves and boundarylayers. Shock/Boundary-layer interactions (SBLI) can severely affect the performance of a vehicle due
to the presence of intense local heating and/or the loss of efficiency of the aerodynamic control surfaces.
Numerical simulations of SBLIs have been performed using both a state-of-the-art shock-capturing code
and an unstructured shock-fitting algorithm [1]. The latter consists in using the Rankine-Hugoniot jump
relations to track the motion of the shocks, which are treated as internal boundaries of zero thickness
by the CFD code used to approximate the governing PDEs in smooth regions of the flow-field. We will
show that shock-fitting allows to overcome most of the numerical troubles incurred by shock-capturing
schemes, such as the finite thickness of a captured shock. In contrast, shock-capturing simulations of
SBLIs provide reliable results only when highly refined grids are used, since a fine spacing is required in
order to reduce the numerical errors near the captured discontinuities. An illustrative example is given
in Fig. 1, which shows the pressure field around an hypersonic compression ramp, computed using both
the aforementioned approaches on nearly identical unstructured grids. Algorithmic details and additional
test-cases (e.g. a transonic airfoil and an oblique shock reflection [2]) will be addressed in the full paper.

REFERENCES

Figure 1: Pressure field on an hypersonic compression ramp

[1] R. Paciorri, A. Bonfiglioli, Shock interaction computations on unstructured, two-dimensional grids
using a shock-fitting technique, Journal of Computational Physics, 230(8),pp. 3155-3177, 2011.
[2] Degrez, G., Boccadoro C.H., Wendt, J.F. The interaction of an oblique shock wave with a laminar
boundary layer revisited. An experimental and numerical study. J. Fluid Mech. (1987) 177:247-263.
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Since the dawn of Computational Fluid Dynamics, computing shock waves correctly has always been
one of the most challenging issues in the numerical simulations of compressible flows. Shock waves
occur often in nature and technological applications and their shapes and dynamics always affect the
overall flow behavior. In the proposed paper, a novel shock-fitting technique is presented. The unstructured shock-fitting algorithm, developed by Paciorri and Bonfiglioli [1], has been modified by applying
a methodology originally developed for embedded-boundary simulations [2]. In particular, the shifted
boundary method has been used to handle shock waves by treating them as if they were immersed boundaries. This novel technique, which we call “shifted shock-fitting”, has been implemented to deal with
two-dimensional flows on unstructured grids. This work aims at providing a new approach for shockwave computations that does not require neither re-meshing around the shock nor modifications within
the kernel of the CFD solver. However, transferring data back and forth between the shock and the mesh
is a major issue in the development of the aforementioned method. In particular, employing classical
or more exotic transfer procedures may eventually lead to very different results in terms of discretization error and convergence rate. Several test-cases will be studied to assess the performances of the
shifted shock-fitting algorithm by comparing it with state-of-the-art shock-capturing methods and the
shock-fitting approach introduced in [1]. The paper will therefore be divided into three main parts: 1)
introducing the reader to the general idea of the method, 2) describing different ways to transfer data
between the shock and the mesh and the importance of the gradient reconstruction, 3) validation.
REFERENCES
[1] R. Paciorri and A. Bonfiglioli. A shock-fitting technique for 2D unstructured grids. Computers &
Fluids, 38(3) (2009), 715-726.
[2] T. Song, A. Main, G. Scovazzi and M. Ricchiuto. The shifted boundary method for hyperbolic
systems: Embedded domain computations of linear waves and shallow water flows. Journal of
Computational Physics, 369, 45-79 (2018).

636

Undifi: An
Lorenzo
Campoli,
Unstructured
Aldo Bonfiglioli,
Discontinuity
Mirco
Fitting
Ciallella
Codeand Mario Ricchiuto

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

UNDIFI: AN UNSTRUCTURED DISCONTINUITY FITTING CODE
L. Campoli1 , A. Bonfiglioli2 , M. Ciallella3 , M. Ricchiuto3
1

Saint-Petersburg State University, 7/9 Universitetskaya nab., St. Petersburg, Russia,
l.kampoli@spbu.ru
2
Scuola di Ingegneria, Università degli Studi della Basilicata, Potenza, Italy,
aldo.bonfiglioli@unibas.it
3
Team CARDAMOM, Inria Bordeaux Sud-Ouest, Talence, France,
mario.ricchiuto@inria.fr, mirco.ciallella@gmail.com

Key Words: CFD, Fortran, steady and unsteady shock-fitting, unstructured grids
The paper presents UnDiFi, an Unstructured Discontinuity Fitting algorithm code, in its first public
release and describes currently implemented features, results of more than a decade of research and
ongoing developments [1]. UnDiFi features and capabilities are illustrated by means of steady and
unsteady two-dimensional examples test cases obtained by coupling it with unstructured shock-capturing
solvers as shown in Fig. 1. The modular design of UnDiFi allows it to be easily included in existing CFD
codes and is aimed at ease the code reuse and readability. In the present version, UnDiFi uses two
different CFD solvers: EulFS, developed by Bonfiglioli [2] and NEO, developed by Ricchiuto [3] but
the code can be easily adapted to use any unstructured, node-centered gasdynamic solver. In order to
improve usability, maintenance, enhancement and collaboration, the documentation has been generated
by doxygen parsing, the git distributed versioning system has been adopted and a repository hosted by
github has been made publicly available. In the full paper, all information necessary to download, use
and modify the code will be provided together with a complete description of the code features and of
the included examples.

Figure 1: From left to right: blunt-body flow, shock-shock steady interaction, regular reflection, NACA 0012
airfoil, shock-expansion interaction, shock-vortex interaction.

REFERENCES
[1] Bonfiglioli, A., Paciorri, R., Campoli, L.: Unsteady shock-fitting for unstructured grids. Int. J. Numer. Methods Fluids. 81(4), 245–261 (2016). https://doi.org/10.1002/fld.4183. Fld.4183
[2] Bonfiglioli, A., Fluctuation splitting schemes for the compressible and incompressible Euler and
Navier-Stokes equations. International Journal of Computational Fluid Dynamics, 14.1 (2000): 2139.
[3] Ricchiuto, M., Abgrall, R.: Explicit Runge-Kutta residual distribution schemes for time dependent
problems: second order case. J. Comput. Phys., 229(16), 5653–5691 (2010).
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ABSTRACT
The proposed minisymposium will cover both the theory and application of high-order methods, with
specific focus on their use in the field of computational fluid dynamics. Numerical schemes falling
within the remit of the minisymposium include (but are not limited to) finite volume (FV) type essentially non-oscillatory (ENO) methods, FV type weighed ENO methods, k-exact methods, high-order
continuous/discontinuous Galerkin finite element (FE) methods, spectral difference methods and spectral
volume methods. We would particularly encourage presentations that address current issues inhibiting
the adoption of unstructured high-order schemes amongst a wider scientific community and industry.
These issues include a lack of efficient time integration schemes (that can be used with high-order spatial
discretizations), a lack of accurate and robust shock capturing algorithms, and the difficulties associated with generating high-order curved element meshes. Furthermore, in the context of high-fidelity
scale-resolving simulations (LES/DNS), we would welcome presentations that address the issue of visualisation and post-processing of large amounts of data; for instance, in-situ visualization techniques and
methods for automatic extraction of relevant flow features.
REFERENCES
[1] P. E. Vincent and A. Jameson. Facilitating the Adoption of Unstructured High-Order Methods
Amongst a Wider Community of Fluid Dynamicists. Math. Model. Nat. Phenom., Vol. 6, No. 3, pp.
97-140, 2011.
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For computing shock-turbulence interactions with high order methods such as the the
flux reconstruction or correction procedure via reconstruction (FR/CPR) method [1], current
methods still suffer from robustness and accuracy issues, and often need user-specified
parameters. In addition, little has been reported on limiters or artificial viscosity approaches
that can achieve high levels of accuracy, robustness and efficiency simultaneously. These
shortcomings of the current methods are the main driving force for the development of a new
limiter and artificial viscosity approach utilizing the CEDRIC shock detector [2].
This study presents a new limiter and artificial viscosity approach for the FR/CPR
method [1]. First, the new limiter is developed by coupling the recently proposed CEDRIC
shock detector [2] with a gradient
slope criterion. In addition, the
integration of the CEDRIC shock
detector alongside a new artificial
viscosity approach will be discussed.
By using the CEDRIC shock
detector, it will be shown that the new
limiter and artificial viscosity
approach outperform the existing highorder shock-capturing aproaches for
one and two-dimensional flows on
unstructured grids.
5

Method: CPR P3 w. CEDRIC av.
DoFs
:51
Iteration
:020000
Res. drop :5.74694215e-14
L1 error
:1.25000147e-03
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Figure. Solution of the 1D-Euler equation with the
CEDRIC artificial viscosity: (a) Solution and
Analytical solution, (b) Distribution of the artificial
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In spite of tremendous efforts devoted in the past decades, numerical simulations for complex
flows, which involve simultaneously smooth flow structures of broad-range scales and strong
discontinuities, still remains challenging to the community. Compressible flow of high Mach
number and multi-phase flow with moving interfaces are among the typical applications of this
sort where both discontinuous and smooth solutions, such as shocks, material interfaces and
vortices, can hardly be resolved with adequate accuracy by the existing numerical
methodologies that are essentially based on polynomial reconstructions with nonlinear limiting
projection.
We present, in this talk, a new practical framework based on the so-called Boundary
Variation Diminishing (BVD) principle to design high-fidelity Godunov finite volume schemes
to capture both smooth and discontinuous flow structures with superior solution quality. The
BVD principle minimizes the jumps of the reconstructed physical variables at cell boundaries,
and thus effectively reduces the dissipation errors. More profoundly, the BVD principle
provides a completely novel alternative to the conventional limiting-projection approach to
eliminate numerical oscillation. With proper BVD-admissible functions and BVD algorithms,
we have developed a new class of numerical schemes of great practical significance for
compressible and interfacial multiphase flows.
REFERENCES
[1] X. Deng, Y. Shimizu, F. Xiao, A fifth-order shock capturing scheme with two-stage
boundary variation diminishing algorithm. J. Comp. Phys. Vol. 386, 323-349, 2019.
[2] X. Deng, S. Inaba, B. Xie, K.M. Shyue, F. Xiao, High fidelity discontinuity-resolving
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945-966, 2018.

643

A Novel Witherden
Freddie
Vector Compression
and Will Trojak
Scheme for High-Order Flow Solvers

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

A NOVEL VECTOR COMPRESSION SCHEME FOR HIGH-ORDER
FLOW SOLVERS
Freddie D. Witherden1 , and Will Trojak1
1

Department of Ocean Engineering, 3145 TAMU, College Station, Texas, USA, fdw@tamu.edu.

Key Words: High-performance computing, high-order methods, computational fluid dynamics
Theoretical studies and numerical experiments suggest that high-order methods, including the discontinuous Galerkin (DG) and flux reconstruction (FR) approaches, on unstructured grids can efficiently
solve fluid flow problems in the vicinity of complex geometrical configurations [1]. In addition to being
more economical with regards to the number of degrees of freedom required to attain a specific level of
accuracy, such schemes also map well onto modern hardware platforms. However, over the past 30 years
improvements in compute capabilities, measured in floating point operations per second, have consistently outpaced improvements in memory bandwidth [2]. A consequence of this is that the performance
of both FR and DG are memory bandwidth bound [3].
In this work we propose a novel methodology for compressing a triplet of single precision numbers—
a vector—down from 96-bits to 64-bits. We accomplish this by transforming the vector into spherical
polar coordinates and performing quantisation on the resulting quantities. This gives rise to a scheme
which has low asymmetry between the cost of compression and decompression and is exceptionally
lightweight. Moreover, the small block size enables it to be employed even in the presence of random
access patterns; such as those encountered when operating on unstructured grids.
We will demonstrate the accuracy of our approach both theoretically and through a series of numerical experiments on inviscid and viscous flow problems. Performance on NVIDIA GPUs will also be
evaluated a with a 1.5 times speedup being demonstrated on a SAXPBY-type kernel.
REFERENCES
[1] B. C. Vermeire, F. D. Witherden, and P. E. Vincent, On the utility of GPU accelerated high-order
methods for unsteady flow simulations: A comparison with industry-standard tools. Journal of
Computational Physics, 334, 2017, pp. 497–521.
[2] F. D. Witherden, A. M. Farrington, and P. E. Vincent, PyFR: An Open Source Framework for Solving Advection-Diffusion Type Problems on Streaming Architectures Using the Flux Reconstruction
Approach. Computer Physics Communications, 185(11), 2014, pp. 3028–3040.
[3] F. D. Witherden and A. Jameson, Impact of Number Representation for High-Order Implicit LargeEddy Simulations. AIAA Journal, 2019.
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The main result in this paper is a provably entropy stable shock capturing approach for the high order
entropy stable Discontinuous Galerkin Spectral Element Method (DGSEM) based on a hybrid blending
with a subcell low order variant. Since it is possible to rewrite a high order summation-by-parts (SBP)
operator into an equivalent conservative finite volume form, we were able to design a low order scheme
directly with the Legendre-Gauss-Lobatto (LGL) nodes that is compatible to the discrete entropy analysis used for the proof of the entropy stable DGSEM. Furthermore, we present a hybrid low order/high
order discretisation where it is possible to seamlessly blend between the two approaches, while still being provably entropy stable. With tensor products and careful design of the low order scheme on curved
elements, we are able to extend the approach to three spatial dimensions on unstructured curvilinear
hexahedral meshes. We validate our theoretical findings and demonstrate convergence order for smooth
problems, conservation of the primary quantities and discrete entropy stability for an arbitrary blending
on curvilinear grids. In practical simulations, we connect the blending factor to a local troubled element
indicator that provides the control of the amount of low order dissipation injected into the high order
scheme. We modified an existing shock indicator, which is based on the modal polynomial representation, to our provably stable hybrid scheme. The aim is to reduce the impact of the parameters as good
as possible. We describe our indicator in detail and demonstrate its robustness in combination with the
hybrid scheme, as it is possible to compute all the different test cases without changing the indicator.
The test cases include e.g. the double Mach reflection setup, forward and backward facing steps with
shock Mach numbers up to 100. The proposed approach is relatively straight forward to implement in an
existing entropy stable DGSEM code as only modifications local to an element are necessary.

645

Pedro M.P. Costa,
High-Order
SpatialDuarte
and Temporal
M.S. Albuquerque
Simulations
and
with
JoseFinite
C.F. Pereira
Volume and Weighted Least-Squares
Methods
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11 – 15 January 2021, Paris, France

HIGH-ORDER SPATIAL AND TEMPORAL SIMULATIONS WITH
FINITE VOLUME AND WEIGHTED LEAST-SQUARES METHODS
P.M.P. Costa*, D.M.S. Albuquerque and J.C.F. Pereira
1: LAETA, IDMEC,
Instituto Superior Técnico, Universidade de Lisboa
e-mail: {pedro.m.p.costa; duartealbuquerque; jcfpereira}@tecnico.ulisboa.pt

Keywords: High-order Schemes, Finite Volume Method, Weighed Least-Squares,
Unstructured Polyhedral Grids, Backwards Differentiation Formula, Pointwise-Mean
Computational Values

In a transient convection-diffusion equation the global numerical error is the sum of the spatial and the
temporal errors. With the finite volume method, the temporal term of the equation must be integrated in
space with the same accuracy order as the convection and diffusion schemes. This novel approach
considers an operator that converts pointwise values to mean ones, which enables the solution of
unsteady high-order convection-diffusion equations in the pointwise framework.
One advantage of these schemes is the low number of contributions to the coefficient matrix when
compared to the mean-value counterpart. This becomes evident when extending eighth-order schemes to
three-dimensional cases. This novel operator uses only even cell-centered derivatives and cell’s even
momentum of inertial.
To reduce the number of required time steps, high-order backwards differentiation schemes are
implemented leading to considerable time savings when using high-order spatial schemes. The numerical
spatial error evolution with the solver runtime and the required memory is studied as an efficiency
metrics of the implemented high-order schemes.
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A core of constructing the high-order entropy stable scheme(TECNO) is sign preserving on
entropy variable using the high-order reconstruction. In this paper, we give the proof of sign
preserving on entropy variable with 3rd order compact CWENO reconstruction, construct 3rd
order compact CWENO-type entropy stable scheme(the 3rd order Fjordholm's entropy
conservation schemes with sign preserving compact CWENO reconstruction for the entropy
variable in dissipative flux), and prevent over-shooting and under-shooting in some tests by
introducing Jamson's limiter function based on 3rd compact CWENO reconstruction. Finally
we demonstrate the convergence order (3rd convergence), high-resolution and robust in
several tests.

REFERENCES
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U. S. Fjordholm, D. Ray. A sign preserving WENO reconstruction method. Journal of
Scientific Computing, 68(1): 42-63, 2015.
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Numerical Analysis, 50(2): 544-573, 2012.
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conservation laws. SIAM Journal on Scientific Computing, 22(2): 656-672, 2000.
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This talk presents a study of iterative solution strategies for hybridized discontinuous Galerkin
(HDG) discretizations. HDG reduces the number of globally-coupled unknowns in an implicit
solve through a static condensation procedure, resulting in a scaling of the unknowns that is
one power lower than in standard discontinuous Galerkin (DG). Specifically, element-interior
unknowns are locally eliminated in favor of face unknowns, through a highly-parallelizable
step. Embedded discontinuous Galerkin (EDG) methods further reduce the number of globallycoupled unknowns by restricting the trace approximation space to be continuous at edges and
nodes. However, the reduction of unknowns in HDG and EDG comes at a expense of preand post-processing steps on the linear system, which can add non-trivial cost to the solution
process. In addition, the Schur-complement system for the globally-coupled unknowns exhibits
different properties, with regards to solvers, compared to the standard DG discretization. These
factors affect the net cost of the solution of an HDG/EDG discretization.
We present solution strategies in the context of engineering-relevant two and three-dimensional
external aerodynamic flows. To make fair comparisons of accuracy and computational cost,
output-based adaptive methods are applied to optimize the meshes. This requires the solution
of an auxiliary adjoint problem on a finer space, and proper localization of the output error
in the case of face, edge, and node residuals. In addition, cost is measured in various forms,
including degrees of freedom, matrix storage, and computational time.
Whereas iterative solvers and preconditioners have been extensively studied for DG, significantly
less work has been done for HDG and EDG. A typical solver of the globally-coupled system in
a hybridized discretization consists of a generalized minimal residual (GMRES) method preconditioned by an iterative smoother such as incomplete lower-upper (ILU) factorization. p an h
multigrid strategies have also been investigated for certain classes of problems. In this work,
we present a study of the stability and performance of a selection of iterative solvers applied
to HDG and EDG. This includes block, line, ILU, and p-multigrid, in roles of both solver and
preconditioner. Through analysis and demonstration problems, we show that the favorable stability properties of the iterative smoothers observed in DG do not necessarily carry over to HDG
and EDG. We then suggest variations of some of these smoothers that improve the stability and
performance, both stand-alone and in the context of p-multigrid and GMRES.
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High-order numerical methods for unstructured grids combine the superior accuracy of highorder spectral or finite difference methods with the geometrical flexibility of low-order finite
volume or finite element schemes. The Flux Reconstruction (FR) approach unifies various highorder schemes for unstructured grids within a single framework [1]. Additionally, the FR
approach exhibits a significant degree of element locality, and is thus explicit implementations
are able to run efficiently on modern many-core hardware platforms, such as Graphical
Processing Units. The aforementioned properties of FR mean it offers a promising route to
performing affordable, and hence industrially relevant, scale-resolving simulations of hitherto
intractable unsteady turbulent flows within the vicinity of real-world engineering geometries.
This talk will introduce PyFR (www.pyfr.org) [2], an open-source Python based framework for
solving fluid flow problems using the FR approach, and recent results will be presented for a
range of three-dimensional turbulent test cases.
REFERENCES
[1] A Flux Reconstruction Approach to High-Order Schemes Including Discontinuous Galerkin
Methods. H. T. Huynh. AIAA Paper 2007-4079. 2007
[2] PyFR: An Open Source Framework for Solving Advection-Diffusion Type Problems on Streaming
Architectures using the Flux Reconstruction Approach. F. D. Witherden, A. M. Farrington, P. E.
Vincent. Computer Physics Communications, Volume 185, Issue 11, Pages 3028-3040, 2014
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Spectral analysis of high-order methods is a powerful tool to understand the complex interaction between
physics and its numerical representation. A lot of work has been done in the last few years due to the
increasing popularity of such schemes in many different areas of applied sciences and engineering, in
particular in the Computational Fluid Dynamics research field. Nevertheless, most of the available literature on this topic is mainly restricted to Discontinuous Galerkin (DG) methods. More specifically, the
most popular analysis is commonly known as temporal analysis in which temporal evolution of spatial
oscillations is studied discretising the linear advection equation. In the present work a wider range of
techniques is applied to compare the Spectral Differences (SD) scheme with Flux Reconstruction (FR)
methods (in particular, those recovering DG and SD for linear advection equations). Namely, spatial
eigen-analysis [1, 2] and non-modal analysis [3] have been here considered. Both give a more general framework for spectral analysis of high-order methods, delivering a deeper understanding of the
influence of numerics on the physical phenomenon. The former technique, based on spatially evolving
oscillations, provides useful insights for problems with inflow/outflow boundary conditions (i.e. nonperiodic problems), while the latter studies the short-term dynamics of the discretised system according
to the non-modal stability theory. The two approaches are then extended to the general scalar conservation law with non-homogeneous advection velocity to consider more realistic conditions. Theoretical
findings are then verified considering one-dimensional and two-dimensional numerical experiments. In
particular, the one-dimensional linear advection equation and the two-dimensional compressible Euler
equations have been considered. The proposed spectral analysis is here presented as part of a more general framework of dynamic SGS modelling for turbulent flows where the level of added dissipation takes
into account also the natural properties of the numerical scheme.
REFERENCES
[1] F. Q. Hu, M. Hussaini, P. Rasetarinera, An analysis of the discontinuous galerkin method for wave
propagation problems, Journal of Computational Physics 151 (2) (1999) 921–946.
[2] F. Q. Hu, H. L. Atkins, Eigensolution analysis of the discontinuous galerkin method with nonuniform
grids: I. one space dimension, Journal of Computational Physics 182 (2) (2002) 516–545.
[3] P. Fernandez, R. C. Moura, G. Mengaldo, J. Peraire, Non-modal analysis of spectral element methods: Towards accurate and robust large-eddy simulations, Computer Methods in Applied Mechanics
and Engineering 346 (2019) 43–62. doi:10.1016/j.cma.2018.11.027.
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The flux reconstruction method initially proposed by H.T. Huynh in his seminal paper [1],
has gained popularity in the research community as it recovers promising high-order methods
through modally filtered correction fields, such as the Discontinuous Galerkin (DG) method,
on unstructured grids over complex geometries. ESFR as a filtered DG scheme allows for an
effortless implementation within existing DG codes by the addition of a symmetric filter matrix
to the mass matrix [2]. The attraction of the method follows with its stability proofs for the
linear advection problem on linear elements, under a class of energy stable flux reconstruction
(ESFR) schemes also known as Vincent-Castonguay-Jameson-Huynh (VCJH) schemes [3]. For
two-dimensional Cartesian tensor product elements, Sheshadri and Jameson [4] proved stability
using the one-dimensional ESFR correction functions for a new Sobolev-norm. However, due to
additional higher order derivatives of the discontinuous flux, their norm cannot be reformulated
as a filtered DG scheme. Thus, we propose a different Broken Sobolev-norm and a new tensor
product extension of the one-dimensional stability condition. We demonstrate that the stability
criteria is satisfied by the one-dimensional correction functions [3] with a modified scaling on
the correction parameter. Lastly, we numerically test a two-dimensional linear-advection flow;
verifying energy conservation and the order of accuracy with L2 and L∞ error levels.
REFERENCES
[1] Huynh, H. T., “A Flux Reconstruction Approach to High-Order Schemes Including Discontinuous Galerkin Methods,” American Institute of Aeronautics and Astronautics, 2007
[2] Zwanenburg, P., and Nadarajah, S., “Equivalence between the Energy Stable Flux Reconstruction and Filtered Discontinuous Galerkin Schemes,” Journal of Computational
Physics, Vol. 306, 2016, pp. 343–369.
[3] Vincent, P. E., Castonguay, P., and Jameson, A., “A New Class of High-Order Energy
Stable Flux Reconstruction Schemes,” Journal of Scientific Computing, Vol. 47, No. 1,
2011, pp. 50–72.
[4] Sheshadri, Abhishek and Jameson, Antony, ”On the stability of the flux reconstruction
schemes on quadrilateral elements for the linear advection equation,” Journal of Scientific
Computing, Vol. 67, No. 2, pp. 769-790, 2016.
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ABSTRACT
Higher-order spectral element methods have shown promise as an efficient, high-fidelity numerical technique for solving partial differential equations by combining the superior accuracy of spectral methods with
the geometric flexibility of lower-order finite volume schemes. Their usage in computational fluid dynamics
has allowed for the simulation of complex flows that were formerly intractable, but the application of these
methods for practical engineering purposes is still prohibitively expensive. Although scale-resolving methods such as large eddy simulation (LES) can typically resolve all of the dynamically important scales, this
level of resolution is usually unnecessary in engineering applications where only accurate predictions of the
large-scale unsteady flow features are unnecessary. In an attempt to accurately resolve only the scales of
engineering interest at lower costs than LES, many approaches for variable resolution turbulence modeling
have been proposed.
In this work, we consider the partially-averaged Navier-Stokes (PANS) method for variable resolution
turbulence modeling within a higher-order flux reconstruction framework [1, 2]. The PANS approach offers
a bridging method between fully-resolved (direct numerical simulation) to fully-modeled (Reynolds-averaged
Navier-Stokes) levels of resolution. The level of physical resolution in PANS is quantified by two parameters:
the unresolved-to-total ratios of kinetic energy (fk ) and dissipation (f ). The unresolved scales are then
modeled via an eddy viscosity approach while transport equations are solved for the unresolved kinetic
energy and dissipation. This method has been shown to give accurate results for the large-scale dynamics
of a wide range of flows, but the primary hurdle of the approach is determining the fk distribution a priori
as it directly controls the eddy viscosity distribution.
We propose an approach for determining the fk distribution on the fly with higher-order methods by
taking advantage of the structured modal representation of the solution within higher-order elements. We
posit that for fully-resolved flows, the energy in elements should decay to zero at the highest modes, and the
level of resolution can be estimated by the amount of energy remaining at these modes. This estimate can
then be used to adaptively determine the fk distribution across each element. Initial work in this approach
has shown that between LES and underresolved LES results of a channel, this modal decay approximation
is valid. Future work will deal with implementation of the this adaptive PANS approach within PyFR, a
GPU-accelerated higher-order flux reconstruction solver, and the validation of this approach to a variety of
flow problems [3].
REFERENCES
[1] S. Girimaji and K. Abdol-Hamid. Partially-averaged Navier Stokes model for turbulence: Implementation
and validation. 43rd AIAA Aerospace Sciences Meeting and Exhibit, page 502.
[2] H.T. Huynh. A flux reconstruction approach to high-order schemes including discontinuous Galerkin
methods. 18th AIAA Computational Fluid Dynamics Conference.
[3] F.D. Witherden, A.M. Farrington, and P.E. Vincent. PyFR: An open source framework for solving
advection–diffusion type problems on streaming architectures using the flux reconstruction approach.
Computer Physics Communications, 185(11):3028 – 3040, 2014.
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remi.abgrall@math.uzh.ch

Conservatoire National des Arts et Métiers, Paris and Laboratoire de Mathématiques d’Orsay, Univ.
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ABSTRACT
The concept of LBM goes back to R. Gatignol and H. Cabanes in the early 70’s, and has been popularised by Frish, d’Humières, Pommeau, Hasslacher, Lallemand and Rivet with the concept of Cellular
automa. It evolved towards its current formulations, thanks to numerical interpretations of the Boltzmann
equations. It has mostly been used for low Mach number flows, and the extension to compressible flows
with is a timely research topics, since several families of LB methods (regularized methods, cascaded
or cumulant-based methods, entropic methods) have been extended to such flows. This simplicity of
the method explains its popularity both in academia and industry. Another interpretation of the BGK
equation is given by Shi Jin in which the physical interpretation is forgotten. The question is: given an
hyperbolic (or parabolic) system, how can we formally approximate it by a BGK type system? The stability constraints are formalised via the Whittam sub-characteristc condition. On a different, but related
line of work, one can consider the work of K. Xu and collaborators, where finite volume type numerical
methods are constructed directly form the BGK approximation.
The aim of this minisymposium is to gather some actors of each of these communities, and exchange experience and progresses in the numerical methods.A partial list of speakers is L.-S. Luo (Old Dominion),
P. Dellar (Oxford), K. Xu (Hong-Kong), R. Natalini (Roma) and researchers from the industry.
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Lattice-Boltzmann methods usually rely on uniform meshes with a strong bond between spatial and
temporal discretization. This fact complicates the crucial issue of reducing the computational cost by
automatically coarsening the grid where high precision is unnecessary, still ensuring the overall quality
of the numerical solution through error control. This work provides a possible answer to this interesting
question, by connecting, for the first time, the field of lattice-Boltzmann methods to the multiresolution
approach. To this end, we employ a multiresolution transform to adapt the mesh as the solution evolves
in time according to its local regularity and to evaluate the incoming and outcoming quantities in the
transport phase with a given accuracy. The collision phase is not affected due to its inherent local nature
and because we do not modify the speed of the sound, contrarily to most of the LBM/AMR strategies
proposed in literature. We carefully test our method to conclude on its adaptability to a wide family
of existing lattice-Boltzmann schemes, treating both hyperbolic and parabolic problems, then being less
problem-dependent than the AMR approaches, which thus cannot grant any theoretical control on the error. We also verify an effective cost reduction, without going too deep in the study of computational cost,
as far as we deal with problems involving steep solutions with a precise control on the approximation
error introduced by the spatial adaptation of the mesh.
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This work is devoted to the numerical resolution of a compressible three-phase flow with phase transition
by a Lattice-Boltzmann Method (LBM). The flow presents complex features and large variations of
physical quantities.
The complex pressure model is build from rigorous entropy optimisation principles [3], which give to
the model a clear thermodynamical meaning.
It is then possible to construct a LBM that is entropy stable under a subcharacteristic condition [1].
In addition, with usual time-splitting techniques, it can be extended to second order accuracy without
additional numerical cost.
We present preliminary numerical results, which confirms the competitiveness of the entropic LBM
compared to other Finite Volume methods.
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Inspired by existing understanding of the low-rank solution structure for Vlasov dynamics (e.g. Landau
damping and two-stream instabilities), as well as the observation that the differential operator in the
Vlasov equation can be represented in the tensorized form, in this project we propose a novel way to (a)
dynamically and adaptively build up low-rank solution basis, and (b) determine the low rank solutions
in a tensor format in the context of high order WENO method. We will first demonstrate our proposed
idea in a simplified 1D1V setting; then we discuss the extension to general 3D3V problems by using the
hierarchical Tucker decomposition of tensors.
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A pressure-based Hybrid Lattice-Boltzmann method (HLBM) is proposed for combustion applications.
The mass and momentum conservation are resolved by LBM, while the enthalpy and species fields
are simulated with Finite Difference (FD) scheme and explicit first-order-Euler time-stepping. Unlike
our previous reactive HLBM framework [1, 2], this new approach firstly models the pressure transport
equation at low-Mach limit [3] in the streaming step, then recovers the correct mass equation during
the regularized collision. This particular treatment enhances numerical stability. A DNS of a circular
premixed flame is investigated using a grid size of 1/5 of the flame thickness. The temperature and heat
release rate in figure 1(a) and 1(b) emphasize the isotropic property of the scheme and the non-reflecting
characteristic boundary conditions. A LES of a 3D round jet diffusion flame corresponding to a Re
number 16800 and Mach number 0.2 is performed on a mesh with a size of 1/26 of the diameter with
the implicit hybrid LES sub-grid model [4]. Small flow structures in figure 1(c) from a non-reacting
simulation demonstrate the low-dissipation feature of the method. Preliminary results from the reactive
configuration confirm the capability of the current model for turbulent flames.

(a) Temperature

(b) HRR

(c) Q-criterion

Figure 1: Visualization of (a) Temperature field, (b) heat release rate of the circular premixed flamem and (c)
Q-criterion iso-surface of non-reacting 3D jet.
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Rotating geometries in high Reynolds number flows are classical design applications, such as rotors or
landing gears. In terms of numerics, one of the biggest difficulties for simulating the rotating geometries
comes from the existence of fictitious forces, like centrifugal and Coriolis forces. The rise of the Lattice
Boltzmann method (LBM) has successfully contributed to reducing computational cost for industrial
applications. Conventionally, LBM adopts the discrete force model to take into account the fictitious
forces, which may lead to discrepancy between the different models. [1, 2]
This research suggests an alternative approach called, arbitrary Lagrangian-Eulerian method (ALE). [3,
4, 5] In the conventional approach, there exists only one reference axis which is shared by both the
rotating mesh and the lattice particles. It brings about the fictitious forces because velocity vectors of the
lattice particles are defined with respect to the rotating axis (so called, non-inertial axis). On the contrary,
the ALE approach employs two different axes, which are fixed spatial axis and moving reference axis.
The fictitious forces can disappear by defining all the physical quantities in the fixed spatial axis (inertial
axis), such as the velocities of the lattice particles, the velocity of the moving mesh and the gradient
of the particle distribution functions. Its balance equation could be written on the arbitrary point of the
moving reference axis which moves as being attached to the rotating geometries. Moreover, the ALE
equation is derived using the Double-Relaxation time (DRT) collision model and its turbulence viscosity
is solved by using the large eddy simulation.
The proposed ALE-LBM method is validated through several steps. First, the Poiseuille flow without any
solid body is tested to check whether the mass flow rate is well conserved through the mesh interpolation
procedure. Also, the simulations are conducted for the Taylor-Couette flow to assess if the ALE-LBM
method can correctly capture the rotational effect. Finally, a rotating cylinder in a channel is tested to
consider translation and rotational motion at the same time.
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The connection of relaxation systems (RS) and discrete velocity Boltzmann models (DVBM) was and
is essential to the progress of stability as well as convergence results for lattice Boltzmann methods
(LBM). In the present study we propose a formal perturbation ansatz for the construction of an RS on
the basis of a given scalar one-dimensional partial differential equation. Subsequently, equivalence to
a DVBM is found. Via this procedure, a 3 × 3 RS as a link to a generalized D1Q3 DVBM [1] with
the corresponding equilibria formally derived from—and pertaining to—the targeted partial differential
equation is obtained. The inclusion of a null velocity, which distinguishes e.g. D1Q3 from D1Q2, is an
essential feature of many DVBM used in LBM. Hence, the study serves as an extension of the commonly
found notes (e.g. [2]) on the relation of D1Q2 DVBM to the classical 2 × 2 RS [4, 3]. Further, the
specification of stability structures [5] of the obtained DVBM allows for algebraic characterizations of
the equilibrium and collision operator. The introduced methodology for scalar linear advection–diffusion
equations can be used as a foundation for the constructive design of DVBM approximating different types
of partial differential equations.
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Recent studies demonstrated the applicability of the Hybrid Lattice-Boltzmann Method (HLBM) to a
wide range of physical phenomena such as combustion [1] and compressible flows [2].
Here, a pressure-based Hybrid Lattice-Boltzmann solver is used to simulate the propagation and interaction of Kovásznay modes [3] with a shock wave. The mass and momentum conservation are solved by a
Lattice-Boltzmann algorithm coupled with an explicit Finite-Difference solver for the energy equation.
Stationary and non-stationary shock solutions are presented along with Vortical, Entropic and Acoustic
modes propagation to demonstrate the capability of the current model for compressible flows. Shockvortex interaction results are then compared with the literature [4, 5].
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The discrete velocity based kinetic schemes are simpler than the the continuous molecular velocity based
kinetic schemes, as the integrals are replaced by summations and the equilibrium distributions are simple algebraic functions of conserved variables and fluxes. While some of the discrete velocity kinetic
schemes are quite efficient, none of the kinetic or discrete kinetic schemes can capture steady gridaligned discontinuities exactly, a feature well-established in some of the macroscopic schemes. In the
present work, A flux difference splitting based kinetic scheme is developed based on three discrete velocities, starting from a discrete velocity Boltzmann equation. While the minimal design of this exact
discontinuity capturing kinetic scheme requires just two discrete velocities, the third component is utilized to prevent entropy condition violation, which is typical of low diffusive algorithms, by utilizing
the Mahalanobis distance (directed divergence or D2 -distance, see Kullback [1]). Raghavendra et al. [2]
utilized the D2 -Distance successfully as a tool for mesh adaptation. Here we use Mahalnobis distance
and entropy to distinguish expansion regions from discontinuities so that additional numerical diffusion
can be added without disturbing exact discontinuity capturing.
The new Boltzmann scheme is coupled with ghost-cell based immersed boundary method so that effort
in meshing can be simplified. The resulting scheme has been tested on several 2-D bench-mark problems
for both inviscid and viscous compressible flows.
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Motivated by the reduction of the environmental impactof aviation, fuel and air injections in turbo-jets are intensively
investigated as they are essential to optimize the combustion process. Among others, a current challenge is to
understand the coupling between the injection system, the flame and the chamber acoustics, in order to predict and
possibly avoid thermo-acoustic combustion instabilities. Such a goal needs a realistic description of the physics of
atomization, which is highly sensitive to the gas flow hydrodynamics and acoustics.
Although atomization of liquid jets and sheets has been the subject of intense research, its modeling and simulation
is still a challenge. Most works use surface tracking approaches like Level-Set [1], Volume Of Fluid [2] or Ghost
Fluid methods [3]. Those methods proved to be efficient and able to predict various configurations of multiphase
flows but are still facing difficulties when it comes to simulate primary atomization, and require considerable
computing time which make them hardly applicable to real complex cases. Another class of approach is based on
the “diffuse interface” concept, where a thermodynamic closure allows to describe the liquid-gas equilibrium without
resolving the interface. However, such methods still require high mesh resolution. In this context the LatticeBoltzmann Method (LBM), which relies on a mesoscopic description of the fluids, offers an interesting numerical
alternative. Its easy implementation and its highly-parallelizable nature make it competitive with standard CFD
approaches. The high potential of LBM to simulate diffuse interface problems has been recently demonstrated [4],
in particular in the case of high density and/or velocity ratios between the phases, which is relevant for the study of
atomization which corresponds to those conditions.
In this work, we describe a new method inspired by both color gradient method [5] and mean field method [6]. This
method offers many advantages compare with popular ones (Shan-Chen, Mean Field, Free energy and RK). The
use of a pressure-based method allows the possibility to choose the equation of state in a stable way, and the
recoloration step from color gradient method offers a simple way to thicken artificially the interface between the two
phases. The ability to produce realistic results, and the stability at high density ratio is evaluated and the advantages
of this new method is assessed by a comparison with classical ones. From these results future research directions
are finally proposed.
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Nanoparticles have wide potential for present and future applications, from drug delivery to surface
coatings. Control over (e.g. silica) nanoparticle morphology, size, porosity and dispersity is crucial for
realisation of their use [1]. The physics of growth of such particles in flow relies on various effects
and time scales (such as advection, diffusion, and deposition rates) and is therefore not well understood.
Industrial scale-up, which remains challenging, relies on predictability that can only be developed with
novel numerical methods.
We present a lattice Boltzmann (LB) algorithm [2] that models growth of particles under particle-resolved
flow conditions via chemical species deposition. The method combines fluid LB for hydrodynamics, advection-diffusion LB for species transport, resolved suspended particle dynamics, and a novel
mesoscale sub-grid adsorption boundary condition for particle growth. The algorithm has been benchmarked for different 2D cases, such as isotropic particle growth in a purely diffusive reservoir and growth
of moving particles in a simple shear flow at different Péclet and Hatta numbers.
Our method enables the study of flow effects on particle growth, morphology and size distribution of
particle suspensions. The method will be further extended to nanoscale particle growth where it will
advance the field of nanoscale particle synthesis.
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Thermal plumes are involved in many aspects of fire safety including wildfires, fire detection, and
fire suppression. Consequently, the accurate prediction of those turbulent plumes is fundamental
and indispensable. In the literature many works on thermal plumes were reported, from the early
correlative approaches from experiments to more recent numerical simulations. Most of numerical
studies have considered numerical simulations based on Navier-Stokes equations from direct
numerical simulation, DNS, large eddy simulation, LES, reaching Reynolds Averaged Navier
Stokes, RANS [4-5]. In this work, a new promising technique is investigated, utilizing a whole
different set of equations called the Lattice Boltzmann equations. The speed of the LBM makes
it attractive nowadays compared to classical Navier-Stokes solvers. The need of such a low cost
method rises from the huge computational resources required for LES in large–scale plumes.
Hybrid LBM-NS [1-2-3] will be used in this study where the LBM will be used for mass and
momentum conservations while the usual Navier-Stokes formulation will be considered for the
energy equation. This hybrid technique is chosen because it is easily extendable afterwards for
fire plume simulations where combustion will be required. Free inlet/outlet boundary conditions
are considered along the sides and at the top boundary of the computational domain, a no slip
boundary condition is applied on the ground, as for the inlet a velocity profile is imposed in
addition to a constant heat input or temperature. Different collision models and sub-grid models
are assessed and different levels of refinements are exploited for mesh convergence study.
Comparisons and validations with other numerical simulations are held to demonstrate the
potential inherited in the LBM from both accuracy and cost points of view. Experimental results
and analytical solutions from the literature will be used for validation as well.
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We develop random batch methods for interacting particle systems with large number of
particles. These methods use small but random batches for particle interactions,
thus the computational cost is reduced from O(N^2) per time step to O(N), for a
system with N particles with binary interactions.
For one of the methods, we give a particle number independent error estimate under some
special interactions.
For quantum N-body Schrodinger equation, we obtain, for pair-wise random interactions, a
convergence estimate for the Wigner transform of the single-particle reduced density matrix
of the particle system at time t that is uniform in N > 1 and independent of the Planck constant
\hbar. To this goal we need to introduce a new metric specially tailored to handle at the same
time the difficulties pertaining to the small \hbar regime (classical limit), and those pertaining
to the large N regime (mean-field limit).
The classical part was a joint work with Lei Li and Jian-Guo Liu, while the quantum part was
with Francois Golse and Thierry Paul.
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ABSTRACT
In this talk we intend to describe one way to construct explicit arbitrarily high order kinetic schemes on
regular meshes. The method can be arbitrarily high order in space and time, and run at CFL one. This is
a common feature with the Lattice Boltzmann Methods. However, the type of Maxwellian we use here
are different. This results in very simple and CPU efficient methods.
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The Lattice Boltzmann Method (LBM) is an alternative technique for the simulation and modelling of
fluid flows based on the Boltzmann equation. One of its advantages is its ability to handle very complex
geometries with massively parallel computing. The LBM has achieved great success in simulating nearly
incompressible and isothermal fluid flows, but it restricts its application range. A particularly active
topic of investigation is its extension to more complex flows (e.g. multi-phase, thermal, compressible).
We propose a pressure-based prediction-correction [1, 2] hybrid LBM model compatible with nearestneighbor lattices (D2Q9 and D3Q19) with a single time relaxation process, to simulate subsonic and
transonic compressible flows without shock.
The approach is hybrid [3]: mass and momentum conservation equations are computed using a LBM
solver while an entropy conservation equation is solved via a finite difference approach. Following
[3], an adequate forcing term is added to reproduce a correct viscous stress tensor and hybrid recursive
regularized approach [4] is used to stabilize the solution. Discretization of the entropy equation with
viscous heat dissipation, in the finite difference part of the solver, is studied to improve accuracy of the
scheme and to reduce the cost of calculations.
Validation of this new method is carried out on a number of canonical cases, systematically challenging the coupling between velocity, pressure and temperature, including pressure wave propagation, and
thermal Couette flows.
REFERENCES
[1] T. Lee, C.-L. Lin, A stable discretization of the lattice boltzmann equation for simulation of incompressible two-phase flows at high density ratio, Journal of Computational Physics 206 (1) (2005)
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The lattice Boltzmann method (LBM) is widely used in ﬂuid dynamics, radiation transfer,
neutron transport, and more recently to study diﬀusive-ballistic phonon heat transport [1]. The
LBM has the advantage that it naturally avoids numerical smearing and angular false scattering
in the ballistic regime. Nonetheless, the ray effect hinders the application of the LBM in the
limit of high Knudsen numbers, i.e. the diffusive-ballistic regime [2]. The ray effect is caused
by the use of a limited number of propagation directions, to discretize the angular space, which
leads also to an artificially anisotropic propagation. We propose the worm-lattice Boltzmann
method (worm-LBM), which allows an arbitrary number of propagation directions, by
decomposing them into the basic directions (along grid and diagonal) of a standard LBM grid,
and alternating these directions over time [3]. Moreover, applying a time adaptive scheme it is
possible to impose a close to isotropic propagation (or in fact any angular distribution of lattice
velocities). We demonstrate the method for ballistic-diffusive phonon transport. However, the
applicability of the method goes beyond this particular example, and can be used for numerical
simulations of any transport problem in the high Knudsen number regime, which can be
described by the Boltzmann transport equation.

Figure 1: Ballistic-diffusive phonon transport, shown for conventional D2Q8 scheme, the time adaptive D2Q8 and the wormLBM-D2Q40. The initial temperature of the domain, was set to 299.5 K, except for a central region of radius 1/30 of the domain
length, which was initialized at 300.5. The Knudsen number is ~0.05.
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Lattice Boltzmann method presents a good potential in the simulation of fluids mechanics, in particular
for isothermal incompressible flows with its properties of high accuracy, parallel calculation and easy
implementation to predict the complex flow in the realistic conditions [1]. More recently, in the team the
extension to compressible thermal flows has been conducted successfully [2].
In this context, a hybrid Lattice Boltzmann based finite volume method is introduced [2] in which the
continuity and momentum equations are solved by the traditional Lattice Boltzmann solver and an additional energy or entropy equation solved under the classical finite volume solver. In addition, a hybrid
recursive regularization (HRR) collision operator is developed on standard lattices [3] which improves
the stability and accuracy so that we could capture the turbulent flow in high Reynolds numbers.
The combination of uniform grids and cut-cell method [4, 5] still raise some open numerical issues that
we propose to address in this work. It’s probably true in nonisothermal simulations in which the heat flux
must be accurately predicted at the solid wall. The impact of the interpolation schemes and of a turbulent
wall model will be analysed in terms of mass leakage and heat flux accuracy.
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Flow-structure interactions (FSI) can occur at the microscale. In living organisms for instance, microscale FSI are determinant for several critical processes as cell locomotion, mechanotransduction and
fluid transport involving cilia, flagella or other types of slender bodies. At such scale, the Reynolds
number (Re) tends to be small and adapted numerical methods have to be developed. In this work,
we address the development of efficient numerical methods, based on the lattice-Boltzmann (LB) and
immersed-boundary (IB) methods, for the simulation of such systems.
Considering a given geometry, two parameters can be varied in order to decrease the value of Re in LB
simulations: the flow velocity and the fluid viscosity. However, explicit immersed-boundary methods
exhibit a major boundary slip at large viscosities. An analysis of this numerical error allows to derive a
new IB scheme that drastically extends the range of viscosities that can be employed using the IB-LB
method [1], avoiding any additional computational cost. As this range remains finite, further decrease
of the Reynolds number can only be achieved by decreasing the flow velocity, which can dramatically
increase the computational cost of unsteady simulations. To overcome this problem, a dual-time-stepping
(DTS) algorithm is proposed, allowing to freely vary the value of the time step [2]. The DTS is coupled
to a multigrid method that ensures high computational efficiency.
The reliability of these methods is illustrated for two standard physical configurations: the pipe flow
and the flow past a circular cylinder. The latter setup is considered in various forms including fixed,
towed, oscillating and impulsively started cylinders. The proposed methods are efficient, accurate and
exhibit features that may be beneficial in a variety of engineering contexts. Their implementation in
three-dimensions is straightforward and they are suitable for addressing complex flow dynamics as nonNewtonian behaviors often encountered in biological systems.
REFERENCES
[1] Gsell, S., D’Ortona, U. and Favier J. Explicit and viscosity-independent immersed-boundary
scheme for the lattice Boltzmann method. Phys. Rev. E. (2019) 100, 033306
[2] Gsell, S., D’Ortona, U. and Favier J. A multigrid dual-time-stepping lattice-Boltzmann method.
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ABSTRACT
Enriched Finite Element Methods (EFEMs) such as Generalized/eXtended FEM have received
increased attention and undergone substantial development during the last two decades. More recently,
focus has been placed on improving the method’s conditioning through Stable Generalized FEM, and
in the development of Interface- and Discontinuity-Enriched FEMs as alternative procedures for
analyzing weak/strong discontinuities. These methods offer unprecedented flexibility in the
construction of shape functions and corresponding approximation spaces. With the proper selection of
enrichment functions, these methods are able to address many shortcomings and limitations of the
classical FEM while retaining its attractive features. However, the implementation of these
discretization methods in industrial-grade commercial software is often difficult, time-consuming, and
therefore expensive. As a result, available commercial software lack recent EFEM developments. One
strategy to address this issue is to non-intrusively couple commercial and research software and thus
provide the end user with simulation and modeling capabilities not available in any single software.
This mini-symposium aims to bring together engineers, mathematicians, computer scientists, and
national laboratory and industrial researchers to discuss and exchange ideas on new developments,
applications, and non-intrusive coupling algorithms for Enriched FEMs. While contributions to all
aspects of EFEMs and their implementation are invited, topics of particular interest include
●
●
●
●
●

verification and validation; accuracy, computational efficiency, convergence, and stability of
EFEMs and coupling algorithms;
new developments for immerse boundary or fictitious domain problems, flow and fluidstructure interaction, etc.;
applications to industrial problems exhibiting multiscale phenomena, localized non-linearities
such as fracture or damage, and non-linear material behavior;
acceleration techniques for coupling algorithms; and;
coupling algorithms for multi-physics and time-dependent problems.
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We present a Discontinuity-Enriched Finite Element Method (DE-FEM) [1] for the modeling of arbitrary
branched cracks, multi-material domains, and polycrystalline aggregates. The description of multiple
strong and/or weak discontinuities meeting at a point arbitrarily located in an element is made possible
thanks to a novel DE-FEM junction enrichment function. The design of this enrichment function and its
implementation into a displacement-based Þnite element package are presented, followed by a discussion
of the implementation differences between DE-FEM and other enriched formulations for strong and
weak discontinuities (GFEM/XFEM). The performance of DE-FEM is demonstrated through a series
of benchmark problems in linear elasticity containing multiple strong and weak discontinuities meeting
at junction points. In particular, we perform mesh convergence studies to assess its accuracy, which
shows the similar property as the standard FEM with conforming mesh at the material junction, we also
investigate the SIFs(stress intensity factor) of branched crack and obtain similar result as the analytical
or numerical solution as shown in Figure 1a, and the method is used to solve simple polycrystalline
aggregates with or without relative sliding along the grain boundary to illustrate its robustness when
dealing with multiple strong or weak intersecting discontinuities as shown in Figure 1b.
σvM /σmax
1

T h (K)
480

293

0
(a)

(b)

Figure 1: (a) Normalized von Mises stress on the deformed conÞguration of star-shaped cracks; (b)
temperature distribution of heat conduction in polycrystal grains.
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In the last decades, there has been a considerable attention towards high-order accurate numerical methods for Computational Fluid Dynamics (CFD) applications within the research community. The reason
is that the current commercial and industrial CFD codes based on Finite Volume Method (FVM), which
are at best second-order accurate, are not efficient enough for some complex problems such as vortexdominated flows. An example of future interest is the incompressible multi-fluid (air-water) viscous flow
simulation around a maneuvering ship.
When it comes to research in high-order schemes for CFD, the Hybridizable Discontinuous Galerkin
(HDG) Finite Element Method (FEM) is very popular [1]. It has some interesting properties such as
being locally conservative, stable for convection-dominated problems, and highly parallelizable.
In the aforementioned unsteady example, a fixed unfitted mesh is to be used and the interface is allowed
to cut through some elements of the mesh. For this, the concepts of extended FEM (X-FEM) [2] are
adopted within the framework of HDG method which results in the so-called extended HDG (X-HDG)
method. The X-HDG method allows for a high-order approximation of discontinuous solutions across
the interface within the cut elements. This research was influenced by the combination of X-FEM with
standard DG method in [3]. As a first step to develop the X-HDG method for a divergence-free incompressible multi-fluid flow solver, Poisson’s equation is solved on a 2D square domain made of two
different materials, i.e. discontinuous material properties, separated by a circular interface. Optimal grid
convergence rate k + 1 for different orders of approximations k are shown.
REFERENCES
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The virtual element method (VEM) [2] is a stabilized Galerkin formulation on arbitrary
polygonal meshes, in which the explicit knowledge of the basis functions within the problem
domain is not required – i.e. such functions are virtual. Suitable projection operators are used
to decompose the bilinear form into a consistent part, that reproduces the polynomial space,
and a correction term ensuring stability. Taking inspiration from the well-established
extended finite element (X-FEM) technique [3], we have formerly devised in [1] an extended
virtual element method (X-VEM) for the Laplace problem with discontinuous and singular
solutions. In this contribution, we formulate the extended virtual element method (X-VEM)
for two dimensional elasticity problems in the presence of cracks. X-VEM's concept is to
augment the standard virtual element space with the product of standard virtual nodal basis
functions and enrichment functions. In particular, we first formulate an extended projector
that maps functions lying in the extended virtual element space onto a set spanned by linear
polynomials and the enrichment function. For cracks, the enrichment function is a classic
crack tip function [3], while crack discontinuities are dealt with by means of Hansbo &
Hansbo FE method [4]. Once the element projection matrix has been computed, we get the
element stabilization matrix as in the standard VEM. Numerical experiments are shown for
two dimensional elastic domains with mode I crack opening, to highlight the accuracy of the
proposed method in both cases of quadrilateral and polygonal meshes.
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The finite element method (FEM) is the de facto procedure for solving problems in solid mechanics.
However, modeling problems with complex/evolving geometries rapidly exposes the main pitfalls of the
method: creating finite element (FE) meshes that fit the problem geometry is a tedious and error-prone
process. Enriched finite element formulations overcome this issue in an elegant manner by using enrichment functions to decouple problem geometry from the FE discretization. In the case of problems with
discontinuities like material interfaces or cracks, enrichment functions recover the accuracy otherwise
lost by using a mesh that does not align with the problem’s geometry.
This presentation delves into interface- and discontinuity-enriched FE formulations, whereby enriched
degrees of freedom are placed along discontinuities. In addition to recent developments in fracture [1, 3]
and immersed boundary (fictitious domain) problems [2], this presentation also discusses new developments for topology optimization and contact mechanics.
crack front
Γc
(a)

(b)

(c)

Figure 1: Enriched FEM applied to (a) fracture; (b) topology optimization; and (c) contact.
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In many engineering applications, it is necessary to account for interactions among multiple
spatial scales through numerical simulations. Resolving fine-scale features such as cracks and
localized nonlinearities with high fidelity is critical for the accurate prediction of service life
or failure of structures. Three-dimensional models with detailed meshes and advanced
modelling techniques are usually required to capture accurate fine-scale responses. However,
adopting such models on the structural/global scale is computationally inefficient and
sometimes unfeasible for problems involving a large number of local features. A coarse mesh
is often sufficient for predicting the global behaviour of a structure.
In this talk, we present a multi-scale computational framework that couples Abaqus models
and 3-D Generalized FEM discretizations based on numerically-defined enrichment functions
– the GFEMgl. The structural-scale problem is modelled in Abaqus using a coarse mesh of 3D
or shell elements suitable for capturing the macro-scale response of the structure. Fine-scale
problems solved in parallel provide enrichment functions for the GFEMgl. These functions
enable the GFEMgl to accurately approximate localized phenomena such as crack propagation
using coarse meshes. The interactions between structural (Abaqus) and GFEMgl models are
captured using the Iterative Global-Local method (IGL). In this method, global-scale
displacements are passed to GFEMgl models as boundary conditions while residual forces
along the interface between the two models are applied to the structural model.
The proposed multiscale framework is non-intrusive in the sense that only standard output
quantities from the finite element simulations are exchanged during the coupling process. The
interaction between Abaqus and the GFEMgl solver requires no knowledge of the
discretization technique adopted in the other solver. Numerical examples of a T-joint structure
subjected to fatigue crack propagation are presented to demonstrate the accuracy and
applicability of the proposed framework.
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Université Paris-Est, Laboratoire Navier, ENPC, IFSTTAR, CNRS UMR 8205
6 et 8 avenue Blaise Pascal, 77455 Marne-la-Vallée Cedex 2, France — sebastien.brisard@ifsttar.fr
†

‡

Institute of Engineering Mechanics, Karlsruhe Institute of Technology (KIT)
Kaiserstraße 10, 76131 Karlsruhe, Germany — matti.schneider@kit.edu

Department of Mechanics, Faculty of Civil Engineering, Czech Technical University
Prague, Czech Republic — jan.zeman@cvut.cz

Key words: Up-scaling, Full-field simulations, Microstructures, Grid methods, FFT
ABSTRACT
Twenty years on, the number of yearly citations to the seminal papers of Moulinec and Suquet [1, 2] continues to grow steadily. These papers introduced so-called “FFT-based homogenization techniques”, a
family of numerical homogenization methods in solid mechanics. These methods rely on a discretization
of the microstructure over a regular grid, an equivalent formulation of the mechanical boundary-value
problem as an integral equation (the Lippmann–Schwinger equation), and a simple and efficient implementation of the discretized problem using the fast Fourier transform (FFT).
The present mini-symposium intends to offer a forum to users and developers of these techniques.
We welcome contributions that discuss: applications to practical problems in various settings (material
and/or geometric non-linearities, cracking, . . . ), coupling with other grid-based methods (phase-fields,
among others) for multi-physics simulations, coupling with 3D imaging techniques (such as X-ray microtomography), mathematical issues (discretization, preconditioning, . . . ), as well as implementation
issues (memory and CPU efficiency). For cross-pollination purposes, we also welcome contributions
on methods that are similar in spirit (work on grids, partly in Fourier space) but do not rely on the
discretization of the Lippmann–Schwinger equation.
REFERENCES
[1] Moulinec, H. and Suquet, P. A fast numerical method for computing the linear and nonlinear mechanical properties of composites. CR Acad. Sci. II (1994) 318:1417–1423.
[2] Moulinec, H. and Suquet, P. A numerical method for computing the overall response of nonlinear
composites with complex microstructure. Comput. Meth. Appl. Mech. Eng. (1998) 157:69–94.
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A numerical implementation of a non-local polycrystal plasticity theory based on a mesoscale version of
the field dislocation mechanics theory (MFDM) is presented using small-strain elasto-viscoplastic fast
Fourier transform-based (EVPFFT) algorithm. In addition to considering plastic flow and hardening
only due to SSDs (statistically stored dislocations) as in the classic EVPFFT framework, the proposed
method accounts for the evolution of GND (geometrically necessary dislocations) densities solving a
hyperbolic-type partial differential equation, and GND effects on both plastic flow and hardening. This
allows consideration of an enhanced strain-hardening law that includes the effect of the GND density tensor. The numerical implementation of a reduced version of the MFDM is presented in the framework of
the FFT-based augmented Lagrangian procedure. A Finite Differences scheme combined with discrete
Fourier transforms is applied to solve both incompatibility and equilibrium equations. The numerical
procedure named MFDM-EVPFFT is used to perform full field simulations of polycrystal plasticity considering different grain sizes and their mechanical responses during monotonic tensile and reversible
tension-compression tests. Using Voronoi tessellation and periodic boundary conditions, voxelized representative volume elements (RVEs) with different grain sizes are generated. With MFDM-EVPFFT,
a Hall-Petch type scaling law is obtained in contrast with the conventional crystal plasticity EVPFFT.
In the case of reversible plasticity, a stronger Bauschinger effect is observed with the MFDM-EVPFFT
approach in comparison with conventional EVPFFT. The origin of these differences is analyzed in terms
of heterogeneity, GND density and stress evolutions during the compression stage.
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Nonlocal Models.
The peridynamic equation consists in an integro-differential equation of the second order in time which
has been proposed for modeling fractures and damages in the context of nonlocal continuum mechanics.
In this paper we study numerical methods for the one-dimension nonlinear peridynamic problems. In
particular we consider spectral Fourier techniques for the spatial domain while we will use the StörmerVerlet method for the time discretization. In order to overcome the limitation of working on periodic
domains due to the spectral techniques we will employ a volume penalization method. The performance
of our approach is validated with the study of the convergence with respect to the spatial discretization
and the volume penalization. Several tests have been performed to investigate the properties of the
solutions.
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Abstract

An FFT-based method for computing the effective crack
resistance of heterogeneous media
Matti Schneider
Institute of Engineering Mechanics, Karlsruhe Institute for Technology (KIT), Germany

Cell formulae for the effective crack resistance of a heterogeneous medium obeying
Francfort-Marigo’s formulation of linear elastic fracture mechanics have been proved
recently, both in the context of periodic and stochastic homogenization. In this
presentation, we shall discuss a numerical strategy for computing the effective,
possibly anisotropic, crack resistance on voxelized microstructures using the fast
Fourier transform (FFT).

Karlsruhe Institute of Technology (KIT)
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AN IMPLICIT APPROACH FOR SOLVING PHASE-FIELD FRACTURE
PROBLEMS ON MICROSTRUCTURES USING THE FAST FOURIER
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Phase-field fracture models enjoy great popularity, as they describe both crack initiation and propagation
in a concise PDE setting based upon a variational principle. Quantities of interest are the a priori unknown crack path and the critical load leading to failure of the microstructure.
Difficulties arise from a non-convex energy functional as well as strongly heterogeneous material properties. Furthermore, a fine discretization is required to accurately resolve both the crack path and the
microstructure itself, which leads to a large number of degrees of freedom, especially when studying 3D
problems.
We apply FFT-based discretization methods, as well as modern optimization algorithms such as accelerated gradient descent to solve the governing equations in a fully implicit manner [1]. We discuss
advantages of our approach compared to semi-explicit methods [2], as well as alternating minimization
techniques.
REFERENCES
[1] F. Ernesti, M. Schneider and T. Böhlke, “Fast implicit solvers for phase-field fracture problems
on heterogeneous microstructures“, Comp. Meth. Appl. Mech. Engnrg., vol. submitted, pp. 1–42,
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Application of FFT to the consistent homogenization of mechanical and
transport properties of media with aligned cracks
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Taking into account the coupling between the mechanical evolution of cracked rocks and their
fluid transport properties is of importance for many industrial applications, such as the
underground storage of radioactive waste, where excavation-induced fracture networks are
expected in different types of rocks. In such structures, an explicit representation of these
networks is challenging because of their complexity. As a consequence, an effective medium
approach has been proposed in order to model the behavior of the damaged zone around a
drift in a simplified way (Bluthé et al.[1]). One of the recurring issues with this type of
approach is that the choice of the homogenization scheme is far from obvious. Thus, Fast
Fourier Transform (FFT) simulations were performed on elementary volumes so as to assess
the performance of five classical micromechanical estimates. The results are presented and
compared in terms of accuracy as well as computation time with respect to those obtained
with a finite element code.
In this contribution, the FFT-based software AMITEX-FFTP was used in order to perform the
numerical homogenization of an elastic medium with aligned cylindrical cracks. Both the outof-plane elastic moduli and the in-plane hydraulic conductivity of the effective medium were
computed in order to ensure a consistent choice in the homogenization scheme. The
sensitivity of the results with respect to the grid size was investigated, and analysis shows that
the FFT software is particularly well suited for the determination of the out-of-plane Young’s
modulus, since accurate results were obtained in only a few seconds with a coarse grid.
However, the in-plane conductivity proved more difficult to compute because of percolation
phenomena. These phenomena are due to the discretization method inherent to FFT, which
does not allow for crack apertures smaller than the voxel size, and to the shape of the cracks,
whose width is much greater than their aperture. For comparison purposes, simulations were
performed with the Finite Element Method (FEM) based software Cast3M on the same
geometries. Both methods yield the differential scheme as the best homogenization scheme
for estimating the mechanical and transport properties of elastic media with aligned cracks,
but a few differences are observed: FEM simulations are less prone to percolation phenomena
because they allow for smaller crack apertures, so that they are better suited than FFT for
simulating conduction phenomena in the plane of the cracks, but the FFT method yields very
satisfying results for the out-of-plane Young’s modulus, even with a very coarse grid, which
makes it a good choice for estimating this particular property, especially given the simplicity
of the grid generation procedure compared to the meshing step of the FEM.
REFERENCES
[1] Bluthé, J., Bary, B., Lemarchand, E., & Dormieux, L. (2018, April). Hydromechanical modelling and

numerical simulation of self-sealing phenomena in the Callovo-Oxfordian claystone. In EGU
General Assembly Conference Abstracts (Vol. 20, p. 17284).
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Abstract
A particular class of efficient solution algorithms in FFT-based micromechanics [1] are the
polarization-based schemes, pioneered by Eyre-Milton [2], Michel-Moulinec-Suquet [3] and
Monchiet-Bonnet [4]. For linear elastic materials, the schemes exhibit excellent performance,
especially in case of highly contrasted media. However, when applying polarization-based
schemes to nonlinear problems, two difficulties arise. For one, the optimal choice of
algorithmic parameters is only known for linear elastic materials. In addition, the schemes
become more costly as a nonlinear system has to be solved for every voxel in each iteration.
To extend the applicability of these potent schemes to the homogenization of nonlinear
materials, both challenges are tackled in the present study [5]. First, we expose the
polarization-based schemes as an instance of the classical Douglas-Rachford splitting.
Thus, existing convergence analysis for this solution method carries over to FFT-based
micromechanics. Secondly, we demonstrate how to avoid solving the nonlinear system for
the large class of small-strain elasto-viscoplastic materials, thereby reducing the complexity
of an iteration to that of the basic scheme.
We conclude our talk with large-scale numerical examples, comparing the convergence
behavior and computation times of the polarization based schemes to other modern
FFT-based solvers.
References
[1] H. Moulinec, P. Suquet: A numerical method for computing the overall response
of nonlinear composites with complex microstructure, Computer Methods in Applied
Mechanics and Engineering, 157, 69–94 (1998).
[2] D. J. Eyre, G. W. Milton: A fast numerical scheme for computing the response of
composites using grid refinement, The European Physical Journal – Applied Physics, 6(1),
41–47 (1999).
[3] J. C. Michel, H. Moulinec, P. Suquet: A computational scheme for linear and non-linear
composites with arbitrary phase contrast, International Journal for Numerical Methods in
Engineering, 52, 139–160 (2001).
[4] V. Monchiet, G. Bonnet: A polarization-based FFT iterative scheme for computing the
effective properties of elastic composites with arbitrary contrast, International Journal for
Numerical Methods in Engineering, 89, 1419–1436 (2012).
[5] M. Schneider, D. Wicht, T. Böhlke: On polarization-based schemes for the FFT-based
computational homogenization of inelastic materials, Computational Mechanics, 64(4),
1073–1095 (2019).
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ABSTRACT
It is well known that standard low-order finite elements in solid mechanics exhibit undesirable stiffening
effects for nearly incompressible materials as well as for modelling bending dominated deformations.
Therefore, much research has been invested to cure the aforementioned stiffening. In particular, a large
part of effective concepts against these so-called locking phenomena, e.g. shear and volumetric locking,
are based on multi-field variational functionals. It turns out that many formulations developed in recent
research show highly satisfactory behaviour regarding deformation and stress fields.
On the one hand, the uniqueness of a solution in nonlinear solid mechanics cannot be required in general, since singular solutions such as bifurcation points might become physically relevant and should be
captured by a powerful numerical method. On the other hand, the use of multi-field variational functions introduces additional variables (e.g. the enhanced strain) into the formulation, which enormously
increases the complexity of the stability issue and eventually leads to artificial bifurcation points.
The problem is still unsolved. The present mini-symposium aims at gathering new ideas and viewpoints
to deal with the stability issue of finite element formulations in non-linear solid mechanics, which show
“locking-free” behaviour. Contributions from both, engineers and mathematicians, are highly welcome.
Additionally, applications of new finite elements formulations in engineering including biomechanics
and metal forming are welcome.
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Since the 1970’s, mixed formulations have arisen as an alternative to the classical one-field formulation.
In particular, in the realm of physical problems, it appears as a natural solution to solve numerical issues
related to incompressibility and localisation phenomena, notably thanks to the introduction of physical
variables that are treated as unknowns in the physical equations (in contrast with the classical formulation
where typically only one unknown is sought). The finite element methods based on mixed formulations
come with ”in-built” a priori error estimators which allows one to control the error in the approximated
solution for different fields independently. Another interesting feature of the mixed formulations is that
they usually require less regularity for the underlying fields, making those methods applicable to more
general problems. However, those methods come with the price of stability. Therefore, compared to
classical formulations, extra-carefulness has to be observed in the choice of discretisation spaces. So far,
stable mixed finite elements have been proposed for mixed problems in small strain elasticity in 3D.
In the context of our work, we show a possible extension of the mixed finite element for the small
strain elasticity problem to large strain problems. In our approach, we use a polar decomposition of the
deformation gradient and we approximate simultaneously the rotation and the stretch tensors as two independent fields. Piola Kirchhoff stress and spatial displacements appear as independent variable fields
as well. We exploit the orthonormality of the rotation tensor using exponential map. From the computational point of view, we use an open-source software called MoFEM, developed at the University of
Glasgow, to make the analyses. MoFEM provides many tools that considerably simplify the analyses
like hierarchical shape functions which makes p-refinement effortless or shape functions for (discretised) Hdiv space. Recently, the implementation of Schur complement procedure significantly helped
to improve the efficiency of the code. To improve the stability for 3D mixed problems we introduce a
viscosity parameter. The effect of this parameter on load-displacement path is shown and compared with
the results obtained by other authors. Further developments allow the inclusion of dissipative phenomena
(like plasticity) in the theoretical model using concepts from configurational mechanics.
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The time-dependent behaviors like creep and stress relaxation of materials like polymer, bitumen, rubber,
and soft tissues are idealized using viscoelastic constitutive relations. The use of an integral constitutive
representation for linear viscoelasticity to study these materials is widespread, even though the response
of the material does not obey superposition and scaling principles. Rate type viscoelastic models are convenient for developing nonlinear viscoelastic models. A general rate type viscoelastic model is wherein
the strain, strain rate, stress, and stress rate are related to an implicit relation. Also, the use of fractionalorder derivatives is becoming popular.
A multi–field finite element formulation is more appropriate to solve problems involving such implicit
viscoelastic constitutive relations. Many multi–field formulations have been used to study the flow of
viscoelastic rate type fluids. This paper presents a formulation wherein stress, and displacement fields
are considered as primary unknowns. Following the idea of Shankar et al. [1], of all the continuous displacement fields which satisfy the displacement boundary condition and of all the stress fields that satisfy
the equilibrium equations and traction boundary conditions, the one(s) for which the constitutive relation holds is sought. The problem is cast as a minimization problem wherein the stress and displacement
fields that minimizes the error in satisfying constitutive relation is found. The Frobenius norm of the constitutive relation integrated over the spatial domain is considered as the objective function. Depending
on the form of the constitutive relation, the objective function is either a differential or integral equation
in time. The traction and displacement boundary conditions place a linear constraint on the independent
variables for small deformations and nonlinear constraints for large displacements. Since the viscoelastic
relation contains stress, stress rate, strain, and strain rates, in this study, stress and displacement fields or
the rate of stress and displacement fields are taken as independent variables.
The unknown independent variables are found such that the objective function is minimized subjected
to the constraints at select times. Based on the choice of independent variables, two algorithms for the
time integration scheme for viscoelastic constitutive relation, and an optimal time-stepping procedure are
proposed. Rectangular element is formulated, and standard 2D problems are solved. Results compared
with an analytical or ABAQUS solution to establish the accuracy of the proposed formulation. The
computational efficiency of the formulation is also benchmarked and compared with that of ABAQUS.
REFERENCES
[1] Shankar, L. S., Rajthilak, S., and Saravanan, U., Numerical technique for solving truss and plane
problems for a new class of elastic bodies., Acta Mechanica (2016) 227.11:3147-3176
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Traditional topology optimization [1] based on project variables defined elementwise entail well-known
shortcomings:
• Instabilities analogous to the Q1-P0 element formulations, with a similar cause.
• Dependence on parameters necessary for the SIMP approach.
• Ad-hoc nature of penalization and filtering strategies.

• Discontinuous nature of the resulting void/material boundary.
• Technical obstacles for generalization to different materials.

Available remedies for these shortcomings are based on level-sets, image-processing postprocessors and
other extraneous mechanisms to the classical Finite Element code architecture.
In addition, although the Newton-Raphson method can be directly applied for the compliance minimization problem, allowing the optimization and analysis to follow the standard nonlinear FE algorithms, that
is seldom the case.
We here directly solve the topology optimization problem using, exclusively, FE techniques. These circumvent most of the shortcomings and expand the range of compliance-minimization techniques to allow
for other constraints besides the volume:
1. The first-order Kuhn-Tucker conditions are established and written in a form compatible with
assembling.
2. Project variables are defined at the nodes, enforcing continuity of the void/material boundary.
3. A stable element (D. Arnold MINI) is adopted to ensure the satisfaction of the inf-sup conditions
and absence of checkerboard patterns.
4. The screened-Poisson equation is used to avoid rapidly varying solutions.
5. Area/volume constraint is exactly enforced with one Lagrange multiplier.
6. Variable transformation technique is adopted to ensure Newton-Raphson iteration satisfying the
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side-constraints.
7. Adaptive remeshing is adopted, with explicit cutting of sides and faces, to ensure compatibility
with the solution boundary [2].
With this approach, topology optimization becomes part of FE technology, without extraneous requirements or postprocessing. Distinct constitutive laws can be used as well as all traditional element configurations.
Both 2D and 3D examples are shown.
REFERENCES
[1] Sigmund, Ole. Morphology-based black and white filters for topology optimization. Struct Multidisc Optim (2007), 33:401-424.
[2] Areias, P. and Rabczuk, T. Steiner-point free edge cutting of tetrahedral meshes with applications
in fracture (2017), 132:27-41
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This contribution addresses the issue of physical and non-physical stability of discrete solutions
obtained by means of different non-linear mixed and enhanced finite element formulations (cf.
[2]) occurring under homogeneous compressive stress states in elasticity problems. While a
locking-free property is crucial for accurately capturing physical instabilities, it is often
observed that some formulations also suffer from non-physical instabilities, usually referred to
as hourglassing (cf. [1] or [3]).
Here, an analytical stability analysis of a simple reference problem is presented, which then is
compared to the discrete solutions. This allows assessing precisely the performance of different
finite element formulations for a broad range of input data, e.g. element aspect ratio and elastic
constants. The further aims of this contribution are twofold: first, the roots of the hourglass
phenomena triggered by compressive stress states are highlighted and subsequently, based on
these findings, simple approaches to construct stable and locking-free finite element
formulations are discussed.

REFERENCES
[1] F. Armero, On the locking and stability of finite elements in finite deformation plane strain

problems. Computers & Structures, Vol. 75, pp. 261290, 2000.

[2] J. C. Simo, F. Armero, Geometrically non-linear enhanced strain mixed methods and the

method of incompatible modes, Vol. 33, pp. 14131449, 1992.

[3] F. Auricchio, L. Beirao da Veiga, C. Lovadina, A. Reali, A stability study of some mixed

finite elements for large deformation elasticity problems, Vol. 194, pp. 10751092, 2005.
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Higher order FE methods
for challenging problems in science and engineering
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Jay Gopalakrishnan, Fariborz Maseeh Department of Mathematics + Statistics,
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High order discretization methods offer higher convergence rates and potentially superior quality of
numerical solutions. The benefits, however, are conditional on resolving several challenging issues, to
mention a few:
• discrete stability,
• complexity of data structures,
• construction of high order shape functions,
• complexity of postprocessing,
• a-posteriori error estimation and adaptivity.
We are seeking the participation of colleagues who work on high order Finite Element methods in context of difficult applications. The discretization methodologies may include standard conforming methods
as well as DG, hybrid DG, least squares and DPG methods. We are interested in both linear and nonlinear
applications with an emphasis on multiphysics problems requiring couplings of different elements.

1
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A DISCONTINUOUS PETROV-GALERKIN METHOD FOR
COMPRESSIBLE NAVIER-STOKES EQUATIONS IN THREE
DIMENSIONS
Waldemar Rachowicz1 , Adam Zdunek2 and Witold Cecot3
1

Institute of Computer Science, Cracow University of Technology, wrachowicz@pk.edu.pl
2
Swedish Defense Research Agency, FOI (emeritus), zka@foi.se
3
Institute for Computational Civil Engineering, Cracow University of Technology,
plcecot@cyf-kr.edu.pl

Key Words: Disontinuous Petrov-Galerkin, Finite Element Method, Compressible, Viscous
This paper is a continuation of the work of J. Chan et al. [1] on application of the Discontinuous PetrovGalerkin (DPG) method to steady 2D compressible viscous flows. The DPG technique allows one to
construct stable Finite Element approximations for some classes of singularily perturbed problems, including the convection-diffusion problems. The key ingredient of the method is a weak formulation with
a relaxed interelement continuity of the solution satisfying the inf-sup stability condition for adequately
selected norms for the trial and test functional spaces (which are different). The stability constant is
independent of the small parameter. The DPG discrete formulation exploits the specially designed so
called optimal test functions [2] which results in satisfying the inf-sup condition in exactly the same way
as it happens on the continuous level, i.e. independently of the small parameter which for viscous flows
is identified as the fluid viscosity coefficient.
We solve the nonlinear stationary flow equations applying the pseudo time-stepping with the NewtonRaphson procedure being used at each timestep. At this stage the DPG scheme similar as for the linear stationary convection-diffusion problem with constant coefficients is used. Unlike many traditional
schemes the procedure does not introduce any artificial dissipation mechanism. It has got a built-in error
estimation technique and mesh adaptivity leading to recovering the reliable viscous fluxes in boundary layers. We experiment with both anisotropic h-adaptivity as well as with the combined h- and
p-adaptivity. The test problems include smooth flows around solid bodies and interactions between
impinging shocks and boundary layers.
We designed adequate numerical tools to accelerate the element computations which are fairly time consuming for the DPG method. These tools include the static condensation of internal (i.e. L2 -type) element
variables, fast integration of stiffness matrices for high order approximations and parallel processing.
REFERENCES
[1] Chan, J., Demkowicz, L. and Moser, M. A DPG method for steady viscous Compressible flow.
Computers & Fluids (2014) 98:69–90.
[2] Demkowicz, L. and Heuer, N. Robust DPG method for convection-dominated diffusion problems.
SIAM J. Numer. Anal. (2013) 51:2514–2537.
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We apply a saddle point least squares method for discretizing a class of singularly perturbed problems reformulated as mixed variational formulations. In particular we consider the discretization of convectionreaction-diffusion problems based on an optimal test norm and nonconforming trial spaces. An Uzawa
type iterative process for solving the discrete mixed formulations is proposed and choices for discrete
stable spaces are provided. The implementation requires a nodal basis only for the test spaces, and assembly of a global saddle point system is avoided. For the test space we use piecewise linear spaces of
functions on a-priory discrete meshes and spaces that provide almost optimal approximation properties.
Our saddle point least squares method has the advantage that the order of approximation of the solution
in a balanced norm is improved if compared with the standard variational approach and the choice of
optimal test norms allows for robustness with repect to the perturbation parameter.
REFERENCES
[1] Demkowicz, L. and Gopalakrishnan, J. A class of discontinuous Petrov-Galerkin methods. Part I:
the transport equation. Comput. Methods Appl. Mech. Engrg., (2010) 199(23- 24):1558–1572.
[2] Bacuta, C. and Jacavage, J. E. Saddle Point Least Squares Preconditioning of Mixed Methods.
Computers and Mathematics with Applications, (2019) 77, no. 5: 1396–1407.
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Equilibrium of forces and moments
Mimetic methods aim to preserve symmetries at the continuous level in the discrete setting. In this talk
we will present a mixed formulation for linear elasticity in terms of the stress tensor, the displacement
and the rotation tensor. Complementary energy is minimized subject to the constraints that equilibrium
of forces and moments is satisfied. The displacement and rotation field act as Lagrange multipliers to
enforce these constraints, respectively. By a judicious choice of finite dimensional function spaces, the
constraints can be satisfied strongly, i.e. pointwise.
This mixed formulation is combined with a hybrid approach, which is a discontinuous finite element
formulation where inter-element continuity is enforced by suitably chosen trace variables. Such methods
tend to generate so-called spurious kinematic modes or zero-energy modes, which indicates that the formulation is not well-posed, [1]. The formulation presented in this talk will be free of spurious kinematic
modes and a well-posedness proof will be given. If, in addition, we constrain the displacement field to
be divergence-free by introducing the pressure as Lagrange multiplier, incompressible solids and fluids
can also be modelled, [2].
REFERENCES
[1] Equilibrium Finite Element Formulations, J.P. Moitinho De Almeida and Edward A.W. Maunder,
John Wley & Sons Ltd, 2017.
[2] Advancing the Mimetic Spectral Element Methods – Towards Continuum Mechanics Applications,
Joël Fisser, Thesis, 2019.
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ANALYSIS OF AN INTERIOR PENALTY DG METHOD FOR THE
QUAD-CURL PROBLEM
GANG CHEN, WEIFENG QIU, AND LIWEI XU
Abstract. The quad-curl term is an essential part of the resistive magnetohydrodynamic (MHD) equation and the fourth order inverse electromagnetic scattering problem,
which are both of great significance in science and engineering. It is desirable to develop
efficient and practical numerical methods for the quad-curl problem. In this paper, we
first present some new regularity results for the quad-curl problem on Lipschitz polyhedron domains and then propose a mixed finite element method for solving the quad-curl
problem. With a novel discrete Sobolev imbedding inequality for the piecewise polynomials, we obtain stability results and derive error estimates based on a relatively low
regularity assumption of the exact solution.

1. Introduction
Let Ω be a bounded simply connected Lipschitz polyhedron in R3 with connected
boundary ∂Ω. We consider the following quad-curl (fourth order) problem: find the
vector u and the Lagrange multiplier p such that
(1.1a)

∇ × (∇ × (∇ × (∇ × u))) + ∇p = f

in Ω,

(1.1b)

∇·u=0

in Ω,

(1.1c)

n×u=0

on ∂Ω,

(1.1d)

n × (∇ × u) = 0

on ∂Ω,

(1.1e)

p=0

on ∂Ω.

Here f ∈ [L2 (Ω)]3 , the vector n denotes the unit outer normal on ∂Ω. This model problem arises in many different applications, such as in the resistive magnetohydrodynamics
(MHD) and the Maxwells transmission eigenvalue theory.
The resistive MHD system reads ( [15, 32]): find the velocity u, the pressure p and the
magnetic induction field B such that
1
ρ(ut + (u · ∇)u) + ∇p = (∇ × B) + µ∆u
(1.2a)
in Ω,
µ0
η
(1.2b)
Bt − ∇ × (u × B) = − (∇ × (∇ × B))
µ0
di
− ∇ × ((∇ × B) × B)
µ0
η2
in Ω,
− ∇ × (∇ × (∇ × (∇ × B)))
µ0
2010 Mathematics Subject Classification. 65L60, 65N30, 46E35, 52B10, 26A16.
Key words and phrases. Mixed finite element method; Quad-curl problem; Lipschitz domain; Low
regularity; Discrete Sobolev imbedding inequality.

709

Conjugate
Jacob
Badger
Gradient
and Leszek
Approaches
Demkowicz
for Discontinuous Petrov-Galerkin Systems

Conjugate gradient approaches for solution of discontinuous
Petrov-Galerkin systems
Jacob Badger∗ and Leszek Demkowicz
Oden Institute for Computational Engineering and Sciences,
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Abstract
Linear systems resulting from discontinuous Petrov-Galerkin (DPG) methods can be understood as a
normal equation formulation of a weighted least squares problem for solution of over-determined systems
of equations [1]. The resulting sparse Hermitian positive definite systems of equations are candidate for
efficient and scalable solution via conjugate gradient (CG) methods. However, two approaches exist in
applying the CG algorithm to normal equation formulations: i) direct formation of the normal equations
by premultiplying AT A, AT b followed by classical CG iteration, or ii) conjugate gradient least squares
(CGLS) iteration in which A and AT are applied separately to the iterant and residual respectively. The
CGLS approach avoids explicit computation of the matrix-matrix product AT A but increases storage
requirements. This work explores expense and parallel considerations for CG and CGLS implementations
with an eye towards development of a distributed multigrid preconditioned CG solver for general hpadaptive DPG systems. Computational results are presented for a 3D acoustic wave propogation problem.

References
[1] Keith, B., Petrides, S., Fuentes, F., and Demkowicz, L. (2017). Discrete least-squares finite element
methods. Computer Methods in Applied Mechanics and Engineering, 327:226–255.
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Leszek Demkowicz
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We construct a general family of commuting DPG Fortin operators for the exact sequence energy spaces
and first Nedelec family of Finite Element spaces defined on a tetrahedral element. The net result is the same
as in [1] but the construction of the operators is based on formulating constrained minimization problems.

[1] C. Carstensen, L. Demkowicz, and J. Gopalakrishnan. Breaking spaces and forms for the DPG
method and applications including Maxwell equations. Comput. Math. Appl., 72(3):494–522, 2016
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Marcin Łoś ¹, Sergio Rojas2, Maciej R. Paszyński¹, Ignacio Muga3, Victor Calo2
1

3

AGH University of Science and Technology, Al. Mickiewicza 30, 30-059 Kraków, Poland
{los,maciej.paszynski}@agh.edu.pl
2
School of Earth and Planetary Sciences, Curtin University,
GPO Box U1987, Perth Western Australia 6845
{srojash,vmcalo}@gmail.com

Pontificia Universidad Católica de Valparaíso, Blanco Viel 596, Cerro Barón, Chile
ignacio.muga@gmail.com
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We investigate the possibility of mixing the residual minimization method [1] with
discontinuous Galerkin (DG) formulation [2] for Stokes problem. The idea was originally
introduced in [3] with Lagrange polynomials and adaptive finite element method. In this
paper we investigate the possibility of application of B-spline basis functons arising from the
isogeometric analysis with residual minimization and DG formulation. We explore the results
obtained by considering highly continuous isogeometric trial spaces [4], and discontinuous
test spaces. We compare by the Pareto front the resulting numerical accuracy and the
computational cost, expressed by the #flops performed by the direct solver algorithm.

Figure 1. FLOPS vs accuracy for different trial/test spaces for manufactured solution problem
This work is supported by National Science Centre, Poland grant no. 2017/26/M/ ST1/00281.
REFERENCES
[1] J. Chan, J. A. Evans, A Minimum-Residual Finite Element Method for the Convection-

Diffusion Equations, ICES-Report 13-12 (2013)
[2] D. A. Di Pietro, A. Ern, Mathematical Aspects of Discontinuous Galerkin Methods,
Springer (2011)
[3] V. M. Calo, A. Ern, I. Muga, S. Rojas, An adaptive stabilized finite element method
based on residual minimization, arXiv:1907.12605 (2019)
[4] A. Buffa C. de Falco G. Sangalli, IsoGeometric Analysis: Stable elements for the 2D
Stokes equation, International Journal for Numerical Methods in Fluids, 65(11-12)
(2011) 1407-1422
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Convection-dominated Diffusion
In recent years, the Discontinuous Petrov-Galerkin (DPG) method [2] has afforded the finite-element
community with many desirable properties: uniform/mesh independent stability, localizable test norms
via broken test spaces, and a built-in a posteriori error estimator. Moreover, the DPG method can be
applied to any well-posed variational problems. Following Muga and van der Zee [3], we generalize
the standard DPG method, which is based on Hilbert spaces, to Banach spaces. The aim is to eliminate
Gibbs phenomena, which occur in many singular perturbation problems, and finally to be able to solve
nonlinear problems such as the full potential equation within the DPG framework.
The original DPG method has three interpretations [2]: a Petrov-Galerkin method with optimal test
functions, a minimum residual method, and a mixed method. When we generalize it to Banach spaces,
however, only the last two interpretations remain valid. Starting with a residual minimization problem,
with the residual measured in the dual norm, we derive the necessary and sufficient conditions, and prove
the equivalence between the residual minimization problem and the nonlinear mixed problem.
To get a fully discrete system, we introduce broken test spaces [1], and obtain a system of nonlinear
equations. Newton’s method with line search is applied to solve the nonlinear system. h-adaptivity is
implemented with the help of the error representation function as error indicator.
Numerical experiments using model 2D convection-dominated diffusion problem are performed. The
results are compared with those of Hilbert-based method. It is demonstrated that the new method based
on Banach space gives solution less susceptible to Gibbs phenomena. This shows the potential of our
new method, and its application to full potential equation is our next research goal.
REFERENCES
[1] C. C ARSTENSEN , L. D EMKOWICZ , AND J. G OPALAKRISHNAN, Breaking Spaces and Forms for
the DPG Method and Applications including Maxwell Equations, Comput. Math. Appl., 72 (2016),
pp. 494–522.
[2] L. D EMKOWICZ AND J. G OPALAKRISHNAN, Discontinuous Petrov-Galerkin (DPG) Method, ICES
Report, 15-20 (2015).
[3] I. M UGA AND K. G. VAN DER Z EE, Discretization of Linear Problems in Banach Spaces: Residual
Minimization, Nonlinear Petrov-Galerkin, and Monotone Mixed Methods, arXiv e-prints, (2015),
p. arXiv:1511.04400.
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We present an efficient implementation of the double adaptivity algorithm of Cohen, Dahmen and
Welpert [1] using duality theory for the a-posteriori error estimation for the inner adaptivity loop [3],
within the setting of the Petrov-Galerkin Method with Optimal Test Functions [2]. Results are presented
for a) the solution of the ultra weak variational formulation of the convection-dominated diffusion problem in 1D and 2D and b) modelling of ductile to brittle phase transitions. However the presented ideas
apply to virtually any well posed system of first order PDEs including singular perturbation problems.
The ideal Petrov-Galerkin Method with Optimal Test Functions reproduces the stability of the original
problem and guarantees optimal convergence for any well posed problem; the practical version of it
approximates the Riesz (error) representation function Ψ using an enriched test space by means of increasing the polynomial order of the trial space. However, for singular perturbation problems, and test
norms involving the perturbation parameter, resolution of Ψ is still challenging due to approximability
issues.
The revolutionary contribution of Cohen, Dahmen and Welper calls for determining an optimal discrete
test space using adaptivity. The outer adaptivity loop is performed to refine the discrete trial space and
the inner adaptivity loop allows for control of the error in Ψ. The adaptively determined enriched test
space is “custom made” for the particular load and the trial space, and despite the fact that it does not
imply the discrete stability, the ultimate method converges.
REFERENCES
[1] A. Cohen, W. Dahmen, and G. Welper, “Adaptivity and variational stabilization for convectiondiffusion equations”, ESAIM Math. Model. Numer. Anal., 46(5):1247–1273, 2012
[2] C. Carstensen, L. Demkowicz and J. Gopalakrishnan, “Breaking spaces and forms for the DPG
method and applications including Maxwell equations”, Comput. Math. Appl., 72(3):494–522,
2016
[3] L. Demkowicz, T. Führer, N. Heuer and X. Tian, “The Double Adaptivity Paradigm (How to circumvent the discrete inf-sup conditions of Babuška and Brezzi)”, The University of Texas at Austin,
ICES report, 19-07, 2019
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The Discontinuous Petrov-Galerkin (DPG) method with optimal test functions was proposed by Prof.
Demkowicz and Gopalakrishnan in 2010 [1] and it has been applied to a wide variety of Partial Differential Equations (PDEs) [2]. The key idea is to use an ultraweak variational formulation of the problem
and discontinuous test functions to construct an approximation to the optimal test functions on the fly.
This method guarantees the numerical stability of challenging computational problems.
Exponential Integrators (EI) [3] are a class of numerical methods for the integration in time of stiff
systems of Ordinary Differential Equations (ODEs). In this method, the exact solution of the system is
expressed by the variation-of-constants formula. Different approximations of such representation lead to
different methods involving the computation of the exponential of a matrix and related functions (called
ϕ functions).
In this work, we start form the ODE system obtained after discretizing in space a linear parabolic PDE
by the Finite Element Method. We show that by using an ultraweak formulation and by calculating the
optimal test functions analytically, we arrive at the variation-of-constants formula for the trace variables.
We relate the optimal test functions from the DPG method with the ϕ functions of the EI. This allows to
compute the DPG trace variables by an exponential integrator and we can use similar ideas for the interior
of the elements. We show the performance of this method for 1D and 2D linear parabolic problems.
REFERENCES
[1] Demkowicz, L. and Gopalakrishnan, J. A class of discontinuous Petrov-Galerkin methods. Part I:
The transport equation. Comp. Meth. in Appl. Mech. and Engng. (2010) 199(23-24):1558–1572.
[2] Bramwell, J., Demkowicz, L., Gopalakrishnan, J. and Weifeng, Q. A locking-free hp DPG method
for linear elasticity with symmetric stresses. Numerische Mathematik. (2012) 122(4):671–707.
[3] Hochbruck, M. and Ostermann, A. Exponential integrators. Acta Numerica. (2010) 19:209–286.
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Composite finite element H(div)-conforming vector approximations are considered for meshes allowing
general polyhedral subdomains, by keeping fixed the face normal traces constrained to a given finite
dimensional trace space, piecewise defined over a partition of the mesh skeleton (facets). The approximations inside the subdomains may be enriched in different extents: with respect to internal mesh size,
internal polynomial degree, or both. The construction of such constrained space settings are useful for
several applications, as for conformal combination of different element geometry in the same mesh, or
for the design of hp-adaptive schemes. Recently, they have also been used in the construction of stable
multiscale hybrid-mixed formulations for Darcy’s flows [3]. A priori error analysis for this method revealed flux accuracy of order determined by the trace discretizations, despite the resolution increments
inside the subregions. However, enhanced accuracy rates for pressure and super-convergent divergence
of the flux can be obtained. A posteriori error estimations for this method shall also be discussed. The
procedure is based on potential and flux reconstructions explored in [1] and [2]. The main idea is to
use a mixed formulation based on constrained flux approximations to reconstruct the primal and/or dual
solutions, by applying a smoothing procedure over the mesh skeleton and by solving a local projection
problem with smooth boundary condition. Some numerical experiments shall be presented in order to
illustrate and to demonstrate the efficiency of the proposals.
REFERENCES
[1] M. Ainsworth, A framework for obtaining guaranteed error bounds for finite element approximations. J. of Comp. and App. Math. 234 (2010) 2618-2632.
[2] G. V. Pencheva, M. Vohralik, M. F. Weeler and T. Wildey, Robust a posteriori error control and
adaptivity for multiscale, multinumerics, and mortar coupling. SIAM J. Numer. Anal. (2013) 51
(1), 526-554.
[3] O. Duran, P. R. B. Devloo, S. M. Gomes and F. Valentin, A multiscale hybrid method for Darcy
problems using mixed finite element local solvers. Comp. Meth. in App. Mech.Enging. (354),
(2019), 213-244.
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The Multiscale Finite Element Method (MsFEM) [1,2] is one of the promising methods of multiscale
analysis. It neither requires the scale separation nor periodicity of the microstructure. Moreover, it
may be easily parallelized, since the essence of MsFEM is an evaluation of special macro-scale finite
element trial (approximating) shape functions that capture the micro-scale details and these functions are
computed independently in appropriate patches of elements. Although the method significantly reduces
the computational cost, its efficiency and trustworthiness need further improvements. Thus, we proposed
a coupling MsFEM and the Discontinuous Petrov-Galerkin (DPG) [3] in order to be able to use mixed
(profitable for heterogeneous domains) and stable (provided by DPG) approximations.
The essential component of MsFEM is an online computation of special oscilatory trial functions by
the solution of local boundary value problems. We make use of the well known static condensation
that transmits construction of the oscillatory basis functions exclusively to the coarse element interfaces.
Therefore, the proposed improvement of MsFEM is a way of reduction of both the approximation error
and computational time. Moreover, arbitrary coarse mesh element geometries, like polytopal ones, may
be used without any additional modifications. We illustrate the advantageous accuracy and convergence
(for up to 10th order of approximation) of the improved method for a series of plane strain problems and
we expect similar enhancements for all types of upscaling problems, including nonlinear ones.
REFERENCES
[1] Hou, T. and Wu, X. A multiscale finite element method for elliptic problems in composite materials
and porous media. Journal of Computational Physics (1997) 134:169-189.
[2] Cecot, W. and Oleksy, M. High order FEM for multigrid homogenization. Computers and Mathematics with Applications (2015) 70:1370-1390.
[3] Demkowicz, L. and Gopalakrishnan, J. A class of discontinuous Petrov-Galerkin methods. Part II.
Optimal test functions. Numerical Methods for Partial Differential Equations (2011) 27:70-105.
[4] J. Fish and V. Belsky. Multi-grid method for periodic heterogeneous media, Part 2: Multiscale
modeling and quality control in multidimensional case. Comput. Methods Appl. Mech. Eng. (1995)
126:17-38.
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We present a massively parallel solver using the direction splitting technique and stabilized
the higher-order finite element method. Namely, we use higher-order and continuity B-spline
basis functions [1], and residual minimization method [2]. As the result, we obtain the saddle
point system of linear equations, with the inner product-related Gramm matrix G, and the
problem matrix B, being constrained for the residual minimization in the norm induced by the
inner product.
We derive the saddle point matrices for different classes of problems, including the timedependent convection-diffusion problems [3], or non-stationary Stokes and Navier-Stokes
problems [4]. The time discretization schemes employed preserves the Kronecker product
structure of the problem matrix B. The inner products selected for the residual minimization
preserves the Kronecker product structure of the Gramm matrix G.
We show that the Kronecker product structure of the problem B and Gramm matrix B allows
for linear computational O(N) cost of factorization when working on a single core. We also
show that the Kronecker product structure of the matrices allows for efficient parallelization
when working on either shared-memory, distributed memory, or hybrid memory parallel
machines.
We conclude the presentation with parallel scalability results for different kinds of
architectures. The execution time of the solver scales almost linearly with the number of cores
c, so the computational cost is of the order of O(N/c).
This work is supported by National Science Centre, Poland grant no. 2017/26/M/ ST1/00281.
REFERENCES
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[2] J. Chan, J. A. Evans, A Minimum-Residual Finite Element Method for the ConvectionDiffusion Equations, ICES-Report 13-12 (2013)
[3] M.Łoś, J.Muñoz-Matute, I.Muga, M.Paszyński, Isogeometric Residual Minimization
Method (iGRM) with direction splitting for non-stationary advection–diffusion problems,
Computers & Mathematics with Applications, 79(2) (2020) 213-229.
[4] M.Łoś, J.Muñoz-Matute, I.Muga, M.Paszyński, Isogeometric Residual Minimization
Method (iGRM) for Stokes and time-dependent Stokes problems, arxiv:2001.00178
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The discontinuous Petrov-Galerkin (DPG) methodology of Demkowicz and Gopalakrishnan minimizes
the solution residual in a user-controllable norm; the mathematical structure provides stability even on a
coarse mesh, usually without the need for careful analysis for each new PDE under consideration, and
without requiring stabilization terms to be added or the trial space to be carefully constructed. Camellia
is an open-source library, built atop Trilinos, that aims to provide a computationally efficient environment
for rapid development of solvers for DPG and other finite element methods.
To date, the focus in DPG research has largely been on steady-state equations. There have been several
studies of space-time DPG, but the sole examination of time-stepping techniques for DPG in the literature
of which we are aware is a mathematical analysis of Rothe’s technique for an ultraweak formulation of
the heat equation by Führer et al.
Here, building on the work of Führer et al., we present and compare several other time-stepping approaches for DPG and DPG-like formulations of the heat equation, with particular concern for computational costs on next-generation computing architectures. We are now converting Camellia to make use
of Kokkos to allow performance portability; we present some performance results for DPG-like formulations running on GPU accelerators.
REFERENCES
[1] N. V. Roberts. Camellia: A rapid development framework for finite element solvers. Computational Methods in Applied Mathematics. 19(3):581–602, 2019.
[2] T. Führer, N. Heuer, and J. S. Gupta. A time-stepping DPG scheme for the heat equation. Computational Methods in Applied Mathematics 17(2):237–252, 2017. Int. J. Num. Meth. Engng.
(1994) 37:3323–3341.
Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International
Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DENA0003525.
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SIMULATION OF HIGH POWER OPTICAL FIBER AMPLIFIERS
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Fiber laser amplifiers are of interest in communication technology, medical applications, and military
defense capabilities. Silica fiber amplifiers can achieve high-power operation with great efficiency. At
high optical intensities, multi-mode amplifiers suffer from undesired thermal coupling effects such as the
transverse mode instability (TMI). The TMI is a major obstacle in power-scaling of large mode area, active gain, fiber amplifiers. A better understanding of these nonlinear coupling effects is beneficial in the
design of new fibers. We present details on the implementation and numerical results for a high-fidelity
fiber amplifier model. This model is based on the 3D vectorial time-harmonic Maxwell equations for
two weakly coupled electromagnetic fields. The high-frequency nature of the wave propagation problem
requires the use of high-order discretizations to effectively counter numerical pollution. The discontinuous Petrov–Galerkin (DPG) finite element method provides a stable discretization with a built-in error
indicator. For simulating a significant fiber length of more than one thousand wavelengths, a scalable
parallel implementation is critical. For this, we have developed an MPI/OpenMP finite element software that supports high-order discretizations for complex multiphysics problems. In particular, we have
implemented a parallel nested dissection solver suited for the DPG linear system. We show scalability
results for modern manycore compute architectures.
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Many transient problems exhibit local features that need to be resolved in both, space and time. An
important class of problems arises in the simulation of selective laser melting (SLM) processes. Here,
a high energy laser is used to melt metal powder and ”print” three-dimensional objects layer by layer.
The laser diameter is usually many orders of magnitude smaller than the printed object, and the distance
traveled by the laser in the entire process can be as long as multiple kilometers. Thus, even partially
simulating the evolution of the temperature poses an immense challenge for the discretization method.
Clearly, local refinement in space-time is necessary for these kinds of problems. A natural choice is to use
the finite element method for spatial and temporal discretization and apply existing refinement technology. To this end, we extend the multi-level hp-method introduced in [1] to four dimensions. Combined
with the continuous Galerkin-Petrov (cGP) method [2] we obtain a stable space-time hp discretization
of the heat equation. The method allows arbitrary hanging nodes and provides the necessary flexibility
to increase the polynomial degree in regions where the solution is smooth.
To reduce the computational cost we split the problem into time slabs that are conforming to the base
mesh of the discretization. The size of each time slab can be tuned to the respective target environment,
enabling parallel computations on high-performance computing (HPC) systems. We first introduce the
construction of the test and trial bases and show how to split them conformingly among multiple time
slabs. We conclude by showing optimal convergence on benchmarks with singular solutions.
REFERENCES
[1] Zander, N. and Bog, T. and Elhaddad, M. and Frischmann, F. and Kollmannsberger, S. and Rank,
E. The multi-level hp-method for three-dimensional problems: Dynamically changing high-order
mesh refinement with arbitrary hanging nodes. Computer Methods in Applied Mechanics and Engineering (2017) 310:252–277.
[2] Aziz, A.K. and Monk, P. Continuous finite elements in space and time for the heat equation. Mathematics of computation (1989) 52:255–274.
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ABSTRACT
Although the topic of finite element technology is well understood in many respects, there
still exist several open questions, especially for geometrically and physically nonlinear
problems. Moreover, an increasing number of alternative discretization schemes have (re-)
entered the stage, demanding new answers to old questions.
The fundamental aim of many research projects in the field of advanced discretization
methods can be described in two main aspects: First, as a prerequisite for efficiency, the
formulations are supposed to be free from locking. This comes along with optimal
convergence rates for primal quantities (e.g. displacements) as well as derived quantities (e.g.
stresses) already in the pre-asymptotic range of coarse meshes, independent of critical
parameters like slenderness or Poisson’s ratio. Secondly, the elements are expected to be free
from artificial, non-physical instabilities. The latter is particularly demanding in the large
strain regime.
In recent years, an increased activity in the development of non-standard discretization
schemes can be observed: isogeometric (IGA) concepts along with finite element methods
using NURBS and alternative shape functions (subdivision or T-splines); advanced stabilized
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formulations based on first-order or mixed variational formulations in mechanics; virtual
finite elements; compatible and mixed discretizations in mechanics; non-local (patch-based)
or smoothed finite elements, discontinuous Galerkin methods, meshless methods or finite cell
methods.
For some of these discretization schemes, especially the ones with smooth shape functions,
fully locking-free formulations are not easy to find already for linear problems. One major
challenge is to deal with highly unstructured approximation spaces.
The proposed mini-symposium invites all contributions from the field of locking, efficiency
and robustness of finite elements and other, non-standard discretization schemes, both from
method development and application. Typical topics are expected to be, but not restricted to:
• Locking-free formulations for solids and structural members like beams, plates and shells
• finite elements and non-standard discretization methods, like isogeometric, spline-based,
meshless, discontinuous Galerkin and finite cell methods
• linear as well as geometrically and physically nonlinear problems
• Variational formulations in mixed and first/order form, with and without numerical
stabilization
• efficiency, convergence, stability and approximation properties
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In the recent past, isogeometric analysis (IGA) has acquired substantial popularity as a numerical technique in computational mechanics. The structured approach of the IGA makes it possible to maintain the
exact geometry during discretization, irrespective of how coarse the mesh is. Moreover, IGA eliminates
the dependency on computer-aided design (CAD) once the initial mesh is generated [1]. Since its introduction, for a diverse set of engineering problems, IGA performed superior to the FEA in several ways.
However, in certain situations, the limitations that exist in FEA can still pass on to the IGA framework.
One such limitation is locking which commence during the analysis of thin structural geometries or while
investigating the problems demanding the incompressibility or near incompressibility of the domain [2].
In the present study, the IGA formulation based on the two-field Hellinger-Reissner variational principle
is explored for a specific class of stress interpolation functions that approximate the unknown stress field.
These stress interpolations are derived in accordance to the concepts investigated by Jog [3, 4] in context
of FEA and extending the notion to the non-uniform rational B-spline (NURBS) basis functions in IGA
framework. To asses the performance, the proposed method is explored for several benchmark problems.
The results authenticate the efficiency of the formulation, while handling the nearly incompressible behavior of the problem where the volumetric locking is dominant and the thin structural geometries that
are influenced by shear and membrane locking, by alleviating the associated locking. The difference in
the solutions can be seen distinctively while working with the lower order NURBS basis functions. The
higher order basis functions are less affected by locking even with conventional IGA formulation, however, the proposed method is yet marginally better than the conventional formulation. In addition, the
same formulation works convincingly well with the locking free situations without any special treatment
or without affecting the convergence of the solutions.
REFERENCES
[1] Hughes, T.J.R., Cottrell, J.A., and Bazilevs, Y. Isogeometric analysis: CAD, finite elements,
NURBS, exact geometry and mesh refinement. Comput. Methods Appl. Mech. Eng. (2005)
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The optimal design of shell structures undergoing buckling phenomena is nowadays an open problem,
whose solution would provide interesting answers to both academy and industry. The main difficulty is
represented by the high computational cost required for optimising a full-scale structure characterised
by a relatively complex postbuckling behaviour. Accordingly, the overall optimisation process requires
a high number of structural analyses to be performed.
This work is aimed at improving the efficiency of the evaluation of the postbuckling response of composite shell structures undergoing buckling phenomena. To this end, an isogeometric model, based on
a solid-shell description, is proposed. Patch-wise reduced integration schemes, previously proposed for
the linear elastic case, are adopted and tested in the context of geometrical non-linearities to cure the
interpolation locking phenomena that affect the formulation. Therefore, the resulting formulation is almost locking-free and, additionally, the computational cost of the numerical integration is reduced with
respect to standard element-wise integration procedures. This displacement-based isogeometric model
is consequently accurate and efficient also for low-order NURBS interpolation and a mixed formulation
is not strictly required. However, as shown in many previous papers, a mixed formulation is necessary to
avoid a phenomenon known as extrapolation locking. To this end, a peculiar mixed formulation, called
Mixed Integration Point (MIP), is adopted.
Finally, on the basis of this discretised model, a multimodal Koiter’s method is formulated to solve the
equilibrium equations. It allows the computational cost of the solution to be reduced with respect to
path-following strategies through the construction of a reduced order model. In addition, the method
gives informations about the worst-case imperfection without increasing the computational cost of the
analysis of a perfect structure. The suitability of the proposed method to be included in optimisation
algorithms is shown by several numerical examples.
REFERENCES
[1] L. Leonetti, F. S. Liguori, D. Magisano and G. Garcea. An efficient isogeometric solid-shell formulation for geometrically nonlinear analysis of elastic shells. Computer Methods in Applied Mechanics and Engineering (2018) 331:159—183.
[2] F. S. Liguori, G. Zucco, A. Madeo, D. Magisano, L. Leonetti, G. Garcea, and P. M. Weaver. Postbuckling optimisation of a variable angle tow composite wingbox using a multi-modal Koiter approach. Thin-Walled Structures (2019) 138:183–198.
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The authors follow the objective avoiding geometrical locking for thin-walled structures a priori
on the theory level, i.e. prior to and independent of the chosen discretization. Equal order
interpolations for all involved fields are assumed. We successfully derived a primal
displacement-based formulation for Reissner-Mindlin and 3D shells from the virtual work
principle, which is a priori free from transverse shear locking and curvature thickness locking
[1], [2]; see also [3]. The main idea follows a reparametrization of primal parameters in the
sense of a hierarchic formulation, introducing either hierarchic rotations or displacements. We
extended the approach also into the geometrically nonlinear regime for arbitrarily large
rotations. Membrane locking has been remedied by applying either the Hellinger-Reissner
variational principle or the Discrete Strain Gap (DSG) scheme.
Following the above mentioned main objective, the present study focusses on also avoiding
membrane locking a priori on the theory level. The first concept utilizes a novel variational
method, where in addition to the standard formulation further displacement-like variables are
introduced [4]. These additional degrees of freedom (auxiliary displacements) lead to a dual
concept, denoted as Mixed Displacement (MD) method, and counterbalance (weaken) the too
stiff solution of standard primal formulations. The approach was inspired by the DSG method;
in fact, the extra variables are directly related to the strain gaps. The equal order interpolation
for all involved fields adjusts the function spaces so that all geometrical locking phenomena,
including membrane locking, are automatically avoided, in fact for all discretization methods.
The second concept focusses on the missing link, namely deriving a primal displacement-based
formulation for avoiding membrane locking a priori through reparametrization without
introducing additional parameters. Here, the decomposition into an inextensional and a pure
membrane part of the solution is the main challenge. We report on first concepts and results
for curved plane Bernoulli beams, where the axial and normal displacement parameters are
replaced by new variables. We expect that the close relation between this approach and the MD
method plays a key role for further studies, in particular also for the extension to shell structures.
REFERENCES
[1] R. Echter, B. Oesterle, and M. Bischoff, A hierarchic family of isogeometric shell finite

elements. Comput Methods Appl Mech Eng, Vol. 254, pp. 170-180, 2013.

[2] B. Oesterle, E. Ramm, and M. Bischoff, A shear deformable, rotation-free isogeometric
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isogeometric discretizations for shear deformable beams. Comput Methods Appl Mech
Eng, Vol. 284, pp. 988-1004, 2015.
[4] S. Bieber, B. Oesterle, E. Ramm, and M. Bischoff, A variational method to avoid locking
– independent of the discretization scheme. Int J Numer Methods Eng, Vol. 114, pp. 801827, 2018.

730

B. J. Grieshaber,
Convergence
In the
A. T.
Incompressible
McBride and B.
Limit
D. Reddy
of Discontinuous Galerkin Methods with General
Quadrilateral and Hexahedral Elements
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

CONVERGENCE IN THE INCOMPRESSIBLE LIMIT OF
DISCONTINUOUS GALERKIN METHODS WITH GENERAL
QUADRILATERAL AND HEXAHEDRAL ELEMENTS
Beverley J. Grieshaber∗,1 , Andrew T. McBride2 and B. Daya Reddy3
1

Centre for Research in Computational and Applied Mechanics, and Department of Mathematics and
Applied Mathematics, University of Cape Town, 7701 Rondebosch, South Africa;
beverley.grieshaber@uct.ac.za
2
Glasgow Computational Engineering Centre, The University of Glasgow, Glasgow G12 8QQ;
Andrew.McBride@glasgow.ac.uk
3
Centre for Research in Computational and Applied Mechanics, and Department of Mathematics and
Applied Mathematics, University of Cape Town, 7701 Rondebosch, South Africa;
daya.reddy@uct.ac.za
Key Words: Discontinuous Galerkin, Interior penalty, Elasticity, Locking, Quadrilateral, Under-integration
Interior penalty (IP) discontinuous Galerkin methods have been shown to circumvent the well-known
phenomenon of volumetric locking when low-order simplicial elements are used. The same IP methods,
however, result in locking on meshes of low-order quadrilaterals. We have shown in earlier work [1] that
under-integration of specified terms in the IP formulation eliminates the locking problem for rectangular elements. Here we show through the results of an extensive numerical investigation that the effect
of using under-integration carries over successfully to meshes of more general quadrilateral and hexahedral elements, as would likely be used in practical applications, and results in accurate displacement
approximations. Uniform convergence with respect to the compressibility parameter is shown numerically. Additionally, a stress approximation obtained by postprocessing shows good convergence in the
incompressible limit.
REFERENCES
[1] Grieshaber, B.J., McBride, A.T. and Reddy, B.D. Uniformly convergent interior penalty methods
using multilinear approximations for problems in elasticity. SIAM Journal on Numerical Analysis
(2015) 53(5):2255–2278.
[2] Grieshaber, B.J., McBride, A.T. and Reddy, B.D. Convergence in the incompressible limit of new
discontinuous Galerkin methods with general quadrilateral and hexahedral elements. Available at
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GEOMETRICALLY NON-LINEAR LOCKING PHENOMENA
IN LARGE DEFORMATION FINITE ELEMENT ANALYSIS
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The issue of locking in solid and structural finite elements is known since decades. Until
today, development of locking-free finite element formulations is an active field of research.
Numerous remedies have been developed and locking-free formulations are available for
many linear and non-linear applications, see [1] for an overview on finite elements for plates
and shells. Interestingly, scientific studies on the origins of different locking phenomena, such
as shear locking and volumetric locking, which are an indispensable prerequisite for
development of locking-free methods, almost exclusively focus on linear analyses. The
corresponding formulations are then straightforwardly extended to the geometrically and
materially non-linear case. A careful study of locking for geometrically non-linear analysis,
however, reveals that there are distinct non-linear locking phenomena, not previously
described in the literature. These are not remedied by the standard methods to avoid locking.
One example is the bad performance of a particular 3d-shell element in the case of large
bending deformations, observed by Fleischer [2], which had remained unexplained so far.
This contribution highlights the existence of non-linear locking effects that exclusively show
up in the presence of large deformations. These effects may significantly deteriorate the
accuracy of finite element solutions, especially for thin-walled structures and nearly
incompressible material behavior. We provide a systematic analysis of these rarely known
phenomena and show that classical unlocking schemes are not sufficient to avoid them. The
issue is discussed in detail for the Enhanced Assumed Strain (EAS) method [3], which is
frequently used to avoid volumetric locking and shear locking in solid elements. Simo and
Armero [4] presented a geometrically non-linear version of the EAS method, however without
explicitly discussing the aforementioned issue of non-linear locking phenomena. Finally,
strategies to avoid non-linear locking phenomena are developed.
REFERENCES
[1] M. Bischoff. Finite Elements for Plates and Shells. In: H. Altenbach and A. Öchsner,

eds., Encyclopedia of Continuum Mechanics, Springer, 2018, DOI: 10.1007/978-3-66253605-6_14-1.
[2] M. Fleischer. Absicherung der virtuellen Prozesskette für Folgeoperationen in der
Umformtechnik. Doctoral dissertation, Lehrstuhl für Statik, Technische Universität
München, 2009.
[3] J.C. Simo, M.S. Rifai. A class of mixed assumed strain methods and the method of
incompatible modes. International Journal for Numerical Methods in Engineering 29,
1595–1638, 1990.
[4] J.C. Simo, F. Armero. Geometrically non-linear enhanced assumed strain mixed methods
and the methods of incompatible modes. International Journal for Numerical Methods in
Engineering 33, 1413–1449, 1992.
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Our research activity takes place within the research project GR 3297/4, funded by ‘Deutsche Forschungsgemeinschaft’ (DFG), and aims at a robust simulation method for fiber-reinforced materials in lightweight structures. One goal is to avoid looking-effects in the static and dynamic regime, which occur
due to nearly incompressible matrix materials and highly stiff fibers. Therefore, we extend the mixed finite elment formulations, shown in References [1, 2]. In the description of the material behavior, we also
use polyconvex strain energy functions [3]. In case of the so-called CoFEM element in Reference [1],
the volumetric dilatation and the cofactor of the right Cauchy-Green green tensor are approximated independently beside the displacement. In Reference [2], this formulation is extended so, that the right
Cauchy-Green tensor of the anisotropic strain energy function is also approximated independently.
In this presentation, we also approximate the cofactor and the volumetric dilatation of the anisotropic
right Cauchy-Green green tensor independently. We analyse the spatial convergence of the new mixed
finite elements for hexahedral elements up to a cubic approximation in space. Thereby, we look especially at the different possible combinations of polynomial degrees of the independent mixed variables
and the impact of this on the efficiency of the simulation (see Reference [4]). As numerical examples
serve the well-known cooks cantilever beam and an axisymmetric pipe. Hereby, the bodies have different
materials domains with different material parameters and fiber directions.
REFERENCES
[1] Schröder, J., Wriggers, P., Balzani, D., 2011. A new mixed finite elemen tbased on different approximations of the minors of deformation tensors. Computer Methods in Applied Mechanics and
Engineering 49:3583–3600.
[2] Schröder, J., Viebahn, N., Balzani, D., Wriggers, P., 2016. A novel mixed finite element for finite
anisotropic elasticity; the SKA-element Simplified Kinematics for Anisotropy. Computer Methods
in Applied Mechanics and Engineering. 310. 10.1016/j.cma.2016.06.029.
[3] Bonet J., Gil A., Ortigosa, R., 2015. A computational framework for polyconvex large strain elasticity. Computer Methods in Applied Mechanics and Engineering. Volume 283. Pages 1061-1094.
[4] Dietzsch J. and Groß M. (2018), MIXED FINITE ELEMENT FORMULATIONS FOR THE
GALERKIN-BASED TIME INTEGRATION OF FINITE ANISOTROPIC ELASTODYNAMICS.
ECCOMAS conference ECCM-ECFD 2018, Glasgow UK, 11-15 June 2018.
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Nonlocal gradient-enhanced formulations have several advantages over local formulations in solid mechanical modeling. For example, when modeling the elastic behavior of materials, in which the length
scale of the material heterogeneities approaches the scale of the macroscopic mechanical fields (e.g.
metamaterials), experimental results show that the elastic response deviates from results of corresponding local numerical simulations. These so called size effects can be captured through additional constitutive parameters, which are incorporated in the gradient enrichment term of the internal elastic energy.
Another benefit of this gradient enrichment is the removal of singularities, which appear in local models
at e.g. sharp corners or crack tips of the modeled specimen. Therefore, corresponding numerical simulations remain mesh independent. A straightforward displacement-based finite element discretization
however requires C1 -continuity, for which retaining compatibility with standard software and meshing
arbitrary structures are known difficulties. Another approach is to use mixed formulations instead. They
have the advantage of a relaxation of the continuity requirement to C0 , which enables more standard
finite element discretizations. For gradient elasticity, a common approach is to make both displacements,
displacement gradients and additional Lagrange multipliers separate discretization variables leading to
finite elements with a relatively high number of degrees of freedom and a non-straightforward fulfillment of the inf-sup condition. For a mathematical and numerical investigation of various three-field
discretizations c.f. [2].
In this contribution a stable approach is presented, in which the displacements are decoupled from the
formulation reducing the size of the problem. The key feature, which enables this decoupling is the
incorporation of a curl-free constraint (c.f. [1]). Stability of the formulation is shown even in the limit
case where the nonlocal contribution of the elastic energy approaches zero. Furthermore, the extension
to finite strain gradient damage is investigated and various suitable mixed approaches for this problem
setting are compared.
REFERENCES
[1] Gallistl, D. Stable splitting of polyharmonic operators by generalized stokes systems, Math. Comp.
(2017) 86:2555–2577.
[2] J. Riesselmann, J.W. Ketteler, M. Schedensack and D. Balzani, Three-field mixed finite element
formulations for gradient elasticity at finite strains, GAMM Mitteilungen (2019).
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Computer simulation of large deformation solid problems require highly efficient and flexible numerical methods such as the finite element method. Unfortunately, simple low-order displacement elements
suffer from severe locking which is why a plethora of mixed finite elements has been developed. A particularly popular class for such elements are enhanced assumed strain (EAS) elements first proposed by
Simo and Armero [4] for geometrically nonlinear problems (see also [3] for an overview). This method
is well understood in geometrically linear problems but despite exhibiting many desirable properties in
nonlinear simulations there are still some open issues for EAS elements in the large deformation regime.
One open issue is poor robustness of EAS elements in the Newton-Raphson iterations, which is thoroughly addressed in another contribution at WCCM/ECCOMAS 2020 (see MS160 - Young Investigators
Minisymposium). In this contribution, however, other topics such as locking behavior, stability of the
formulation (see e.g. [1]) and enhancement of other kinematic measures of strain than the deformation
gradient (see e.g. [2]) are addressed. This is done by extending the existing EAS method with ideas from
other mixed elements. Numerical simulations in elasticity and plasticity are presented to highlight the
properties.
REFERENCES
[1] F. Armero. On the locking and stability of finite elements in finite deformation plane strain problems.
Computers & Structures, 75(3):261–290, 2000.
[2] R. Pfefferkorn and P. Betsch. Extension of the Enhanced Assumed Strain Method Based on the
Structure of Polyconvex Strain-Energy Functions. Int. J. Numer. Meth. Engng., (accepted), 2019.
[3] R. Pfefferkorn and P. Betsch. On transformations and shape functions for enhanced assumed strain
elements. Int. J. Numer. Meth. Engng., 120(2):231–261, 2019.
[4] J. C. Simo and F. Armero. Geometrically non-linear enhanced strain mixed methods and the method
of incompatible modes. Int. J. Numer. Meth. Engng., 33(7):1413–1449, 1992.
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ABSTRACT
This Mini-Symposium address both, the fundamental basis and the applicability of state-of-theart particle-based computational methods that can be effectively used for solving a variety of
problems inside the scope of solid mechanics, thermal problems, fluid mechanics and fluidstructure interactions problems.
Significant advances have been made in discrete element method (DEM), smooth particle
hydrodynamic method (SPH), particle finite element method (PFEM), material point method
(MPM), moving particle semi-implicit method (MPSI) and atomistic and quantum mechanicsbased methods, among others.
The coupling of these methods with standard numerical procedure such as finite element
method (FEM), finite difference method (FDM) and also with meshless techniques are included
in the scope of this Mini-Symposium.
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In this talk, we will present a novel meshfree framework for fluid flow simulations on arbitrarily curved
surfaces. First, we introduce a meshfree Lagrangian framework to solve PDEs posed on evolving curved
surfaces, without discretizing the bulk volume around the surface. Methods for tracking moving fluid
interfaces within a curved surface will be brought to light, and free boundary conditions for flow on
surfaces will also be discussed. Then, we will introduce the application of this framework to numerically
solve fluid flow problems defined on surfaces. This is done in combination with a meshfree Generazlied
Finite Difference Method (GFDM) for discretizing surface derivatives. We will conclude by presenting new benchmark cases for validation. Applications of this work include the modelling of transport
processes on interfaces, and thin film flow of fluids on automotive surfaces.
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Meshfree methods show their strengths best in case of applications which are characterized by moving
geometry parts, free surfaces, phase boundaries, or large deformations. We develop a Generalized Finite Difference Method (GFDM), a purely meshfree approach for fluid and continuum mechanics. The
classical conservation equations (mass, momentum, energy) are solved on a cloud of numerical points
in combination with general or user-specified material models. The GFDM approach – also known as
Finite Pointset Method (FPM) in the industrial context – is the main component of the software tool
MESHFREE. In the past, it has been successfully applied to a variety of problems [1, 2, 3, 4].
In this contribution, we present the capabilities of GFDM/MESHFREE regarding simulations of Pelton
turbines, i.e. impulse type turbines. Different demands have to be met: (i) modeling of single water
droplets, (ii) analysis of torques on specific parts of the geometry, (iii) filling of a nozzle including the
generation of the water jet, (iv) coupling of water phase and air phase including an intelligent time
stepping criterion, (v) coupling of water phase and granular phase including an abrasion model. The
main aim of the simulations is to assist the turbine development during pilot as well as modernization
projects of hydropower plants. In this process, the turbine and e.g. replacements of the runner or parts of
the housing have to meet contractual values.
REFERENCES
[1] Jefferies, A. and Kuhnert, J. and Aschenbrenner, L. and Giffhorn, U. Finite Pointset Method for
the Simulation of a Vehicle Travelling Through a Body of Water. Meshfree Methods for Partial
Differential Equations VII. LNCSE, Vol. 100, Springer, Cham (2015) pp. 205–211.
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[3] Michel, I. and Bathaeian, S.M.I. and Kuhnert, J. and Kolymbas, D. and Chen, C.-H. and Polymerou,
I. and Vrettos, C. and Becker, A. Meshfree generalized finite difference methods in soil mechanics
– part II: numerical results. Int. J. Geomath. (2017) 8(2):191–217.
[4] Uhlmann, E. and Gerstenberger, R. and Kuhnert, J. Cutting simulation with the meshfree Finite
Pointset Method. Procedia CIRP (2013) 8:391–396.
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In this work we present a combined Eulerian-Lagrangian formulation for solving the multidimensional
advection-diffusion-absorption equations for highly advective problems.
The transport of heat, or any other concentration, by the finite element method (FEM) for high Péclet
numbers is one of the most challenging problems in the field of transport of pollutants. The numerical
modeling with the FEM of the transport of substances in fluids has several applications of general interest:
the study of the environmental impact in a metropolitan area by predicting the evolution of a pollutant
through the air in urban canyons, the aerodynamic study of structures, the study of environmental pollution,
(either the quality of the air or water) and the study of the dispersion of dissolved material in estuaries and
coastal seas.
The selection of an appropriate numerical model to solve the aforementioned problems is complex since
two well-differentiated physics interact: the fluid and the substance that is transported and diluted therein.
In the paper we study the evolution of a concentration dropped in a low-diffusive fluid for high values of
the advection parameter. In this kind of problems, instabilities due to the advective predominance appear
and a remedy has to be found in order to get accurate simulations using the FEM.
In order to solve the advective-dominant problem, we have explored the benefits of using an EulerianLagrangian coupled method, also referred as semi-Lagrangian, against the pure Eulerian or pure Lagrangian
method.
The Lagrangian method, based on the Particle Finite Element Method (PFEM, www.cimne.com/pfem) [1],
is used to advect a concentration in a fluid (representing a pollutant, a heat or a mass concentration). On the
other hand, the Eulerian technique, based on a recent FIC [2] multidimensional transient advectiondiffusion-absorption formulation developed by the authors, is used to diffuse the concentration in the fluid.
Benefits and disadvantages of each method are outlined and the semi-Lagrangian coupling scheme is
explained in detail.
We present applications of the proposed semi-Lagrangian method to simple purely advective problems and
to practical problems such as a street canyon and the transport of pollutants in a wide valley.
REFERENCES
[1] Idelsohn SR, Marti J, Becker P, Oñate E. Analysis of multifluid flows with large time steps
using the particle finite element method. International Journal for Numerical Methods in Engineering.
2014, 75:621–644
[2] Oñate E, Miquel J, Nadukandi P. An accurate FIC-FEM formulation for the 1D advection–
diffusion–reaction equation. Comput. Methods Appl. Mech. Engrg. 2016, 298:373–406.
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We study the applicability of Nitsche’s method for contact problems in elasticity, originally developed
for the Finite Element Method [1, 2], within a Partition of Unity Method.
Nitsche’s method for Dirichlet boundary conditions has already been used within the PUM, with a constant Nitsche parameter estimated through the solution of a generalized eigenvalue problem [3]. A common technique in the FEM, however, is to construct a Nitsche parameter function that is constant on
every element. We generalize this process to a partition-of-unity-construction valid within the PUM,
which leads to the solution of many locally-defined generalized eigenvalue problems, instead of just a
globally-defined one.
Apart from Dirichlet boundary conditions, we extend this approach to unilateral contact problems and
contact problems along internal interfaces. We consider frictionless, Tresca and Coulomb friction settings.
Our focus is on determining how the Nitsche parameter must be chosen in order that the nonlinear problems have a unique solution. Furthermore, we consider a generalized Newton iteration for the solution
of such problems, and study the well-posedness of the arising linear problems at every step.
The proposed methods are evaluated through several two and three-dimensional numerical examples.
REFERENCES
[1] Chouly, F. and Hild, P. Symmetric and non-symmetric variants of Nitsche’s method for contact
problems in elasticity: theory and numerical experiments. Math. Comp. 84 (2015), 1089–1112.
[2] Chouly, F. An adaptation of Nitsche’s method to the Tresca friction problem. J. Math. Anal. Appl.
411 (2014), no. 1, 329–339.
[3] Griebel, M. and Schweitzer, M.A. A Particle-Partition of Unity Method–Part V: Boundary Conditions. Geometric Analysis and Nonlinear Partial Differential Equations, Springer, 2003, pp.
519–542.
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Lightweight designs are becoming increasingly important these days to reduce energy consumption and
natural resources. However, a smaller weight typically causes a decrease in stiffness and non-negligible
vibration amplitudes. One passive damping technique to reduce these vibrations is the use of particle
dampers [1]. Thereby containers attached to a vibrating structure are filled with granular material. Due
to the structural vibrations, momentum is transferred to the granular material which interacts with each
other. As a result, energy is dissipated by impacts and frictional phenomena between the particles.
In this presentation, numerical models based on discrete element method [2] and flexible multibody
systems are discussed. Then, numerical as well as experimental investigations of the application of
particle dampers attached to a flexible multibody system [3] are presented. This lightweight machine
induces large vibrations during its motion. A good agreement between the experiment and the discrete
element model are achieved, providing a useful tool gaining insights to the complex mechanisms in
particle dampers. Different influence parameters on the damping are analyzed, like the particle radius
and material. The experimental and numerical insights are finally used to design an optimal particle
damper for the robot.

Figure 1: Application of particle damper to flexible robot. Left: Overview over the system. Right: Augmentation
of the particle damper.

REFERENCES
[1] Panossian, H., Structural Damping Enhancement Via Non-Obstructive Particle Damping Technique, Journal of Vibration and Acoustics, vol. 105, no. 114, 1992.
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We present a novel computational framework for solving fluid-structure interaction (FSI) problems where
the fluid field is modeled using smoothed particle hydrodynamics (SPH) and the structural field using the
finite element method (FEM). As compared to fully mesh-based FSI frameworks, due to the Lagrangian
nature of SPH this framework can be easily extended to account for complex fluids. Moreover, this approach facilitates the handling of large deformations of the fluid domain respectively the fluid-structure
interface without additional methodological and computational efforts. Altogether, this method is suitable for FSI applications in some areas of biomechanics, e.g., modeling digestion in the human stomach
[1]. The fluid and the structural field are coupled following a Dirichlet-Neumann partitioned approach,
where the fluid field is the Dirichlet partition with prescribed interface displacements and the structural
field is the Neumann partition subject to interface forces. To overcome instabilities of weakly coupled
schemes, e.g., due to the artificial added mass effect, an iterative fixed-point coupling scheme with dynamic relaxation similar to [2] is employed to reach dynamic equilibrium of the fluid and the structural
field at the interface with respect to a defined convergence criterion. The evaluation of interface forces
resulting from fluid particle and structural interface element interactions plays an important role within
our formulation and is based on a force balance as proposed by Adami et al. [3] for rigid wall boundary
conditions. Several numerical examples validate and highlight the capabilities of the presented method.
REFERENCES
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For the analysis of bulk material behaviour in Discrete Element Method (DEM) simulations
of belt conveyor systems, the belts are usually modelled as rigid surfaces. Such rigid belt models
cannot depict any dynamic belt behaviour and as a result, it is not possible to consider further
effects due to interactions between the belts and bulk as well as between the belts and other
system components, such as idlers, drums, etc.
To consider belts as dynamically deformable objects in DEM simulations, a methodology
was developed at the University of Leoben. According to this methodology by Fimbinger, a
belt is set up in the DEM environment consisting of systematically arranged discrete particles
that are interconnected with each other to a grid-like structure (similar to a rectangular mesh)
via beam elements called bondings. As common conveyor belts consist of a multi material mix,
like top and bottom layers, filling material and textile plies or steel cords, an adapted bonding
model (based on the Timoshenko beam theory [1]) enables the definition of such
inhomogeneous material concerning especially the bending-to-tension behaviour. Furthermore,
a belt set up in fibre structure allows the definition of anisotropic belt behaviour, where
properties in longitudinal and transverse belt direction differ from each other. [2]
For the practical use of the methodology an additional preprocessing method, which ensures
high efficiency by reducing the required pre-simulation effort to a minimum, is essential.
Accordingly, the belt model of a given conveyor system is generated based on the CAD data of
the belt using a conversion algorithm (published as a software tool “BeltConverter” [3]). Using
this algorithm, the belt can be initialised in almost-final state, i.e., a state close to its assembled
condition in the given conveyor system. On top of that, by initialising each belt particle in
motion an already running conveyor belt can be initialised [2]. This enhances the efficiency of
the entire simulation process, as the immense effort required to assemble a digital belt into a
complex conveyor system is completely omitted. Details on the conversion technique include,
among other things, the preparation of the CAD data, the analysis of the geometry, the
calculation of the spatial orientation of each belt particle, the calculation of each bonding
element and the translation into a compatible data format as conversion output.
REFERENCES
[1] S.P. Timoshenko, On the correction for shear of the differential equation for transverse

vibrations of prismatic bars, Philosophical Magazine 41, pp. 744-746, 1921.

[2] E. Fimbinger, Methodology for the Simulation of Conveyor Belts Using the Discrete

Element Method, NAFEMS World Congress 2019 - Full Paper Index, NWC19-235,
Conference Proceedings ISBN 978-1-910643-52-5, Quebec, 2019.
[3] E. Fimbinger, BeltConverter, online: https://github.com/Fimbinger/BeltConverter,
Version 1.03 beta, 2019.
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EXPLANATORY FIGURES

Figure 1: U shaped belt model consisting of cuboidal particles (left),
with interconnecting bondings made visible (right) [2]

Figure 2: Pipe conveyor during conveying process (left) and visualisation of relative bulk
movements resulting from belt deformations in areas of idler stations (right) [2]

Figure 3: Feeding area of the pipe conveyor (Figure 2); CAD data (left), converted DEM
model in almost-final state (middle) and after transient oscillation in final state (right) [2]
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Deformable solid continua present in conjunction with particles often necessitate a coupled
continuum-discrete approach to describe the mechanics entailed. This study presents the discrete
element method (DEM) as an alternative approach, especially in cases where (a) the mechanical
responses of the solids and particles are coupled, and (b) the ensuing interactions are dynamic in
nature. DEM provides a natural route to modelling the dynamics of discrete entities [1]. For solids,
it undertakes a mesoscopic discretization that is computationally tractable and characteristic of the
macroscopic response [2]. This offers the advantage to recast all possible interactions as particleparticle interactions, which are naturally handled using the DEM technique.
In many problems of particle interactions, solids undergo small elastic deformation and large
rotations and displacements. The first half of our work models an Euler-Bernoulli cantilever beam
using DEM and examines the possibility of capturing geometric nonlinearity in large-displacement
behaviour. Deformation under static, dynamic and impact loading scenarios, each applied at the
free end, is simulated. For static loading, we consider transverse force, axial force, bending moment,
and torsional moment, acting individually or in combination. For dynamic loading, we consider a
sinusoidally varying transverse force. For impact loading, we consider a sphere transversely
impacting the beam from a distance. All DEM results are shown to be in good agreement with
solutions obtained from analytical and numerical methods within the framework of continuum
mechanics.
The second half of our work presents a numerical example to demonstrate the utility of this approach
in particle-structure problems involving large structure displacements. The genesis of this example
lies in the capture of particles by highly deformable slender structures called cilia present in living
organisms [3]. Correspondingly, we subject the DEM-modelled cantilever to a particulate
environment. A 10-beam array oscillating in a rhythmic manner impacts a stream of incoming
particles with the objective to drive them inside a particle collector placed underneath. The impact
dynamics determine whether particles are captured in the collector or thrown off. This simplified
model of particle capture revealed interesting characteristics of particle-structure interactions with
regard to three key parameters: the frequency of oscillation, the velocity of incoming particles, and
the incline angle of the beams. Our results highlight the rich dynamics present in a simple model of
a ciliated system capturing particles. This is where numerical experimentation using DEM can gain
utility as an effective tool to capture the coupled dynamics of particle-structure systems.
REFERENCES
[1] Cundall, P. A., & Strack, O. D. (1979). A discrete numerical model for granular assemblies.
geotechnique, 29(1), 47-65.
[2] Potyondy, D. O., & Cundall, P. A. (2004). A bonded-particle model for rock. International
journal of rock mechanics and mining sciences, 41(8), 1329-1364.
[3] Riisgård, H. U., & Larsen, P. S. (2001). Minireview: Ciliary filter feeding and bio‐fluid
mechanics – present understanding and unsolved problems. Limnology and Oceanography,
46(4), 882-891.
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This work presents a computational model for the particle transport in fluids for applications
such as sanding or drilling. The high particle load in combination with particle deposition and
particle interaction renders common numerical approaches like Two Fluid Model (TFM),
relying on global assumptions on the solid phase, unsuitable. To address these issues, a CFDDEM model is selected to represent the physics of each particle, combined with a continuum
approach for the background fluid. Due to this combination, its computational effort is still
realistic among the approaches relying on the physics of individual particles. A CFD model is
derived from the incompressible Navier-Stokes equations and extended in order to take into
account the particle interaction. In the same way a DEM model based on Newton’s law of
motion is used, in order to take in account the fluid-particle interaction. The particle-fluid
interaction is modeled as described in [1]. A full coupling method is constructed
implementing both CFD and DEM approaches exchanging data at each time step to obtain the
particle-fluid interaction force as described in [1]. For the fluid dynamics solver, a high-order
discontinuous Galerkin (DG) approach is chosen [2], which is robust for high Reynolds
numbers and highly efficient when executed on modern hardware. For the interaction with
particles, the fluid field is evaluated in a consistent way at the particle position. Based on this
model and respective insight, extensions for a mixture-model will be assessed in order to
allow simulation of such problems at a better quality than currently available mixture-model
approaches and at much lower costs compared to fully resolved simulations.
This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under the Marie Skłodowska-Curie grant agreement No 764636.
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Physics, 372:(667-693).

749

On the
Juan
M.Solution
Gimenez,
ofAxel
Out Larreteguy,
of Equilibrium
Norberto
Flows Nigro
with the
and
P-DNS
SergioMethod
Idelsohn

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

ON THE SOLUTION OF OUT OF EQUILIBRIUM FLOWS WITH THE
P-DNS METHOD
Juan M. Gimenez1,2 , Axel E. Larreteguy3 , Norberto N. Nigro2 and Sergio R. Idelsohn1,4
1
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Accepting as a premise that the solution of a Direct Numerical Simulation (DNS) is a reliable result,
Pseudo-DNS (P-DNS) is a multi-scale method where both the coarse and the fine scales are solved numerically [1]. The most expensive part of the computations, the solution of the fine-scale, is performed
offline where its results, stress tensors at equilibrium, are stored in a dimensionless database. In the
coarse-scale solution, fine-scale stresses must be advected and a Lagrangian formulation throught massless particles is employed for that task [2]. When solving flows out of equilibrium with P-DNS, not just
the local current conditions but also the history of strain rates experienced by the particle must be taken
into account, and in this work, an approach based on memory fluids is presented to tackle this issue.
From a large set of fine-scale simulations where transitions between two equilibrium states are solved, it
is found that the proper time scale for transient processes is inversely proportional to the local velocity
gradient, which is in agreement with observations on the bibliography. The P-DNS method including this
memory model is evaluated in some problems with flows out of equilibrium obtaining accurate results
comparing with DNS solution, regardless of the level of discretization employed for the coarse-scale.
REFERENCES
[1] Sergio Idelsohn, Norberto Nigro, Axel Larreteguy, Juan M. Gimenez, and Pavel Ryzhakov. A
Pseudo-DNS method for the simulation of incompressible fluid flows with instabilities at different
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[2] Juan M. Gimenez, Horacio J. Aguerre, Sergio R. Idelsohn, and Norberto M. Nigro. A second-order
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Mesh-free particle methods provide the opportunity to overcome the limitation of Eulerian
mesh-based models in dealing with large deformation in granular flows. These methods are
either discrete-based (e.g. in discrete element method, DEM) or continuum-based (e.g.,
smoothed-particle hydrodynamics, SPH, and moving particle semi-implicit, MPS). While
discrete-based methods are good for in-depth analysis of granular flows, the continuum-based
methods have the advantage of being scalable.
Here we develop and compare the continuum-based MPS method and discrete-based DEM for
modelling multiphase granular flows granular flow in various regimes. The MPS method uses
a regularized viscoplastic rheological model (i.e. µ(I)) with a pressure-dependent yield criterion
to reproduce the viscous behaviour of granular materials. It uses the latest stability enhancement
techniques, such are particle redistribution, higher-order integrations, and added numerical
diffusion. The DEM is a based soft-sphere contact dynamic and is coupled with an Eulerian
CFD model through unresolved CFD-DEM coupling.
The models are validated and compared for the gravity-driven sub-aerial and submerged flow
of spherical granular particles (i.e., glass-beads), in cases such as granular slides and collapses.
The two models the comparable results, compatible with the experimental measurements. The
challenges related to each of these particle methods, and their sensitivity to the physical and
numerical parameters are discussed as well.
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In powder bed fusion additive manufacturing, parts are fabricated by adding and fusing
powder materials layer by layer. Powder spreading process is used to spread the powder
layers. Packing density and homogeneity of the powder layer are important properties for
melting efficiency, then affect fabrication efficiency and part quality. Particle-based numerical
studies are required for identifying the powder bed structure and particle dynamical
behaviours. In this work, the discrete element method (DEM) model is validated and
calibrated based on experimental results. Then powder spreading process is examined by
DEM. Effects of spreader geometry and operation parameters are mainly analysed. The study
shows that the spreading leads to a compact region in the powder pile. The compact degree of
the region and particle motion conflict in the region can explain the force exerted on the
underlying part and the powder layer homogeneity. And the properties of the compact region
are influenced by operation parameters such as spreading speed and layer gap, and also by
spreader geometry. Different surface geometries of the spreader can lead to largely different
particle motion in the compact region, thus largely different packing densities in the powder
layer.

752

Nicolas Preud’homme,
Simulating
Powder BedAurélien
Based Additive
Neveu, Manufacturing
Naveen Tripathi,
Processes:
Filip Francqui,
From Dem
Eric Opsomer
Calibration
and
to
Experimental
Geoffroy
Lumay
Validation
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Simulating powder bed based additive manufacturing processes: from
DEM calibration to experimental validation
N. Preud’homme1, A. Neveu2, N. Tripathi2, F. Francqui2, E. Opsomer1 and G. Lumay1*
1

GRASP laboratory, CESAM research center, University of Liège, Belgium ,
2

geoffroy.lumay@uliege.be
GranuTools, Awans, Belgium

Key Words: DEM, Calibrating simulations, Powder flow, Additive manufacturing.
Powder flowability and packing fraction are critical parameters for additive manufacturing
techniques involving powders. In order to obtain thin and homogenous layers, a compromise
between grain size and flowability has to be found. Unfortunately, when the grain size
decreases, the cohesiveness increases and the flowability decreases. Too often, both the
powder spreadability assessment and the optimization of printing parameters are costly
empiric processes [1].
In this presentation, we describe an original method associating powder flow characterization
instruments and DEM numerical simulations to select the powders and to optimize printing
parameters like recoater speed and layer thickness. The powder characterization is performed
with the association of three measurement techniques: a powder rheology analyser using the
rotating drum geometry (GranuDrum) [2], a packing fraction dynamics analyser which is an
improved tapped density measurement device (GranuPack) [2] and a powder triboelectrometer (GranuCharge) to evaluate the effect of electrostatic charges [3]. The powder
characterization allows first to assess the spreadability of the powder in the printer and
secondly to calibrate the simulation parameters. Then, the recoating process is simulated with
the calibrated simulations to predict the behaviour of the powder for different printing
parameters and different recoater geometry. Finally, the results are validated by testing the
powder in a printer equipped with an in-situ powder layer homogeneity tester based on image
analysis.
REFERENCES
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Well-established computational techniques, such as the Finite Element or Finite Volume methods, rely on the
tessellation of the domain of interest into a number of interconnected non-overlapping elements or control volumes (the so-called computational mesh). Despite their enormous success from the modelling standpoint, these
mesh-based methods can suffer from mesh entanglement when simulating extreme deformation processes, such
as dynamic fracture. To circumvent this shortcoming, a wealth of alternative computational techniques, known as
meshless or meshfree methods, emerged, where the domain is instead discretised into a set of moving particles
which can interact within the region defined by a compact support. One of the earliest meshfree methodologies
is the Smooth Particle Hydrodynamics (SPH), which in its classical Updated Lagrangian (displacement-based)
formulation [1], can exhibit one or more of the following drawbacks: tensile instability, lack of consistency, loss
of conservation, long term instability and reduced order of convergence for derived variables such as stresses and
strains.
To address the above shortcomings, a new Updated Lagrangian SPH computational framework established upon
a system of first order conservation laws [2] will be presented. Specifically, the usual linear momentum conservation equation will be solved in conjunction with a set of geometric conservation laws describing the motion
of a continuum. Unlike previous work [2], the geometric conservation laws will be re-formulated based on a
multiplicative decomposition strategy. The key feature of this formulation is the multiplicative decomposition of
the deformation tensor into an internal state variable and an incremental deformation. This will be achieved by
considering that the original configuration will deform into the current configuration through a series of intermediate configurations. Taking advantage of this new formalism, an entropy-stable upwiding stabilisation method
derived by means of Rankine Hugoniot jump conditions will be introduced. No ad-hoc algorithmic regularisation
procedures are needed. Finally, and to demonstrate the robustness and applicability of the methodology, a wide
spectrum of challenging problems will be presented and compared. The overall methodology will be shown to be
capable of handling massive deformation problems, even in the case of shock dominated scenarios. This will open
up interesting possibilities for modelling in the field of dynamic fracture, where this consideration is very relevant.
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This work deals with the Energy-Momentum (EM) consistent integration of periodic particle systems.
Energy and momentum conserving schemes are a frequently used class of structure-preserving integration methods due to their remarkable robustness and their good qualitative accuracy. Given the good
properties of these methods, it is remarkable that they have not received more attention in the field of
molecular dynamics, or in general, molecular thermodynamics.
It would seem natural that integration schemes designed to preserve the main invariants of the motion,
especially the conservation of the total energy within the context of microcanonical ensembles, would
give accurate predictions of the thermodynamic averages, of interest in many practical and theoretical
situations, but have rarely been studied [1, 2].
The development and implementation of energy and momentum conserving algorithms in the context of
molecular dynamics has specific issues that affect the discretization of the equations and their analysis,
issues that do not appear in previous applications of this method.
The presentation will address the treatment of periodic boundary conditions within the context of structurepreserving numerical methods for pair potentials, three body potentials and cluster functionals and numerical examples are given to illustrate their performance.
REFERENCES
[1] S. Toxvaerd, Energy conservation in molecular dynamics, J. Comput. Phys. 52 (1) (1983) 214–216.
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755

The Openfpm
Pietro
Incardona
Framework
and Ivo Sbalzarini
for Particle-Mesh Simulations On Heterogeneous Parallel Computers

The OpenFPM framework for SPH and particle-mesh
simulations on heterogeneous parallel computers
Pietro Incardona1,2 , Ivo F. Sbalzarini1,2
1

Chair of Scientific Computing for Systems Biology, Faculty of Computer Science,
TU Dresden, 01069 Dresden, Germany
2

Center for Systems Biology Dresden, Max Planck Institute of Molecular

Cell Biology and Genetics, Pfotenhauerstr. 108, 01307 Dresden, Germany

1

Abstract

Particle-mesh like simulations gain importance as fundamental research tools, and they
are at the base of many discoveries alongside theory and experiment. Meanwhile, the performance of computing hardware continues to grow, mainly by increasing parallelism, enabling simulations of ever more complex problems. However, the development of scalable
codes able to run on heterogeneous, distributed hardware systems increasingly becomes
the bottleneck. This bottleneck can be alleviated by intermediate software layers that
provide higher-level abstractions closer to the problem domain of particle methods, hence
allowing the computational scientist to focus on the simulation method rather than the
intricacies of the underlying hardware and to require less time for code implementation.
13 years ago, the PPM library introduced an abstraction layer for numerical simulations using particles and/or meshes on distributed systems of CPUs. The PPM library
has since been used for particles-only and hybrid particle-mesh simulations of both discrete and continuous models, as well as non-simulation applications, such as image segmentation. Unfortunately, however, PPM lacks portability to other hardware platforms
and does not support space dimensions larger than 3, nor complex particle properties.
We therefore present OpenFPM, an open and scalable C++ framework that provides
similar top-level abstractions as PPM, but removes the aforementioned limitations of
PPM.
OpenFPM is complemented with frequently used numerical routines, as well as interfaces to third-party libraries. We present the architecture and design of OpenFPM,
detail the underlying abstractions, and benchmark the framework in particle method
applications. We show how OpenFPM transparently supports accelerator hardware,
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such as GPUs, and how it can be used to implement fully scalable and portable particle
methods codes in just a few days.
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The fatigue fracture is one of the most serious problems in mechanical structures under cyclic
loadings. Particularly, the fatigue crack propagation is one of the important phenomena in the
damage. Then, the accurate simulation of crack growth is considered to be important.
Accordingly, many numerical analyses for crack propagation problems with meshes, for
example X-FEM, have been investigated [1], which, however, have problems when dealing
with complex situations such as single crack separation, merging of multiple cracks, high kink
angled initial crack and so on [2]. This means that, especially from the view point of engineering,
it is not easy to solve above complex problems by using meshing analysis methods.
On the other hand, the mesh-less methods as the particle methods are thought to be useful for
the above situations. Then, we have applied the smoothed particle hydrodynamics method
(SPH) to the linear elastic fracture mechanics and the planar fatigue crack propagation in the
three-dimensional body, where the planar fatigue crack propagation is well simulated by using
the special crack front particles [3].
In the present study, the above method is applied to the non-planar crack propagation in the
three-dimensional body. To validate the proposed method, some non-planar crack propagation
phenomena with separation and merging are analysed and compared with experimental results.
REFERENCES
[1] N. Moës, J. Dolbow and T. Belytschko, A finite element method for crack growth without

remeshing. Int. J. Num. Meth. Eng., Vol. 46, pp. 131-150, 1999.

[2] D. Colombo, An implicit geometrical approach to level sets update for 3D non-planar X-

FEM crack propagation. Comp Meth Appl Mech Eng., Vol. 237-240, pp. 39-50, 2012.
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Coupled simulation using computational fluid dynamics and discrete element method (CFDDEM) has grown popularity over the past few decades, for such diverse applications as
fluidized beds in chemical engineering and debris flow in environmental engineering. To
validate the CFD-DEM simulation, lab-scale fluidised beds have often been adopted. However,
the particle flow in the fluidised bed experiment is chaotic and difficult to reproduce and even
more difficult to quantify. To address this issue, we propose the cross-flow sedimentation
validation test which offers better control over testing conditions and is easier to quantify due
to the low flow rates involved. This new experiment together with other empirical relations and
simulation results offer a comprehensive protocol to validate CFD-DEM simulations. In
particular, the drag model forms an important part of CFD-DEM coupling as drag along with
pressure-gradient forces are found to be dominant amongst all hydrodynamic forces. Various
drag models have been proposed in literatures and have been used, often interchangeably in
CFD-DEM codes. However, the formulations of these models differ greatly and their suitability
in various conditions has not been assessed in detail. This paper compares the performance of
these drag models in varying conditions of particulate volume fraction and flow velocities.

REFERENCES
[1] A Bhokare, SZ You, M Morgan, B Sandnes and CF Li, A new CFD-DEM validation

experiment and evaluation of drag models, Powder Technology, Submitted.
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ABSTRACT
In scientific and industrial applications, a large part of the overall effort invested for a finite
element analysis is very often devoted to geometric modelling and the transition from a
computer-aided design to an analysis suitable model. To avoid the need for body-fitted mesh
generation, fictitious domain methods were introduced already in the early 1960s. Since then
many variants of these appealing approaches have been suggested, like embedded domain and
immersed boundary methods or special implementations of the extended finite element
method. Whereas in earlier years the focus was placed on the investigation of its
mathematical aspects, more recently a lot of progress has been achieved in engineering
sciences. An important reason for this success is an essential paradigm of fictitious domain
and immersed boundary methods, which they share with Isogeometric Analysis: ‘To support
better design-through-analysis by closely coupling geometric modelling and numerical
simulation’.
This mini-symposium will focus on fictitious domain methods dedicated, but not limited to
problems in solid mechanics, including possible interactions with other physical fields (e.g.
heat, fluid, etc.) or multi-phase applications. The topics of this mini-symposium will range
from modelling aspects including the coupling of analysis and CAD, mathematical analysis,
stabilization, pre-conditioning, integration of cut cells, adaptivity and implementational issues
to the efficient solution of complex engineering problems. It will address low and higher
order unfitted discretization approaches, CutFEM, the Finite Cell Method, the Shifted
Boundary Method, as well as combinations with the Isogeometric Analysis including
trimming of spline patches or recent approaches to shape and topology optimization.
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We present a new fictitious domain finite element method, well suited for elliptic problems posed in a domain given by a level-set function without requiring a mesh fitting the boundary. To impose the Dirichlet
boundary conditions, we search the approximation to the solution as a product of a finite element function with the given level-set function, also approximated by finite elements (see [1]). The imposition of
Neumann boundary conditions is less straightforward and requires the introduction of auxiliary variables
near the boundary (see [2]). Unlike other recent fictitious domain-type methods (XFEM, CutFEM), our
approach does not need any non-standard numerical integration, neither on the cut mesh elements nor on
the actual boundary. We shall present the proofs of optimal convergence of our methods on the example
of Poisson equation using Lagrange finite elements of any order. We shall conclude by numerical tests
illustrating the optimal convergence of our methods and discuss the conditionning of resulting linear
systems and the robustness with respect to the geometry.
REFERENCES
[1] Duprez, M. and Lozinski, A. φ-FEM: a finite element method on domains defined by level-sets.
Submitted, https://arxiv.org/abs/1903.03703, 2019.
[2] Duprez, M. and Lozinski, A and Lleras, V. φ-FEM, a finite element method on domains defined by
level-sets : the Neumann boundary case. In preparation, 2019.
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In the context of explosions, shock waves in a fluid can impact a solid structure and cause it to collapse. Several
phenomena can occur: large deformation, plasticity, cracking and projection of ejecta. Body-fitted methods are illadapted for these phenomena. We resorted to a conservative explicit immersed boundary method in combination
with a solid discrete element method to handle these [1, 2, 3, 4].
In the present work, we are interested in solid/solid contact with and without the presence of an inviscid compressible fluid, which occurs generally when cracks open or when ejecta impact other structures. The contact
modifies the interface of the structure which requires a new reconstruction from the point of view of the fluid of
the fluid/structure interface. We obtain a first validation of the solid/solid contact to use it for the fluid/structure
interaction. We use the discrete element scheme Mka2D for space discretization of elastodynamics. The scheme
hinges on a local resolution of the dichotomy between no contact (null normal stress) or nonpenetration of solid
(local resolution of face degrees of freedom).
We add an inviscid compressible fluid between the two solids. We use the cut-cell scheme CELIA2D for the
fluid/structure interaction between a compressible fluid and a deformable structure. When the solid sinks into the
wall, it is necessary to evacuate the fluid from the contact zone in a conservative way. We propose a reconstruction
of the fluid/solid interface adapted to contact and adequately redistribute the fluid near the contact zone. We will
present numerical results showing the robustness and conservation of the method in the case of solid/solid contact
with the presence of fluid.

REFERENCES
[1] Puscas, M.A. et al., V. A time semi-implicit scheme for the energy-balanced coupling of a shocked fluid flow
with a deformable structure, J. Comput. Phys. (2015) 296:241–262.
[2] Puscas, M.A. and Monasse, L. and Ern, A. and Tenaud, C. and Mariotti, C. A conservative embedded boundary method for an inviscid compressible flow coupled with a fragmenting structure, Int. J. Numer. Meth.
Engng. (2015) 103(13):970–995.
[3] Marazzato, F. and Ern, A. and Mariotti, C. and Monasse, L. An explicit pseudo-energy conserving timeintegration scheme for Hamiltonian dynamics, Comp. Meth. Appl. Mech. Engng. (2019) 347:906–927.
[4] Marazzato, F. and Ern, A. and Monasse, L. A consistent discrete element method for quasi-static and dynamic
elasto-plasticity, submitted (2019) https://hal.archives-ouvertes.fr/hal-02343280.
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In the framework of the new passive safety systems developed by the French Atomic Energy
Commission (CEA) for the second and third generations of nuclear reactors, a numerical simulation tool capable of modeling thin inflow obstacles is needed [1]. Considering its future use in
shape optimization and thermalhydraulics safety studies, the tool must be the fastest, the most
accurate and the most robust possible.
The aforementioned context has lead to the Computational Fluid Dynamics (CFD) modeling
we are currently developing. For now, it involves a projection scheme to solve the dilatable
Navier-Stokes equations and, to take into account obstacles, an adaptation of the Penalized Direct Forcing (PDF) method [2] – a technique whose characteristics inherit from both penalty [3]
and Immersed Boundary Method (IBM) [4] – to a Finite Element (FE) formulation. This first
modeling offers two variants : one in which the velocity imposed at the vicinity of an obstacle
is constant and another in which it is linearly interpolated using properties of the considered
immersed boundary (normal vector, barycenter, characteristic function) and the FE basis functions. The results obtained via those two variants, for laminar flow, are in good agreement with
analytical and experimental data. However, when compared to each other, it appears that the interpolation of the velocity imposed at the vicinity of the immersed boundary increases the mesh
convergence order – which is very interesting, in term of accuracy/computation time ratio.
Some enhancements of the tool are also considered, mainly related to turbulence modeling.
Indeed, the interpolating process, instead of being linear, could follow a turbulent wall law.
Using the Generalized Finite Elements Method (GFEM) [5], wall laws could be added directly
to the FE basis.
REFERENCES
[1] M. Belliard. Numerical Modeling of an in-vessel flow limiter using an Immersed Boundary
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The finite cell method (FCM), which was first introduced in [1, 2], is a combination of an immersed
boundary method and high-order shape functions. Since the geometry is embedded into a simpler domain, it can be discretized using a Cartesian grid. This makes it suitable for modeling complex geometries such as structures generated from additive manufacturing and metal foam-like structures. The
FCM has shown good performance and reliable predictions for linear and nonlinear applications, see for
example [3].
The Simulation of structures, including large deformations and finite strains, poses multiple challenges.
The severe distortion of the mesh may significantly affect the accuracy and robustness of the numerical
method and restrict it to smaller deformations than required. This problem is particularly present in the
FCM, where complex geometries are discretized with a non-conforming Cartesian grid introducing a
fictitious material with very low stiffness.
In order to improve the FCM’s robustness, we propose a global remeshing strategy to allow the nonlinear
computation to proceed even for very large deformations where the distortion of the cells becomes significant. The suggested approach is based on a multiplicative split of the deformation gradient within the
context of the total Lagrangian formulation. The main idea is to perform a computation up to a specific
deformation state where the distortion of the cells becomes critical. Then, to continue the analysis, a new
mesh is introduced. Thanks to the fictitious domain approach, the mesh generation applying the FCM is
much simpler than the standard FEM because we do not have to capture the boundary of the deformed
body. We use radial basis functions to transfer data between the old and the new mesh. The robustness
and performance of the proposed method are illustrated using different numerical examples.
REFERENCES
[1] Parvizian, J. and Düster, A. and Rank, E. Finite cell method h- and p-extension for embedded
domain problems in solid mechanics. Comput. Mech. (2007) 41:121–133.
[2] Düster, A. and Parvizian, J. and Yang, Z. and Rank, E. The finite cell method for three-dimensional
problems of solid mechanics. Comput. Method. Appl. M. (2008) 197:3768–3782.
[3] Schillinger, D. and Ruess, M. and Zander, N. and Bazilevs, Y. and Düster, A. and Rank, E. Small
and large deformation analysis with the p- and B-spline versions of the finite cell method. Comput.
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In this research work, the finite difference (FD) method is further-developed for the solution of linear
elasticity problems by means of the radial basis function (RBF) technique. The related differentiation
weights will be generated by using the extended version of the RBF with polynomial basis. Afterwards
we will restrict the type of the RBF to polyharmonic splines (PHS), i.e., the combination of the PHS
φ(r) = rm with additional polynomial functions up to degree p will be considered as basis. A residualbased, adaptive numerical method will be constructed and its computational efficiency will be tested
through the investigation of the convergence behaviour on the following three representative benchmark
problems: (i) material interface problem [1], (ii) shock problem [2] and (iii) singular problem [3].
From the numerical experiments it follows that (1) for an arbitrary but fixed polynomial degree there
is no significance influence of the stencil size on the accuracy and convergence rate, (2) an increase of
the maximum degree of the additional polynomial functions requires to increase the stencil size to retain
stability, (3) the RBF-FD is very flexible with respect to the geometric model [4]. Namely, scattered
points are required only, leading to a simple geometry description. Consequently, mapping functions are
not needed at all. The point distribution can be generated freely or adaptively, in the latter case, the local
point refinement can be easily implemented by adding new point-coordinates to the point cloud.
REFERENCES
[1] Joulaian, M. and Düster, A. Local enrichment of the finite cell method for problems with material
interfaces. Comput. Mech. (2013) 52:741–762.
[2] Demkowicz, L. Computing with hp-adaptive finite elements: one and two dimensional elliptic
and Maxwell problems. Chapman & Hall/CRC Applied Mathematics & Nonlinear Science, Vol.
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[3] Szabó, B.A. and Babus̆ka, I. Finite Element Analysis. John Wiley & Sons, (1991).
[4] Flyer, N., Barnett, G.A. and Wicker, L.J. Enhancing finite differences with radial basis functions:
Experiments on the Navier–Stokes equations. J. Comput. Phys. (2016) 316:39–62.
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ABSTRACT
Adaptive quadrature is a robust technique to deal with nonlinear material in the context of the finite
cell method. However, in 3D problems, this approach becomes very costly due to high numbers of
quadrature points. To cope with this issue, moment fitting technique or modified moment fitting
based on subdomain division can be applied to reduce the number of quadrature points significantly.
The fictitious domain method in general and moment fitting based methods in particular are sensitive
to the problem of small cut cells. To alleviate this issue, adaptive mesh refinement can be applied to
improve the cells where the cut volume fraction is small.
In this work, an adaptive mesh refinement technique in combination with moment fitting based
methods is analyzed and validated in terms of efficiency and accuracy for materially nonlinear
problems. The method is applied to applications in the field of tunnel engineering, where a fine mesh
is required to sufficiently capture the resolution of the solution around the cutting tool. The
simulation results are used to verify the applicability of the proposed approach.
Keywords
AMR, Cut-cell quadrature, Moment Fitting, Finite Cell Method, Material-nonlinearity.
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Fluid-structure interaction problems involving slender structures under large displacements can be handled successfully by techniques employing unfitted discretizations, such as Extended Finite Element
methods [1, 2].
This setting has been recently extended to situations with contact among the structural elements [3]. In
this framework we wish to solve

f
f
f
f
f

ρ ∂t u + ρ u · ∇u − ∇ · T (u, p) = f , in Ω (t),
∇ · u = 0,
in Ω f (t),


u = 0,
on Γw ;
 s;
 s (
d−∇·T
d) = fs , in Ω
ρs ∂tt 


∆ ≥ 0, λ ≤ 0,
u = ḋ,
on Σ(t),
ϕ = 0,
T f (u, p)n = Ts (d)n, on Σ(t);

λ∆ = 0,

on ∂Ωs (t),
on ∂Ωs (t);

in a solid domain Ωs (t) immersed in a fluid one Ω f (t), with the fluid-structure coupling condition on
Σ (t) and the contact conditions on ∂Ωs (t) between the solid and a fixed wall Γw .
In this work we present the latest results of the technique applied to 2D and 3D applications.
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With the development of Computed Micro-Tomography (µ-CT), it has become possible to inspect the
physical reality of materials with complex microstructures. One of the main applications of this noninvasive imaging tool in the experimental mechanics community is Digital Image Correlation (DIC),
which is a well-known inverse problem also named image registration in, e.g., the computer vision and
medical fields. This method allows to measure strain fields by minimizing a distance of similarity between different image configurations of materials. The DIC problem is ill-posed in Hadamard’s sense,
namely, it cannot be solved pixel wise without considering some regularization. When images do not
exhibit sufficient gray-level gradient values, which is the case of cellular materials for example, the situation meets its most critical level. Our contribution concerns the development of a general DIC algorithm
which identifies complex deformations in cellular materials. For that, we constructed an automated and
fairly-priced image based mechanical model that accurately describes the mechanical behavior of the
complex microstructure and used it as a regularization of the inverse problem. This technique, inspired
from the work by Réthoré et al. [1], consists of penalizing the internal elastic forces of the geometry
represented by the image. Provided a level-set description of the material’s boundary [3], we show that
the Finite Cell Method [2] introduces an interesting computational context for Digital Image Correlation.
In fact, when using higher order B-splines as an approximation basis, along with advanced quadrature
schemes, it is possible to measure accurate strain fields that could not be obtained using traditional linear
finite element DIC algorithms.
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Phase-field models have become very popular in the field of fracture simulation, due to their elegant way
of approximating the crack using a diffusive field which altogether avoids the modeling of discontinuities.
The regularization of the sharp crack is based on a length-scale parameter which governs the extent of
diffusion and determines the numerical width of the crack. For small length-scale parameters, a very fine
mesh is needed at least in the vicinity of the crack to fully resolve the resulting crack profile. As this can
quickly become expensive, Nagaraja et al. [1] combined multi-level hp-refinement [4] and a phase-field
approach for brittle fracture in two dimensions to allow for a locally refined mesh which dynamically
adapts to the crack path. In a second step, the Finite Cell Method (FCM) [2] was successfully integrated
into the model to enable the efficient simulation of complex geometries. The numerical framework was
extended to 3D and validated in terms of crack propagation and nucleation in homogeneous and isotropic
material based on a newly suggested benchmark problem [3].
In this contribution, the proposed numerical framework is applied to crack propagation in complex and
heterogeneous geometries based on CT-scan data. In a first application example, fracture of human long
bones is simulated numerically and validity of the phase-field model is discussed in a comparison with
experimental data. In a second part, uni-axial compression tests on core samples are simulated. Both
examples demonstrate the advantages of combining a phase-field model with the FCM and multi-level
hp-refinement for the efficient simulation of complex crack propagation phenomena.
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Camino de Vera,s/n. 46022-Valencia(Spain).
jjrodena@mcm.upv.es, jalbelda@mcm.upv.es, ennaso@upvnet.upv.es
2
Healthcare Technology Group (GTS-IBV); Networking Biomedical Research Centre in
Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN), Universitat Politècnica de València,
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About 40% of prostate or breast cancer (among the most common types of cancer) end up developing
vertebral metastases[1] that can led to the structural collapse of the damaged vertebrae. This usually
produces invalidating damage to the spinal cord. The patients are periodically CT scanned to check if
the metastasis appears, but this is not enough to predict the risk of structural collapse of the vertebrae
affected by the cancer, being this required to prescribe the most adequate treatments. In this work we have
used the Cartesian grid Finite Element Method (cgFEM)[2, 3] to obtain patient-speciﬁc ﬁnite element
structural models of vertebrae directly from the patients’ CT scans. There are different alternatives
to deﬁne a collapse risk indicator. Numerical analyses showed that the eigenvalues of the vertebrae’
stiffness matrices are well correlated with the condition of the vertebrae. Hence, we propose to develop
diagnosis techniques to quantify the risk of collapse of the vertebrae considering an indicator based on
the evolution of the most representative eigenvalues.
Acknowledgements: The authors acknowledge ﬁnancial support from the Generalitat Valenciana (PROMETEO/2016/007), Ministerio de Economa y Competitividad (proyect DPI2017-89816-R).
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Classical finite element computations start from a direct definition of a computational mesh –
most often generated by a suitable meshing software, or with the transition from an
independently defined CAD-model, which is transferred to a geometric definition being
suitable for meshing. Yet, there are many more descriptions of geometric objects, which are
neither CAD-based nor well suited for meshing. These models mostly appear when existing
structures without existing design data are to be considered. Two important classes will be
addressed in this contribution: Voxel-based models typically obtained from tomographic
imaging, and point-cloud based models derived from laser-scans or multiple images of e.g.
consumer cameras, describing the surface of a solid structure. Transferring these models to the
classical finite element workflow poses various questions, rendering the overall process from
geometry acquisition to a numerical analysis time consuming and error-prone. We will discuss
an immersed boundary approach, which allows a very efficient direct coupling of image-based
geometry to structural analysis.
Immersed boundary or embedded domain methods avoid meshing the domain of computation.
Instead, the structure is embedded in a larger, simply shaped domain, which is itself divided
into a simple grid. The resulting ‘elements’ are non-conforming, i.e. cut by the boundary of the
original domain. This seemingly simple modification of the original principle has many
consequences. Several of the classical steps of FEM need to be redesigned, like the integration
of element matrices, the definition of boundary conditions or the stabilization of equation
systems. All these questions have been addressed with success during the last years in several
variants of immersed boundary methods, like the Finite Cell Method (FCM, [1]), the CutFEM
or the cgFEM. The FCM, in particular, can be implemented directly connected to image-based
geometric models without compromising computational efficiency or accuracy, yet with
significant advantages over classical FEM. Complex problems from biomechanics, additive
manufacturing and simulations based on point clouds obtained during drone flights are
discussed.
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Periodic microstructures consisting of a stiff lattice embedded in viscoelastic material can exhibit high
stiffness combined with a high vibration loss factor [1]. However, predicting the mechanical behavior of
components made from such composites using a boundary conforming mesh can lead to a large modeling
and computational effort due to their multi-scale nature and possibly complex geometries. Potential
remedies are the use of the finite cell method (FCM) [2] and numerical homogenization. Furthermore, if
the composite microstructure is utilized for vibration isolation between the components of an assembly,
the modeling and computational efficiency can be increased by applying a modified mortar technique.
Here, the viscoelastic behavior of the microstructure is integrated into the mortar formulation using its
effective material parameters. The present contribution provides a brief presentation of this approach.
Moreover, the effective properties of composite microstructures are studied using FCM. Based on these
results, fully resolved simulations are finally compared to those employing the modified mortar method.
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Metal implants are commonly used in certain repair surgeries of fractured long bones (femur,tibia, ...)
but, according to implants manufacturers, they must be removed after the treatment to avoid possible
negative interactions with the human body [1], this forces a second surgical intervention. The use of
bioabsorbable polymers (BPs) might have great relevance to eliminate a second surgery required to
remove metal implants.
In this work we present a first implementation of a numerical analysis methodology based on the Cartesian grid FEM (cgFEM), developed by members of I2MB, which allows testing different BPs and implant
geometries for different bone fractures. The advantages of the numerical tool are that it allows to create a
bone numerical avatar able to simulate the bone healing process including the bone remodelling process
and the callus evolutions, thus giving information from the very beginning of the implantation to the
complete bone healing.
Specfically, a mechanical assessment of a polylactic acid (PLA) intramedullary implant has been carried
out on a fractured tibia model. Making use of implant maximum stress values along the bone healing
process and setting a stress safety factor, it is possible to evaluate the implant viability. In this simulation,
bone callus healing process [2, 3] and physiological internal loads during gait [4] have been taken into
account to create the model.
Finally, the results show that a 100 kg person could walk properly 300 days after implant placing surgery
in his tibia, keeping a stress safety factor of 5. Additionally it could walk with a partial load or stiffeners
after 45 days. This is a numerical proof of the viability of using this kind of bioabsorbale implants.
Acknowledgements: The authors gratefully acknowledge the financial support of Ministerio de Economı́a,
Industria y Competitividad (project DPI2017-89816-R) and Ministerio de Educación (FPU19/02103).
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When simulating problems where the global solution over a extensive domain is governed by local physical phenomena or features, we need to use fine discretizations which lead to large systems of equations,
like for living bone - artificial implant interactions. In such scenarios, direct solvers are not suitable since
the computational cost both in memory requirements and floating point operations scales poorly with the
size of the system. Iterative solvers outperform direct solvers in these sense. Multigrid methods work
particularly well since they eliminate the mesh-size dependence of the conditioning of linear system and
improve the convergence of the iterative solver. The hierarchical mesh structure inherent in fictitious domain methods (FDM) based on Cartesian grids facilitate the definition of the restriction and prolongation
operators which make them ideal for the use of geometrical multigrid preconditioners.
In this work we develop, implement, test and compare to other solvers available in the literature a multigrid method for the resolution of the linear elasticity and the contact problem within the framework of
the Cartesian grid Finite Element Method cgFEM, with special attention to medical applications, as the
Cartesian mesh let us easily generate FE models form medical images [2]. The multigrid preconditioner
we propose uses the set of coefficient matrices computed for each grid through a h-refinement process.
The numerical results show that the proposed method rapidly converges and that the computational cost,
when solving large systems of equations, is significantly reduced with respect to other solvers.
Acknowledgements: The authors acknowledge finantial support from the Generalitat Valenciana (project
PROMETEO/2016/007), Ministerio de Economı́a y Competitividad (project DPI2017-89816-R) and the
Ministerio de Ciencia, Innovación y Universidades (project FPU17/03993).
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The finite cell method (FCM) is an immersed boundary method that combines higher-order finite element, adaptive integration and weak imposition of boundary conditions [1, 2]. It circumvents mesh
generation and allows the usage of structured data patterns. However, small cut fractions result in notorious ill-conditioning of the system matrices, may limit the usability of many solvers, and pose challenges
for employment on large scale machines. Recently, the parallel implementation [3] of the method and
the development of efficient solvers [6] has thus been investigated. In this work, we present a parallel
computational framework for finite cell simulations with special focus on parallel adaptive geometric
multigrid methods and the scalability of these methods in distributed-memory environments. We employ
adaptive mesh refinement (AMR) in conjunction with adaptive quadrature on quadtree data structures
and Nitsche’s method for the imposition of essential boundary conditions. We use a parallel geometric
multigrid solver [4, 5] for the solution of the discretized form of FCM problems and discuss the construction of the associated hierarchical spaces. The performance and robustness of the methods are illustrated
via numerical experiments, showing promising results in terms of scalability and performance.
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The generation of finite element meshes can be quite cumbersome when it comes to manifold heterogeneous structures, which are typically taken from imaging methods or are given in terms of random
distributions. To avoid costly meshing and remeshing processes, especially in the context of propagating cracks, the embedded domain method can be employed, where the interface is modeled implicitly.
In [1], it was shown for linear elasticity that the introduction of a diffuse interface region combined with a
homogenization approach [2, 3], that satisfies the mechanical jump conditions at the interface, yields optimal convergence rates in 1D and improved convergence in multi-dimensional problems when applying
an h-adaptive refinement strategy [4].
In this contribution, the above approach is extended to phase-field modeling of cracks. While the general
modeling framework proved to be able to reproduce fundamental cracking phenomena from linear elastic
fracture mechanics [5], a special focus lies on the combination of the strain energy decomposition, which
is necessary to account for the tension-compression asymmetry of cracks, and a suitable homogenization
assumption in the diffuse interface region [6]. The model capabilities are demonstrated by a convergence
study and crack propagation simulations in heterogeneous media.
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[5] Hansen-Dörr A. C., Dammaß F. G., de Borst R. and Kästner M. Phase-Field Modeling of Crack
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The Finite Cell Method (FCM) – an immersed finite element method introduced by Rank and coworkers [1] – together with Isogeometric analysis (IGA) – a spline-based finite element framework proposed by Hughes et al. [2] – has been applied successfully in various fields, e.g., in solid mechanics, in
image-based analysis [3] and in fluid-structure interaction.
In the context of image-based analysis, Verhoosel et al. (2015) [3] proposed a novel B-spline-based
approximation strategy for gray scale voxel data, which provides an implicit definition of the scanbased geometry with a smooth internal boundary. This method has been implemented in reconstructing
geometries from a CT-scan data, for example trabecular bone [3] and sintered glass [4]. However, in the
case of a multi-scale scan-data, for example micro-heat exchangers and stenotic carotids, this approach
fails to reconstruct certain parts due to its very small volume and very poor resolution of scan-data.
Hence, there is a need for an advanced, topology-preserving, algorithm to reconstruct the multi-scale
scan-data.
In this contribution we will present a scan-based workflow for immersed isogeometric analysis as an
extension to [3]. We also study and compare geometry reconstruction in different multi-scale scan-data
scenarios in both two- and three-dimensions. Based on this study we will further investigate scan-based
immersed isogeometric analysis for an incompressible flow problems in a biomedical application.
REFERENCES
[1] Parvizian, J., Düster, A. and Rank, E., 2007. Finite Cell Method. Computational Mechanics, 41(1),
pp.121–133.
[2] Hughes, T.J., Cottrell, J.A. and Bazilevs, Y., 2005. Isogeometric analysis: CAD, finite elements,
NURBS, exact geometry and mesh refinement. Computer Methods in Applied Mechanics and Engineering, 194(39–41), pp.4135–4195.
[3] Verhoosel, C.V., Van Zwieten, G.J., Van Rietbergen, B. and de Borst, R., 2015. Image-based goaloriented adaptive isogeometric analysis with application to the micro-mechanical modeling of trabecular bone. Computer Methods in Applied Mechanics and Engineering, 284, pp.138–164.
[4] Hoang, T., Verhoosel, C.V., Qin, C.Z., Auricchio, F., Reali, A. and van Brummelen, E.H., 2019.
Skeleton-stabilized immersogeometric analysis for incompressible viscous flow problems. Computer Methods in Applied Mechanics and Engineering, 344, pp.421–450.
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For generalized or extended finite element methods and fictitious domain methods, the integration of
discontinuous functions still poses a challenge. In the finite cell method [1, 2], for example, the integration of cells intersected by the boundary of the domain or by material interfaces can easily dominate
the computational effort and accuracy of the overall discretization approach. To this end, we propose
an improved moment fitting scheme which is applicable to high-order methods and allows to treat discontinuities on curved surfaces in an efficient and accurate manner [3]. The presented approach also
circumvents the solution of a linear system to compute the desired weights of the quadrature rule. Furthermore, we enrich the basis functions of the moment fitting in order to be able to capture different
kinds of discontinuities. The related overhead for the computation of the desired quadrature rule is rather
small and can be amortized during the costly integration of high-order stiffness matrices. Further savings of computational effort are to be expected, when re-using the derived quadrature rule for nonlinear
problems, where the stiffness matrix has to be re-computed many times.
We will present several numerical examples ranging from 1D to 3D where different discontinuous functions defined on curved surfaces are integrated with the proposed enriched moment fitting method. Possible applications are, for example, problems with material interfaces, where a combination of the enrichment of the displacement field together with the selective integration of the discontinuous integrand
of the stiffness matrix results in an efficient discretization approach.
REFERENCES
[1] Parvizian, J. and Düster, A. and Rank, E. Finite cell method – h- and p-extension for embedded
domain problems in solid mechanics. Comput. Mech. (2007) 41:121–133.
[2] Düster, A. and Parvizian, J. and Yang, Z. and Rank, E. The finite cell method for three-dimensional
problems of solid mechanics. Comput. Methods Appl. Mech. Eng. (2008) 197:3768–3782.
[3] Düster, A. and Allix, O. Selective enrichment of moment fitting and application to cut finite elements and cells. Comput. Mech. (2019) https://doi.org/10.1007/s00466-019-01776-2.
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SOLUTION OF FALKER-SKAN BOUNDARY LAYER WITH DIRECT
FORCING IMMERSED BOUNDARY METHOD
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The direct forcing immersed boundary method (DF-IBM) [1,2] is one of most populous
methods of fully-resolved numerical simulation for complex fluid flow. The DF-IBM takes a
Eulerian-Lagrangian framework, where the whole domain (including space occupied by fluid
and structure/particle) is described in the Eulerian framework, and the solid/fluid interface is
tracked in the Lagrangian framework. The unified treatment of the solid/fluid domain greatly
reduces the difficulty in mesh generation and alleviate the requirement of re-meshing for
moving interface problem. The no-slip/no-penetration boundary condition on the interface is
enforced through applying an appropriate force on the interface (described in the Lagrangian
framework). The force is determined by the ratio between the velocity difference (i.e., velocity
discrepancy between fluid and solid on the interface) and the integration time step. It is well
perceived that the velocity difference is not exactly zero in the DF-IBM, and it is generally
believed that the approximation of the no-slip/no-penetration boundary condition causes the
well-observed overprediction in the drag force of an immersed body, and a fluid velocity field
inside the solid body that does not conform to the rigid body motion. Many efforts have been
tried to reduce the velocity difference so as to alleviate the aforementioned problems.
However, the most recent research [3] reveals that it is not the velocity difference that directly
causes those problems mentioned above, but the massaged velocity profile across the interface.
In other words, the interaction force on the interface, which is mollified by a smooth function
(generally a discrete delta function) to alleviate the singularity, bends the velocity profile away
from the correct one. It is the bending that causes the drag overprediction and induces fluid
circulation inside the solid body. But the analysis and numerical simulation in [3] were only
carried out for the Couette-Poiseuille flow and the plane stagnation point flow, where the
pressure gradient and the velocity were actually decoupled. In this research, the general FalkerSkan boundary layer is investigated using the DF-IBM, which includes the aforementioned two
flows as special cases.
The computational configuration is a rhombus in a canonical channel flow. The leading angle
of the rhombus is varied to mimic the different wedge angle in the Falker-Skan boundary layer.
The DF-IBM simulation is carried out with an in-house code, and compares with the bodyfitted grid simulation using Nek5000 (an open source software implemented with the spectral
element method). Preliminary results show that the DF-IBM has limited impact on the flow
field above the slanted boundary wall but has much profound effect on the wake flow. More
detailed analysis is underway, and will be reported in the full paper.
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Due to the fact, that the immersed boundary methods (IBMs) do not require a body fit grid, they
are tipically applied to Cartesian and non-uniform grids. Although, in this work several
advantages of using polyhedral unstructured grids with the IBMs will be presented. The
proposed method uses a conservative cut approach together with a least-squares interpolation
which has the divergence-free condition as a numerical constrain [1, 2].
Several benchmark cases are discussed, which prove the superiority of polyhedral grids over
the Cartesian and triangular counterparts. This is done by computing both the numerical error
and the amplitude of the spurious force oscillations (SFOs), which is a known IBM issue [3].
Afterwards, applications of the method are presented for a classic insect flight problem [4, 5].
As a proof of concept, two examples of moving body problems inside a complex computational
domain are provided. The polyhedral unstructured grids can handle a smooth zone located at
body’s path with a reduced grid size, while being conformed to the complex static domain.
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constrainted least-squares interpolation for SFO suppression in immersed boundary
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polyhedral unstructured with immersed boundary methods, Vol. 336, pp. 608-626, 2017.
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single flapping wing. Journal of Mechanical Science and Technology, 21(1), pp. 207, 2007.
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We propose a new embedded/immersed framework for computational solid mechanics, aimed at vastly
speeding up the cycle of design and analysis in complex geometry. In many problems of interest, our
approach bypasses the complexities associated with generation of CAD representations and subsequent
body-fitted meshing, since it only requires a relatively simple surface representation of the geometries
to be simulated, such as, for example, STL files widely used in computer graphics (i.e., collections of
disconnected triangles in three dimensions). Our approach avoids the complex treatment of cut elements,
by resorting to an approximate boundary representation and a special (shifted) treatment of the boundary
conditions to maintain optimal accuracy. We present a set of computational experiments in two and thee
dimensions, which demonstrate optimal convergence of the error and robustness in complex geometry
simulations.
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The generation of Finite Element meshes on complex geometries can be a demanding and costly task,
not to mention that usually it requires the assistance or support of trained personnel. The use of embedded geometries into background (structured or unstructured) meshes is very appealing in these situations
since they obviate the need for continual re-meshing in many applications involving rapid prototyping
and design. Unfortunately, many finite element embedded boundary methods for incompressible flow
are also difficult to implement due to the need to perform complex cell cutting operations at boundaries, and the consequences that these operations may have on the overall conditioning of the ensuing
algebraic problems. We present a new, stable, and simple embedded boundary method, which we call
shifted boundary method (SBM), that eliminates the need to perform cell cutting. In the SBM approach,
boundary conditions are imposed on a surrogate discrete boundary composed by the set of closest not
intersected edges/faces. We then construct appropriate field extension operators, with the purpose of preserving accuracy when imposing the boundary conditions. We demonstrate the SBM applied to several
free surface flow problems and problems with flows around moving bodies.
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We propose a new framework for fracture mechanics, based on the idea of an approximate fracture
geometry representation combined with approximate interface conditions. Our approach evolves from
the shifted interface method, and introduces the concept of an approximate fracture surface composed of
the full edges/faces of an underlying grid that are geometrically close to the true fracture geometry. The
original interface conditions are then modiﬁed on the surrogate fracture, by way of Taylor expansions, to
achieve a prescribed level of accuracy. The shifted fracture method does not require cut cell computations
or complex data structures, since the behavior of the true fracture is mimicked with speciﬁc integrals on
the approximate fracture. Furthermore, the energetics of the true fracture are represented within the
prescribed level of accuracy and independently of the grid topology. The computational framework is
presented here in its generality and then applied in the speciﬁc context of cohesive zone models, with an
extensive set of numerical experiments.
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We propose a new embedded finite element method to simulate partial differential equations over domains with internal interfaces. Our approach belongs to the family of surrogate/approximate interface
methods [1, 2, 3] and relies on the idea of shifting the location and value of jump interface conditions.
This choice has the goal of preserving optimal convergence rates while avoiding small cut cells and related problematic issues, typical of traditional embedded methods. The proposed approach is accurate,
robust, efficient, and simple to implement. We apply this concept to internal interface computations in
the context of the mixed Poisson problem, also known as the Darcy flow problem. An extensive set of
numerical tests is provided to demonstrate the performance of the proposed approach.
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approach to embedded interface computations. International Journal for Numerical Methods in
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The Trace FEM is a fictitious domain method (FDM) for partial differential equations on
manifolds. Herein, it used to solve, for the first time, the boundary value problem of non-linear
structural membranes and ropes which may conveniently be defined based on the Tangential
Differential Calculus (TDC) [1, 2, 3]. The geometries of the structures are implied by the levelset method. It is noted that the geometries of structural membranes may be seen as twodimensional manifolds and those of ropes as one-dimensional manifolds in the threedimensional space.
As for any other FDM, the Trace FEM has to address the following three issues [4]: (1) The
numerical integration of the weak form in the (three-dimensional) background elements which
are cut by the membrane. Therefore, the zero-level sets of the level-set functions have to be
identified and integration points defined. (2) The application of boundary conditions within the
background elements which is done based on Nitsche's method here. (3) The stabilization with
respect to shape functions with extremely small supports on the structure. In the context of the
Trace FEM, a stabilization is also required to tackle linear dependencies of the threedimensional shape functions of the background mesh when applied to the analysis of the
(curved) two-dimensional membranes or one-dimensional ropes. Numerical results show the
success of the proposed formulation.
REFERENCES
[1] M.C. Delfour, J.P. Zolésio: Shapes and geometries - Metrics, Analysis, Differential

Calculus, and Optimization. SIAM, Philadelphia, PA, 2011.

[2] T.P. Fries, D. Schöllhammer: A Unified Finite Strain Theory for Membranes and Ropes,

arXiv:1909.12640, 2019.

[3] P. Hansbo, M.G. Larsson, F. Larsson: Tangential differential calculus and the finite

element modeling of a large deformation elastic membrane problem, Comput. Mech., 56,
87-95, 2015.
[4] M.A. Olshanskii, A. Reusken: Trace finite element methods for PDEs on surfaces, Lecture
Notes in Computational Science and Engineering, 121, 211-258, 2017.

791

792

MS Organizer(s):
Recent
AdvancesSeiichi
in Meshfree
Koshizuka,
and Particle
Seiya Hagihara,
Methods Mikio Sakai and
Mitsuteru Asai

Recent Advances in Meshfree and Particle Methods
MS Organizer(s): Seiichi Koshizuka, Seiya Hagihara, Mikio Sakai and
Mitsuteru Asai

793

794

MS450 Koshizuka,
Seiichi
- Recent Advances
Seiya Hagihara,
in Meshfree
Mikio
andSakai
Particle
andMethods
Mitsuteru Asai

Recent Advances in Meshfree and Particle Methods
Meshfree and particle methods have been developed in the field of computational
mechanics. The purpose of this mini-symposium is to provide discussions for
researchers of the meshfree and particle methods to share their recent knowledge and
advanced insights. The topics are mathematical theory, multi-physics analysis, boundary
conditions, accuracy, adaptive analysis, parallel processing, large scale analysis,
applications etc.
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Breakup of liquid jets is an important physical phenomenon. It appears in many engineering
applications such as fuel spraying and inkjet printing. The aim of this study is to develop a
novel algorithm to accurately and efficiently simulate the liquid jet breakup. The simulation
method is based on the LSMPS (least squares moving particle semi-implicit) method [1], where
all differential operators are discretized by using consistent meshfree schemes. An
axisymmetric coordinate system is adopted to simulate the axisymmetric flows efficiently.
Furthermore, a moving surface mesh [2,3] is incorporated to highly improve the accuracy of
the free-surface tracking and the surface tension calculation. Topological changes for the
droplet and satellite formation are treated by splitting the surface mesh. The proposed method
is applied to a continuous-inkjet problem. As a result, the droplet formulation (with a satellite)
is successfully simulated.
REFERENCES
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particle method for numerical simulation of a liquid droplet. Journal of Computational
Physics, 409, 109349, 2020.
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The floating/fixed offshore wind power plants have to be taken account of safety in rough sea
and tsunami. It is necessary to predict behaviours of floating wind power plants in the ocean
and to know the ability of efficiency for power generation. The wind power plants in the ocean
are subjected to forces of waves from. Particle methods of fluid dynamics have advantages for
safe analyses to prevent from natural disasters which are tsunami etc. than other numerical
methods. The particle methods which are the smoothed particle hydrodynamics (SPH) method
[1] and the moving particle semi-implicit (MPS) [2] method are recently applied to fluid
dynamics analyses for predictions of damage under natural disasters such as Tsunami.
The SPH method including stable terms are proposed by M.Antuono et al.[3] and D.Molteni et
al.[4] that is the -SPH method. Artificial viscosity coefficient and artificial density diffusion
coefficient such as the numerical correction terms are added to the momentum conservation
equation and mass conservation equation in the -SPH method respectively. The 2-dimensional
and the 3-dimensional -SPH method analyses are applied to calculate the behaviour of new
spar type wind power plant models.
REFERENCES
[1] Lucy, L. B., A numerical approach to the testing of the fission hypothesis, Astronomical

Journal, 82, (1977), 1013-1024.
[2] Koshizuka S., Oka Y., Moving-particle semi-implicit method for fragmentation of
incompressible fluid, Nuclear science and engineering, 123 (1996), 421-434.
[3] M.Antuono, A.olagrossi, S.Marrone, D.Molteni: Free-surface flows solved by means of
SPH
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with
numerical
diffusive
terms,
Computer
Physics
Communications,181,pp.532-549,2010.
[4] D.Molteni, A.Colagrossi: A simple procedure to improve the pressure evaluation in
hydrodynamics context using the SPH, Computer Physics Communications, 180,pp.861872,2009.
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Bingham fluid simulation using a physically consistent particle method
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A new physically consistent particle method is developed and applied for Bingham fluid
calculation. To calculate the complex physics such as in non-Newtonian fluid, the stability of
the method is of importance. The discretized equations in the new method was formulated such
that they can be fit into the framework of the extended Lagrangian mechanics [1] with keeping
the main concept of the previous methods [2,3]. Therefore, the new method is physically
consistent and can avoid unphysical instability. In addition, the method adopted an algorithm
where the velocity of the particles is calculated implicitly [4], which enables to calculate highviscos fluid as well as low-viscos fluid in a unified manner. with low viscosity.
To apply the new method to Bingham fluid simulation, the rheological property or the
Bingham fluid was taken into the methodology. Compared to other type of fluid, Bingham fluid
has yield stress. The fluid does not flow until the yield stress is reached, and even when the
flow starts, it will stop before spreading flat. This is the most typical characteristics of Bingham
fluid. In this study, the solid-like behaviour under low stress condition was expressed by very
high-viscosity because the new method can handle such high-viscos fluid.
Using the method, Bingham dam break calculations were conducted using model
parameters, simulating a dam break experiment using lubricating grease. The calculations were
compared with the experiment, and the stopping behaviour (Fig. 1) was reproduced.

0.1 s

0.2 s

0.3 s

0.5 s

Fig. 1 Bingham dam break calculation
REFERENCES
[1] H. Goldstein, C.P. Poole, J.L. Safko, Clasical Mechanics: Pearson New International Edition
(2013)
[2] J.J. Monaghan, Simulating free surface flows with SPH, Journal of Computational Physics
110:399-406 (1994)
[3] S. Koshizuka and Y. Oka, Moving-Particle Semi-Implicit methods for fragmentation of
incompressible fluid, Nuclear Science and Engineering,123:421-434 (1996)
[4] Masahiro Kondo, Angular momentum conserving particle method for high viscos fluid calculation,
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Particle methods can simulate free-surface flow problems by solving the Navier stokes and continuity
equations [1], but they require more computational time as the number of particles becomes greater [2].
In urgent situations where physical values are needed to be evaluated depending on initial conditions, it
is more pragmatic to utilize statistical emulators, which can approximate these values with less computational time [3], instead of the computer models. In this study, we applied a Gaussian process regression to
design a statistical emulator of a particle method and estimated free-surface heights in three-dimensional
dam break problems. It was developed so that it inputs x-y positions with respect to time and outputs
the corresponding heights in a z-axis. Once it was constructed based on a dataset made from only one
simulation by a particle method, the Gaussian process emulator can also predict free-surface heights in
other dam break problems with distinct initial conditions. It was demonstrated the emulator can approximate them much faster than a simulator of a particle method. In addition, to verify the accuracy of the
emulation, we utilized multiple dam break problems where the size of dam-shaped columns are varied
at the initial settings, and we compared their emulated values with the simulated ones by the Pearson’s
r, RMSE, and MAE. As a consequence, these tests clarified the Gaussian process emulator can estimate free-surface heights accurately in some size of dam-shaped columns, and we do not always need
to remodel it for every dam break problem. Furthermore, we measured threshold values of the size and
confirmed whether the developed emulator can be applied to a certain dam break problem.
REFERENCES
[1] S. Koshizuka and Y. Oka, Moving-Particle Semi-implicit method for fragmentation of incompressible fluid, Nuclear Science and Engineering, 123, 421–434, 1996.
[2] Y. Mizuno, N. Mitsume, T. Yamada, and S. Yoshimura, Time-based dynamic load balancing algorithm for domain decomposition with particle method adopting three-dimensional polygon-wall
boundary model, Journal of Advanced Simulation in Science and Engineering, 6, Vol. 2, 282–297,
2019.
[3] A. Sarri, S. Guillas, and F. Dias, Statistical emulation of a tsunami model for sensitivity analysis
and uncertainty quantification. Natural Hazards and Earth System Sciences, 12, Vol. 6, 2012.
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Fluid-structure interaction (FSI) problems are ubiquitous in nature and also play a key role in a wide
range of engineering examples, e.g. hydroelastic slamming, energy harvesting and prosthetic heart
valves. Due to the intrinsic complexity of the surrounding flow and the large deformation of the structure, computational study of FSI problems is highly challenging. Mesh-based computational methods,
the finite element method (FEM) [1] for instance, encounter difficulties in simulating FSI problems. Typically, its not straightforward for FEM to treat the convective terms and to update the mesh for moving
fluid-structure interface, especially when large structure deformations occur. An alternative approach is
to discretize both the fluid and solid equations by Lagrangian meshfree methods, e.g. smoothed particle hydrodynamics (SPH) [2] and moving-particle semi-implicit (MPS) [3]. Owing to their peculiar
advantages in handling material interfaces and the capability of capturing violent events such as impact
and breaking [4, 5], Lagrangian particle-based methods can be conspicuously effective for studying FSI
problems, in particular, when dealing with large displacement of fluid-structure interfaces [5, 6].
As the cumbersome SPH computations of FSI problems is a limitation for more detailed analysis, in the
present work we extend our previous SPH methods (see e.g. [5]) to execute FSI simulations on graphics
processing units (GPUs). In this work we use novel execution algorithms to obtain optimized memory
access on GPUs. The method is validated and its computational performance is evaluated demonstrating
promising openings to achieve highly efficient SPH solvers for complex multiphysics problems.
REFERENCES
[1] T. E. Tezduyar, M. Behr, S. Mittal, J. Liou, A new strategy for finite element computations involving
moving boundaries and interfaces, Comput. Methods Appl. Mech. Engrg., 94 (3) (1992) 353–371.
[2] R. A. Gingold, J. J. Monaghan, Smoothed particle hydrodynamics: theory and application to nonspherical stars, Mon. Not. R. Astron. Soc. 181 (3) (1977) 375–389.
[3] S. Koshizuka, Y. Oka, Moving-particle semi-implicit method for fragmentation of incompressible
fluid, Nucl. Sci. Eng. 123 (3) (1996) 421–434.
[4] M. Rezavand, C. Zhang, X. Hu, A weakly compressible sph method for violent multi-phase flows
with high density ratio, J. Comput. Phys. 402 (2020) 109092.
[5] C. Zhang, M. Rezavand, X. Hu, Dual-criteria time stepping for weakly compressible smoothed particle hydrodynamics, J. Comput. Phys. 404 (2020) 109135.
[6] C. Zhang, M. Rezavand, X. Hu, A multi-resolution SPH method for fluid-structure interactions,
https://arxiv.org/abs/1911.13255.
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Axel Söderstena,1,∗ , Takuya Matsunagaa,2 and Seiichi Koshizukaa,3
a

Department of Systems Innovation, The University of Tokyo
Hongo 7-3-1, Bunkyo-ku, Tokyo 113-8656, JAPAN
1
axel.soedersten@mps.q.t.u-tokyo.ac.jp
2
matsunaga@sys.t.u-tokyo.ac.jp
3
koshizuka@sys.t.u-tokyo.ac.jp

Key Words: Particle method, Adaptive scheme, Particle addition/deletion, Error estimation
Particle methods are well-suited to analyze complex fluid phenomena such as multiphase and free-surface
flow. Recently, much attention has been put on large-scale implementations. A key element for largescale simulations, is efficient multi-resolution implementations where one employs higher spatial resolution over critical regions of the flow. Over the last couple of years, several successful multi-resolution
particle implementations have been proposed based on prescribed high- and low-resolution sub-domains,
eg. [1]. However, speedups are limited for many applications, such as multiphase and free-surface flow,
where the critical regions are moving in time.
To efficiently model such problems, it is necessary to estimate spatial discretization errors throughout
simulations. In 2019, two such adaptive multi-resolution particle implementations were proposed where
particle resizing were based on velocity gradient-based error estimates [2, 3]. In this study for a leastsquares moving particle semi-implicit (LSMPS) method, we have theoretically analyzed and compared
the performance of velocity gradient-based error estimates with truncation-based error estimates, for basic one-dimensional problems as well as two-dimensional Taylor-Green and Karman vortex problems.
From the analysis, truncation-based error estimates seem slightly preferable to velocity gradient-based
error estimates. In the near-future, we plan to implement particle resizing as well as particle addition/deletion schemes based on the compared error estimates. We aim to add/remove particles over
several time-steps by including a time-dependent weight function for interactions with particles under
addition/removal. In this way, we would reduce the risk for particle clustering as well as suppressing pressure fluctuations in time, which have been challenging for previously employed particle splitting/merging
schemes.
REFERENCES
[1] Tanaka, M. et al. Multi-resolution MPS method. Elsevier. J. Comput. Phys. (2018) 359:106–136.
[2] Hu W. et al. A consistent spatially adaptive smoothed particle hydrodynamics method for fluidstructure interactions. Elsevier. Comput. Method Appl. M. (2019) 347:402–424.
[3] Hu W. et al. A spatially adaptive high-order meshless method for fluidstructure interactions. Elsevier. Comput. Method Appl. M. (2019) 355:67–93.
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For particle-discretized model, ISPH-DEM coupling is the most commonly used method to
solve problems involving fluid-rigid-body interaction. As a semi-implicit method, ISPH
method has been proven to produce a smooth and accurate pressure distribution over the fluid
domain with a relatively large time increment. Here, the computed hydrodynamic force can be
applied onto surface particles of the rigid body, which may simultaneously experience contact
or impact from another rigid body. The commonly used scheme for contact force in DEM is
penalty method, where the penalty force is calculated according to the overlapped volume,
deepest distance or the sum of interpenetration of all the overlapped surface particles.
However, its accuracy strongly depends on the choice of penalty parameters and the size of
time increment. As a result, a time-consuming parameter tuning work is always necessary.
The problem mentioned above is fatal for the computational resources of the ISPH-DEM
simulations as the computational cost at each time step is mostly dominated by the fluid
simulation. The size of the time increment for the ISPH method needs to be chosen according
to a sufficient Courant-Friedrichs-Lewy (CFL) condition, and it is often larger than the
interval collision. A similar order of time increment is, therefore, desired for the rigid body
simulation using DEM.
Instead of the penalty method, other methods like constraint-based method and impulsedbased method are adopted in the rigid body simulation. Both of these methods enforce the
contact points of the rigid bodies to satisfy a non-penetration condition. Most of them follows
the velocity-based non-penetration condition that prevents the further interpenetration
between the contacting rigid bodies. An energy tracking impulse-based method has been
adopted to reproduce an adequate contact force among the rigid bodies, with Stronge’s
hypothesis. Different form the traditional impulse-based methods is to constrain the relative
velocity at the contact point, which follows Newton’s impact law that relates the pre- and
post-collision velocities by a coefficient of restitution. In this work, to achieve better energy
conservation during impact, a collision contact is assumed to have compression and
restitution phases. In this assumption, the energetic coefficient of restitution can be used to
express relationship between the energy potential of compression and restitution phases,
which are proven to be more stable and accurate in comparison with the aforementioned
Newton’s assumption.
Some verification and validation tests, including comparisons of numerical solutions with
analytical and experimental results, have been conducted to check the quality of the
implementation. Further studies, however, should be conducted to assess the fluid-rigid-body
coupling scheme before being used for simulations with more complex geometry and
interaction.
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ABSTRACT
In recent years, mixed and hybrid formulations of discontinuous Galerkin (DG) methods have
received great attention in the scientific community, spanning from computational solid and
fluid dynamics to electromagnetics, plasmonics and photonics.
On the one hand, mixed formulations naturally provide approximations of stresses/fluxes
without resorting to postprocessing procedures. On the other hand, hybridization allows to
greatly reduce the number of degrees of freedom involved in DG approximations.
This minisymposium will provide an overview of modern DG techniques including, but not
limiting to, mixed formulations, hybrid and hybridizable discontinuous Galerkin (HDG) and
hybrid high-order (HHO) methods. Theoretical, computational and application-oriented
contributions will address the latest developments of such methods.
A non-exhaustive list of topics includes stability and convergence analysis, novel
formulations, high and lowest order discretizations, mesh and degree adaptivity, efficient
parallel implementations, preconditioning, application to large-scale complex problems in
computational science and engineering.
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In magnetic confinement fusion devises, the equilibrium configuration of a plasma is determined by the
balance between the hydrostatic pressure in the fluid and the magnetic forces generated by an array of
external coils and the plasma itself. The location of the plasma is not known a priori and must be obtained
as the solution to a free boundary problem involving a non linear elliptic equation for the stream function
of the magnetic field. Relevant physical properties of the plasma and shaping parameters depend on
higher order derivatives of the stream function and therefore a high order discretization is needed.
The problem can be formulated mathematically as a coupled integral equation/partial differential equation. We propose an efficient high order discretization based on the hybridizable discontinuous Galerkin
method. The HDG formulation proposed provides geometric flexibility and allows for high order determination of the stream function and its derivatives.
REFERENCES
[1] T. Sánchez-Vizuet, M. Solano, A Hybridizable discontinuous Galerkin solver for the GradShafranov equation, Computer Physics Communications 235 (2019) 120–132. doi:10.1016/j.
cpc.2018.09.013.
[2] T. Sánchez-Vizuet, M. Solano, A. J. Cerfon, Adaptive hybridizable discontinuous Galerkin discretization of the Grad-Shafranov equation by extension from subdomains, (Submitted).
[3] N. Sánchez, T. Sánchez-Vizuet, M. Solano, A priori and a posteriori error analysis of an unfitted
HDG method for semi-linear elliptic problems, (Submitted).
[4] T. Sánchez-Vizuet, I. Abel, A. J. Cerfon, A high order hybridizable discontinuous Galerkin solver
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We present a new method, proposed in [3], for computing adjoint-based super-convergent Galerkin approximations of functionals. If J(u) is a smooth linear functional, where u is the solution of a steady-state
diffusion problem, the standard approximation J(uh ) converges with order h2k+1 , when uh is the hybridizable discontinuous Galerkin (HDG) approximation to u with polynomials of degree k > 0. In contrast,
numerical experiments in [3] show that our new method provides an approximation which converges
with order h4k and can be computed by only using twice the computational effort needed to compute
J(uh ). Here, we put these experimental results in firm mathematical ground. The two main ingredients
of this new method are the adjoint-correction technique [4] and the local filtering technique [1, 2]. We
also display numerical experiments devised to explore the convergence properties of the method in cases
not covered by the theory, in particular, when the solution u or the functional J(·) are not smooth. We
end by indicating how to extend these results to the case of general Galerkin methods.
REFERENCES
[1] J. B RAMBLE AND A. S CHATZ, Higher order local accuracy by averaging in the finite element
method, Math. Comp., 31 (1977), pp. 94–111.
[2] B. C OCKBURN , M. L USKIN , C.-W. S HU , AND E. S ÜLI, Enhanced accuracy by post-processing
for finite element methods for hyperbolic equations, Math. Comp., 72 (2003), pp. 577–606.
[3] B. C OCKBURN AND Z. WANG, Adjoint-based, superconvergent Galerkin approximations of linear
functionals, J. Sci. Comput., 73 (2017), pp. 644–666.
[4] N. A. P IERCE AND M. B. G ILES, Adjoint recovery of superconvergent functionals from pde approximations, SIAM Review, 42 (2000), pp. 247–264.
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Abstract
0

We study an adaptive C Interior penalty discontinuous galerkin (C 0 IPDG)
method for such singular nonlinear fourth order boundary value problems
that arise from the minimization of functionals involving the second order
total variation. The C 0 IPDG method can be derived from a two field
formulation of the regularized and scaled, singular non linear fourth order
equation using an appropriate choice of numerical flux functions. The
mesh adaptivity is besed on an a posteriori error estimator that can be
derived by duality arguments whose realization requires the construction
of an equilibrated tensor field. Numerical results including an example
from image texture analysis illustrate the efficiency and reliability of the
adaptivity approach.

808

High-Order
A.
Costa Sole,
Hdg
E. Ruiz-Gironés
and Fully Implicit
and J.Methods
Sarrate for Two-Phase Flow Simulations
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

HIGH-ORDER HDG AND FULLY IMPLICIT METHODS FOR TWOPHASE FLOW SIMULATIONS
A Costa-Solé¹, E. Ruiz-Gironés² and J. Sarrate³
1

Laboratori de Càlcul Numèric (LaCàN), Universitat Politècnica de Catalunya, Jordi Girona, 1-3,
08034 Barcelona, Spain, albert.costa@upc.edu, https://www.lacan.upc.edu/user/albert.costa/
2
Barcelona Supercomputing Center - BSC, Building Nexus II, Jordi Girona, 29, 08034 Barcelona,
Spain, eloi.ruizgirones@bsc.es, https://www.bsc.es
3
Laboratori de Càlcul Numèric (LaCàN), Universitat Politècnica de Catalunya, Jordi Girona, 1-3,
08034 Barcelona, Spain, jose.sarrate@upc.edu, https://www.lacan.upc.edu/user/jose.sarrate/

Key Words: Two-phase flow; HDG method; full-implicit RK schemes; shock capturing.
In this work, we focus on the water-flooding technique for oil recovery that can be modelled
with immiscible and incompressible two-phase flow in porous media [1]. It consists of injecting
water into the porous media to mobilize the oil towards the producer wells. The governing
equations form a coupled, non-linear system of transient PDE’s that are obtained after
combining, for each phase, the mass balance equation and Darcy’s law. To solve them, we
propose to combine a high-order hybridizable discontinuous (HDG) discretization in space [2],
with a high-order full implicit Runge-Kutta scheme to perform the time integration [3]. In
addition, we use a shock sensor to detect the smoothness of the numerical solution. Using the
shock sensor, we compute the amount of artificial viscosity that has to be introduced in order
to reduce the spurious oscillations near the waterfront [4].
Our approach has several advantages. First, HDG method can be applied to unstructured
meshes, is conservative at the element level, has fewer degrees of freedom than other
discontinuous Galerkin methods, provides a built-in stabilization formulation, and if the error
of the temporal discretization is low enough, the pressure and the velocity converge with P+1
in L2-norm, being P the polynomial degree [2]. This allows us using large elements and reduce
the number of unknowns without penalizing the accuracy of the numerical solution. Second,
high-order full implicit Runge-Kutta schemes are unconditionally stable and allow using large
time steps [3]. Third, the shock sensor allows introducing the right amount of artificial viscosity
to reduce the spurious oscillations at the waterfront [4]. Finally, to illustrate the capabilities of
our approach we will present several examples dealing with homogeneous and heterogeneous
materials.
REFERENCES
[1] Z. Chen, G. Huan and Y. Ma, Computational methods for multiphase flows in porous

media, Siam, Vol. II, 2006.

[2] N.C. Nguyen, J. Peraire and B. Cockburn, An implicit high-order hybridizable

discontinuous Galerkin method for nonlinear convection- diffusion equations, J. Comput.
Phys. 228 (2009), no. 23, pp. 8841–8855.
[3] J.C. Butcher, Numerical methods for ordinary differential equations. John Wiley & Sons,
2016.
[4] P.O. Persson, J. Peraire, Sub-cell shock capturing for discontinuous Galerkin methods, 44th
AIAA Aerospace Sciences Meeting and Exhibit, pp. 112, 2006.
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This talk introduces a high-order hybridisable discontinuous Galerkin (HDG) formulation [3] of the
HLL [2] and HLLEM [1] Riemann solvers for compressible ﬂows. In recent developments, a uniﬁed
framework for the derivation of Riemann solvers in hybridised formulations, including the aforementioned HLL and HLLEM Riemann solvers as well as the traditional Lax-Friedrichs and Roe solvers, has
been proposed [4]. The resulting high-order HDG method with HLL-type Riemann solvers is evaluated
through a set of numerical simulations of viscous and inviscid compressible ﬂows. HLL-type Riemann
solvers demonstrate their superiority with respect to Roe in supersonic cases due to their positivity preserving properties. In addition, HLLEM outstands in the approximation of boundary layers because of
its shear preservation, which confers it an increased accuracy with respect to HLL and Lax-Friedrichs.

(a) Supersonic ﬂow over a NACA 0012 aerofoil

(b) Supersonic ﬂow over a compression corner

Figure 1: Mach number distribution computed using (a) an HLL and (b) and HLLEM Riemann solver with highorder polynomial degree of approximation (k = 4 and k = 3, respectively).

REFERENCES
[1] Einfeldt, B., Munz, C.D., Roe, P.L., Sjögreen, B. On Godunov-Type Methods near Low Densities. J.
Comput. Phys. (1991) 92:273–295.
[2] Harten, A., Lax, P.D., van Leer, B. On Upstream Differencing and Godunov-Type Schemes for
Hyperbolic Conservation Laws. SIAM Review (1983) 25:35–61.
[3] Peraire, J., Nguyen, N.C., Cockburn, B. A hybridizable Discontinuous Galerkin Method for the
Compressible Euler and Navier-Stokes Equations. AIAA Paper (2010) 363.
[4] Vila-Pérez, J., Giacomini, M., Sevilla, R., Huerta, A. Hybridisable discontinuous Galerkin formulation of compressible ﬂows. (Accepted in Arch. Comput. Methods Eng., 2020) arXiv:2009.06396.
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Hybridized discontinuous Galerkin (HDG) methods are an attractive choice for solving problems in ﬂuid
mechanics; they retain the desirable properties of discontinuous Galerkin methods whilst reducing the
number of globally coupled degrees of freedom. This work investigates an HDG method for solving the
Stokes equations which yields an approximate velocity ﬁeld that is H(div)-conforming, automatically
pointwise divergence free, and for which a priori estimates of the error in the velocity ﬁeld do not
depend on the pressure. The latter property is known as pressure robustness and is highly desirable when
solving incompressible ﬂow problems. Analysis results for some recently developed methods [1] are
restricted to simplex cells and afﬁne geometries. We explore the extension to non-simplex cells and to
curved boundaries. Both issues are important in extending the methods to the Navier–Stokes equations
for application to engineering problems. This is especially the case for representing boundary layers,
where hexahedral cells can be preferable and the accurate representation of curved domains is important.
We present analysis results for hexahedral cells and non-afﬁne geometries, and support these results with
numerical examples. We also present numerical examples where the pressure robustness property is
essential for the computation of accurate results.
REFERENCES
[1] S. Rhebergen, G. N. Wells, An embedded-hybridized discontinuous Galerkin ﬁnite element method
for the Stokes equations, Computer Methods in Applied Mechanics and Engineering 358 (2020),
https://doi.org/10.1016/j.cma.2019.112619
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ABSTRACT
This Mini-Symposium addresses both the fundamental aspects and the practical applications
of Trefftz methods in computational engineering. The general principle of Trefftz methods is
to combine linearly exact solutions of the PDEs, the most used functions being wave-based
functions, polynomials or fundamental solutions. Significant advances have been made
recently, especially about the control of ill-conditioning, the treatment of large systems,
structural dynamics, solving of non-linear problems…
REFERENCES
[1] E. Trefftz. “Ein Gegenstuck zum Ritzschen Verfahren”. In: Proc. 2nd Int. Conf. Appl.

Mech., Zurich, pp. 131–137, (1928).
[2] H. Li, P. Ladevèze and H. Riou. “On wave based weak Trefftz discontinuous
Galerkin approach for medium-frequency heterogeneous Helmholtz problem”, Comp.
Meth. Appl. Mech. Engng. Vol. 328, pp. 201–216, (2018).
[3] J. A. Kołodziej, J. K. Grabski, “Many names of the Trefftz method”, Engng. Anal.
Bnd. Elem., Vol. 96, pp. 169-178, (2018).
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A Localized Collocation Trefftz method for 2D and 3D nonhomogeneous
PDEs
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This paper introduces a localized collocation Trefftz scheme [1] for 2D and 3D
nonhomogeneous PDEs. The proposed LCTM inherits the properties of easy-to-use and
meshless from the collocation Trefftz method (CTM) [2], and mitigates the ill-conditioning
resultant matrix encountered in the CTM. In the LCTM implementation, the directional
Trefftz functions are constructed by using the variable transformation, and then 3D Trefftz
functions can be represented by 2D Trefftz function form, which can avoid the complicated
form in traditional 3D Trefftz functions. Besides, the composite multiple reciprocity method
(CMRM) is introduced to deal with the nonhomogeneous terms in PDEs. Numerical
efficiency and accuracy of the proposed method are first investigated in some benchmark
examples in comparison with collocation Trefftz method, and then the proposed LCTM is
used to large-scale PDE problems. Finally, the proposed LCTM in conjunction with the
truncated singular value decomposition is applied to electromyometrial imaging of uterine
contractions in comparison with the experimental data [3].

REFERENCES
[1] Liu Y C, Fan C M, Yeih W C, Ku C Y, Numerical solutions of two-dimensional Laplace

and biharmonic equations by the localized Trefftz method, Comput. Math. Appl. 2019.
[2] Xi Q, Fu Z J, Rabczuk T. An efficient boundary collocation scheme for transient thermal
analysis in large-size-ratio functionally graded materials under heat source load.
Computational Mechanics, 2019, 64:1221-1235.
[3] Wu W, Wang H, Zhao P, et al. Noninvasive high-resolution electromyometrial imaging
of uterine contractions in a translational sheep model. Science translational medicine,
2019, 11(483): eaau1428.
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CHANGING VARIABLES IN TAYLOR SERIES WITH APPLICATIONS
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Curvilinear Coordinates.
A true integration-free meshless method based on Taylor series named Taylor Meshless Method (TMM)
has been proposed recently to solve linear and nonlinear elliptic Partial Differential Equations. In this
framework, the shape functions are approximated solutions of the PDE and the discretization concerns
only the boundary. With high computational efficiency and exponential convergence, the TMM has been
confirmed to be very robust in linear and nonlinear problems, including large-scale cases.
In this presentation, we discuss algorithms to perform changes of variables in multivariate Taylor series,
as well as applications in the framework of TMM for solving PDEs. There are at least three reasons to be
interested in such changes of variables. First, in problems with boundary layers, the response may vary
strongly close to the boundary so that a natural coordinate system is curvilinear and has the boundary of
the domain as a level-set. A second reason arise from the case of exterior domains, for instance, a coordinate system including the inverse of a redial coordinate should be of interest for boundary value problems
in exterior domains. The possibility of convergence acceleration is a third motivation for changing variables in Taylor series, since a change of variables is a possible way to get improved representations.
Such procedures prove to be efficient for the numerical solution of PDEs, especially to accelerate the
convergence or in the case of exterior domains.
REFERENCES
[1] Zézé, D.S. and Potier-Ferry, M. and Damil, N. A boundary meshless method with shape functions
computed from the PDE. Eng. Anal. Bound. Elem. (2010) 34:747–754.
[2] Brezinski, C. Convergence acceleration during the 20th century. J. Comput. Appl. Math. (2000)
122:1–21.
[3] Yang, J. and Hu, H. and Potier-Ferry, M. Solving large scale problems by Taylor Meshless Method.
Int. J. Numer. Meth. Eng. (2017) 112:103–124.
[4] Yang, J. and Koutsawa, Y. and Potier-Ferry, M. and Hu, H. Changing variables in Taylor series with
applications to PDEs, Eng. Anal. Bound. Elem. (2020) 112:77–86
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Collocation meshless methods are used to solve some elastic and elastic-plastic problems of
mechanics since a few last decades (see, e.g., [1,4]). We continue the research in this area and
subsequently, we propose some numerical method based on the method of fundamental
solutions, the method of particular solutions, the generalized finite difference formulas and
some successive-approximation iteration process [7]. It is applied for solving three example
boundary value problems that describe the stress state in plates subjected to external loads. As
the plastic strains depend on the loading path, the incremental theory of plasticity is considered.
The nonlinear behaviour of the material is characterized by the Chakrabarty model [2].
The method proposed is partly based on the approach proposed in [7] where incremental strain
relations relate the plastic strain increments to the total strains only and the stresses do not
appear there. The right-hand side function of the biharmonic governing equation [5] involves
partial derivatives of the plastic strain increments. We compute values such partial derivatives
with generalized finite differences in each step of the algorithm which significantly improves
the classical approach (see also [4]). The accuracy of the solution obtained was examined based
on the boundary conditions fulfilment. We also examined the agreement of the results obtained
with the ones produced by the finite element method.
REFERENCES
[1] O. Askour, A. Tri, B. Braikat, H. Zahrouni, M. Potier-Ferry, Method of fundamental
solutions and high order algorithm to solve nonlinear elastic problems, Engineering
Analysis with Boundary Elements 89, 25-35, 2018.
[2] J. Chakrabarty, Theory of Plasticity. McGraw-Hill Book Company, 1987.
[3] W. Chen, Z.J. Fu, C.S. Chen, Recent Advances in Radial Basis Function Collocation
Methods. Springer Verlag, 2014.
[4] M.A. Jankowska, J.A. Kolodziej, A study of elastic-plastic deformation in the plate with
the incremental theory and the meshless methods. Journal of Mechanics of Materials and
Structures 11 (1), 41-60, 2016.
[5] A. Karageorghis, G. Fairweather, The method of fundamental solutions for the numerical
solution of the biharmonic equation. Journal of Computational Physics 69, 434-459, 1987.
[6] V.D. Kupradze, M.A. Aleksidze, The method of functional equations for the approximate
solution of certain boundary value problems. USSR Computational Mathematics and
Mathematical Physics 4, 82-126, 1964.
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In the classical direct heat conduction problem, initial and boundary condition are given. In the
backward heat conduction problem (BHCP), the initial condition (for time equal to zero) is
missing. Because of that, any additional information is needed to solve such a problem, e.g.,
the temperature in the whole domain at any other instant (for time greater than zero).
The BHCP is an ill-posed problem and it has been solved by some numerical methods in the
literature, one of which was the method of fundamental solutions (MFS). Mera solved one- and
two-dimensional BHCPs by means of the MFS [1]. The author distributed the source points
along the space domain with negative time coordinate. Tsai et al. used a similar approach [2].
The source points were also located along the space domain and additionally on the boundaries
with some constant time interval. They solved three-dimensional problem. Hon and Li proposed
another method for location of the source points in the MFS for the BHCPs [3]. They located
the sources along the time axis. Similar approach has been demonstrated in the paper written
by Johansson et al. [4].
In this study, application of the MFS for backward heat conduction problem is examined using
different possibilities of the sources placement [5]. The method of distributing the source points
along the space domain, presented in [1,2], is modified by placing the sources not only along
the space domain, but along the extended space domain.
REFERENCES
[1] N.S. Mera, The method of fundamental solutions for the backward heat conduction

problem. Inverse Probl. Sci. En., Vol. 13, pp. 6578, 2005.

[2] C.H. Tsai, D.L. Young, J. Kolibal, Numerical solution of three-dimensional backward heat
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Mass Transf., Vol. 54, pp. 24462458, 2011.
[3] Y.C. Hon, M. Li, A discrepancy principle for the source points location in using the MFS
for solving the BHCP. Int. J. Comput. Meth., Vol. 6, pp. 181197, 2009.
[4] B.T. Johansson, D. Lesnic, T. Reeve, A comparative study on applying the method of
fundamental solutions to the backward heat conduction problem, Math. Comput. Model.,
Vol. 54, pp. 403416, 2011.
[5] J.K. Grabski, On the sources placement in the method of fundamental solutions for timedependent heat conduction problems. Comput. Math. Appl., in press.
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SPACE-TIME TREFFTZ-DG METHOD FOR THE ACOUSTIC WAVE
EQUATION IN INHOMOGENEOUS MEDIA
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We present a space-time Trefftz discontinuous Galerkin (DG) method for approximating the acoustic
wave equation semi-explicitly on tent pitched meshes, as seen in [2, 3]. DG Trefftz methods use discontinuous test and trial functions that solve the wave equation locally. Tent pitched meshes allow us
to solve the equation elementwise, allowing locally optimal advances in time. The method is implemented in the open-source ﬁnite element software NGSolve, solving the space-time elements in parallel,
whenever possible.
Insights into the implementational details are given, highlighting the importance of combining TrefftzDG with tent pitched meshes in order to produce an efﬁcient method. We point out that we can solve the
problem in n + 1 dimensions, n ∈ {1, 2, 3}, without the need for n + 1 dimensional elements, since the
Trefftz method only requires the computation of integrals at interelement boundaries.
For the wave equation with smoothly varying (in space) wave speed, we present newly-designed generalized Trefftz basis functions, that approximately solve the wave equation with varying wave speed (up
to a prescribed order), in the style of [1]. (This part is a collaboration with L.-M. Imbert-Gérard and A.
Moiola.)
REFERENCES
[1] L.-M. Imbert-Gérard, P. Monk, Numerical simulation of wave propagation in inhomogeneous media using Generalized Plane Waves. ESAIM: Math. Mod. Num. Anal., 51, 2015
[2] A. Moiola, I. Perugia, A space-time Trefftz discontinuous Galerkin method for the acoustic wave
equation in ﬁrst-order formulation, Numer. Math., 138(2):389-435, 2018
[3] I. Perugia, J. Schöberl, P. Stocker, C. Wintersteiger, Tent pitching and Trefftz-DG method for the
acoustic wave equation, To appear in Comput. Math. Appl., 2020
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The principle of Trefftz methods is to combine linearly exact solutions of the considered
Partial Differential Equations. Taylor series techniques permit very accurate representations
of smooth functions in large domains. In this talk, we discuss the use of Taylor series to solve
PDEs within a Trefftz framework. First the unknown fields are represented locally by Taylor
series, next the Taylor series of the residual provide equations permitting strong reductions of
the number of unknown coefficients. This reduction of the number of degrees of freedom is
the main advantage of Trefftz methods and it may be very large. In case of nonlinear
equations, the application of a linearization technique like Newton or Newton-Raphson
methods leads to linear PDEs with variable coefficients that have to be solved in terms of
Taylor series.
So the computation of Taylor series (or equivalently the computation of high order
derivatives) is the key point of these procedures and there are well-established methods to
achieve such computations, cf e.g. Rall [1]. In iconic PDEs as Navier-Stokes equations for
fluid flows or Föppl-Von Karman equation for elastic plates, the nonlinearity is limited to
products so that it can be treated only with the help of the basic Leibniz formula for high
order derivatives. The high order derivatives of other functions like ex, sinx, etc, can also be
calculated and it seems that almost all the PDEs of great interest can be solved in this way.
Hence contrarily to most variants of Trefftz methods, the use of Taylor series works well for
any PDEs and can be coupled with the most efficient nonlinear solver based on consistent
tangent matrices.
Many techniques are available for the treatment of boundary and interface conditions. Here
we limit ourselves to a simple least-square collocation procedure that proved to be robust and
that is a true meshless and integration-less technique. The control of ill-conditioning is a
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classic trouble of Trefftz method, but it has been established [2] that this difficulty can be
bypassed with proper domain decompositions. The method works with large degrees (p=10,
p=20…) and many subdomains and permits to solve large scale nonlinear problems [3].
The talk mainly focuses on applications to nonlinear elasticity, to buckling and wrinkling
problems.
REFERENCES
[1] L. B. Rall. Automatic differentiation-technique and applications. Lecture notes in computer
science, Springer, 1981.
[2] J. Yang, H. Hu, Y. Koutsawa, M. Potier-Ferry, Taylor meshless method for solving non-linear
partial differential equations. Journal of Computational Physics, Vol. 348, pp.385-400, 2017.
[3] J. Yang, M. Potier-Ferry, K. Akpama, H. Hu, Y. Koutsawa, H. Tian, D. S. Zézé, Trefftz Methods
and Taylor Series. Archives of Computational Methods in Engineering, in press.
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Radial basis functions (RBFs) are powerful functions which can be utilized for scattered data
interpolation and for the approximate solution of differential equations (see for example [1,2]).
For the solution of differential equations, the Trefftz method [3-8] is a special numerical
technique which utilizes combinations of functions satisfying the governing differential
equations. This includes the use of fundamental solutions [3,4]. In the current study on the
approximate solution of biharmonic problems, special radial basis functions are considered.
Here we want to choose RBFs which satisfy the governing homogeneous differential equation,
and additionally we choose other RBFs for the satisfaction of the inhomogeneous differential
equation. A few polynomial terms (which also satisfy the differential equation) are added to the
RBFs. In a recent paper [5] particular solutions involving [r^(2n)*log(r^2)] have been
discussed. For the case of the biharmonic equation we want to explore some options to utilize
special radial basis functions within the Trefftz method. For several numerical test examples
accurate numerical results have been obtained.
REFERENCES
[1] G. E. Fasshauer. Meshfree Approximation Methods with MATLAB. World Scientific, 2007.
[2] Robert Schaback and Holger Wendland. “Using compactly supported radial basis functions to solve
partial differential equations”. WIT Transactions on Modelling and Simulation, 22:311–324, 1999.
[3] Carlos JS Alves. “On the choice of source points in the method of fundamental solutions”.
Engineering Analysis with Boundary Elements, 33(12):1348–1361, 2009.
[4] Andreas Karageorghis and Graeme Fairweather. “The method of fundamental solutions for the
numerical solution of the biharmonic equation”. Journal of Computational Physics, 69(2):434–459,
1987.
[5] Piltner. “Some remarks on Trefftz type approximations”, Engineering Analysis with Boundary
Elements 101:102-112, 2019
[6] J. A. T. Freitas and V. M. A. Leitao. “A symmetric collocation Trefftz boundary integral
formulation”. Computational Mechanics, 25(6):515–523, 2000.
[7] Carlos M Tiago, Vitor MA Leitao, and Anna Vasarhelyi. “Thin plate bending analysis using an
indirect Trefftz collocation method”. Computer Assisted Mechanics and Engineering Sciences,
8(1):1–16, 2001.
[8] Yang, J., Potier-Ferry, M., Akpama, K. et al.. “Trefftz Methods and Taylor Series”, Arch Computat
Methods Eng (2019).

823

824

MS Organizer(s):
Unstructured
mesh
Nicolas
adaptation:
Barral,from
Hugues
mesh
Digonnet,
generation
Algiane
to applications
Froehly,
Thomas Toulorge and Jeroen Wackers

Unstructured mesh adaptation: from mesh generation to
applications
MS Organizer(s): Nicolas Barral, Hugues Digonnet, Algiane Froehly,
Thomas Toulorge and Jeroen Wackers

825

826

MS413 -Barral,
Nicolas
Unstructured
HuguesMesh
Digonnet,
Adaptation:
AlgianeFrom
Froehly,
Mesh
Thomas
Generation
Toulorge
to Applications
and Jeroen Wackers

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19–24, 2019, Paris, France

UNSTRUCTURED MESH ADAPTATION:
FROM MESH GENERATION TO APPLICATIONS
TRACK NUMBER 200
NICOLAS BARRAL1 , HUGUES DIGONNET2 , ALGIANE FROEHLY3 , THOMAS
TOULORGE4 AND JEROEN WACKERS5
1

Bordeaux INP, IMB & Team CARDAMOM, Inria Bordeaux, France, nicolas.barral@inria.fr
2

ICI, Ecole Centrale de Nantes, France, hugues.digonnet@ec-nantes.fr
3
4

5

Inria Bordeaux, France, algiane.froehly@inria.fr

Cenaero, Gosselies, Belgium, thomas.toulorge@cenaero.be

LHEEA, Ecole Centrale de Nantes/CNRS, France, jeroen.wackers@ec-nantes.fr
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ABSTRACT
Mesh generation and adaptation have long been identified as a bottleneck in a wide variety of applications. The CFD Vision 2030 Study white paper[1] stressed again that they are key development topics
in computational sciences for the next decade. Unstructured (anisotropic) mesh adaptation acts by optimizing both the resolution and the orientation of the elements, which results in a considerable gain in
accuracy and CPU time of the overall simulation. It has already demonstrated its efficiency in addressing
complex multiscale computational problems. In addition, using adaptive meshes allows to target moving boundary problems. However, the process of mesh adaptation is complicated, and involves several
theoretical steps as well as specialized software blocks that need to be linked together.
This mini-symposium proposes to explore recent advances related to the mesh adaptation chain in the
context of complex scientific computations. New developments are particularly expected in mesh adaptivity for high order methods (with potentially curved meshes), for time dependent problems, and in
parallel algorithms. This mini-symposium addresses particularly, but not exclusively, works on adaptive
mesh generation and optimisation algorithms, error estimates, meshes for moving boundary problems
and descriptions of whole adaptive processes. Presentations of challenging applications using adaptive
capabilities are also very welcome, as all new ideas that allow to extend these methods to more complex
applications.
REFERENCES
[1] Slotnick, J., Khodadoust, A., Alonso, J., Darmofal, D., Gropp, W., Lurie, E. and Mavriplis, D. , CFD vision
2030 study: a path to revolutionary computational aerosciences, 2014.
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3D IMAGE SEGMENTATION ASSISTED BY ANISOTROPIC MESH
ADAPTATION
Nicola Ferro#,1 , Francesco Clerici2 , Simona Perotto1 and Stefano Micheletti1
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Key Words: Image Segmentation, A posteriori error estimator, Anisotropic Mesh Adaptation
We propose an anisotropic mesh adaptation procedure to recognize the different portions (namely, the
segments) of a 3D image. This goal is pursued via a variational formulation, based on the Ambrosio
- Tortorelli functional [1]. Such functional consists of three contributions depending on two variables,
namely an approximation of the image, u, and an indicator of the boundaries, v. The first term of the
functional guarantees the fidelity of the approximate field u to the original image to be segmented; the
second term takes into consideration the gradient of u to recognize abrupt changes in correspondence
of the contours of the image; the last contribution is a phase-field term depending on v, representing
the measure of the interfaces between the image segments. Eventually, the minimization of the Ambrosio - Tortorelli functional results in the identification of the different regions of the image and of the
corresponding boundaries.
The numerical discretization of the minimization problem is tackled via linear finite elements, enriched
with an anisotropic mesh adaptation strategy. To this end, an a posteriori error estimator is derived to
control the derivative of the error functional. It can be checked that the proposed estimator turns out to
be remarkably concentrated along the contours to be segmented. This allows us to sharply identify the
portions of interest in the image with a limited number of mesh elements [2].
In this presentation, the variational framework for the image segmentation will be first introduced together with the discrete counterpart and the mesh adaptation strategy. Finally, some numerical results,
based on medical data derived from 3D CT scan, will be shown, highlighting the benefits of the whole
pipeline, involving adaptive segmentation, geometry extraction and 3D printing of the obtained configurations.
REFERENCES
[1] Ambrosio, L., Tortorelli, V.M., Approximation of functional depending on jumps by elliptic functional via Γ−convergence. Comm. Pure Math. Appl. 43, 999-1036 (1990)
[2] Clerici, F., Adaptive algorithms for image segmentation and reconstruction with application to 3D
biomedical datasets. Master’s thesis, Politecnico di Milano
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ADAPTIVE COMPUTATIONAL PLASTICITY WITH A COMPOSITE
TETRAHEDRAL ELEMENT
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Rapid computational solutions for design processes are often hindered by the time required for domain
discretization. Workflows with tetrahedral finite elements have the potential to drastically reduce time to
solution for computational solid mechanics simulations. A recently developed, higher-order composite
tetrahedral element [1] has demonstrated remarkable promise in the space of computational plasticity.
As analyses become increasingly larger and more complex, the need to remain computationally efficient
while acheiving acceptable levels of solution accuracy is of paramount importance. To this end, in-core
error estimation and mesh adaptation [2] can be utilized. Traditionally, mesh adaptation (as a sequence
of edge splits, swaps, and collapses) has been performed with low-order tetrahedral elements. In this
talk, we will discuss ongoing work to apply these adaptation procedures to the previously mentioned 10noded composite tetrahedral element in the application space of inelastic bodies subjected to dynamic
loadings. We will present comparative results with and without adaptivity, and discuss the solution
transfer techniques utilized.
Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International
Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DENA0003525.
REFERENCES
[1] Ostien, J. T., Foulk, J. W., Mota, A., & Veilleux, M. G. (2016). A 10 - node composite tetrahedral
finite element for solid mechanics. International Journal for Numerical Methods in Engineering,
107(13), 1145-1170.
[2] Ibanez, D. A. (2016). Conformal mesh adaptation on heterogeneous supercomputers (Doctoral dissertation, Rensselaer Polytechnic Institute).
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ADAPTIVE GRID REFINEMENT FOR HYBRID RANS/LES
SIMULATION OF COMPLEX FLOWS
Sajad Mozaffari, Emmanuel Guilmineau, Ginevra Rubino, Michel Visonneau, and
Jeroen Wackers∗
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Key Words: Hybrid RANS/LES, Average-based Adaptation, Refinement Criteria, Vortical Flows
For the simulation of complex realistic flows at high Reynolds numbers, RANS turbulence modelling is
often not accurate enough, while LES is too computationally expensive. Hybrid RANS/LES turbulence
models, which combine both approaches and use each where it is most suitable, can be the right choice
for these cases. However, the behaviour of these models depends strongly on the local grid size. Thus,
the creation of a mesh which resolves all the details of a complex flow with the right resolution is a timeand effort-consuming step. Therefore, adaptive grid refinement, which creates the mesh automatically
by local subdivision of an original grid where the flow requires this, is an attractive alternative. However,
the hybrid turbulence modelling is perturbed by spatial and temporal changes in the mesh size, so mesh
adaptation affects the performance of the turbulence model.
We propose an approach where mesh adaptation is used to minimise the cell size variations which the
flow encounters. This implies the use of an average-based adaptation procedure to create generally static
mesh topologies based on the main flow features [1]. For the averaging approach, refinement criteria
based on the average flow are compared with the average of criteria computed from the instantaneous
flow. Furthermore, the choice of the averaging window is studied by comparing sliding window averaging and averaging over the whole computation time. Finally, the paper discusses the relation between the
averaging window length and the frequencies of the physical phenomena in the flow.
The average-based mesh adaptation is then applied to two challenging flow problems: the DTMB 5512
ship in sideslip conditions, and the flow around a low-aspect-ratio multiple-swept wing fuselage at high
angles of attack. Both cases produce trailing vortices whose inner structure is highly unsteady and
chaotic. Earlier work [2] has shown that the dynamics of this inner structure must be resolved to produce
the right physical behaviour of the vortices, notably the turbulence kinetic energy. The current simulations confirm that this flow behaviour can be simulated on meshes created with adaptive grid refinement.
REFERENCES
[1] Mozaffari, S., Visonneau, M. and Wackers, J. Average-based adaptive grid refinement in Hybrid
LES. Direct and Large-Eddy Simulation XII, Madrid, Spain (2019).
[2] Visonneau, M., Guilmineau, E. and Rubino, G. Computational analysis of the flow around a surface combatant at 10o static drift and dynamic sway. 32nd Symposium on Naval Hydrodynamics,
Hamburg, Germany (2018).
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AN ADAPTIVE ISOGEOMETRIC SHELL ELEMENT FOR THE
MODELLING OF MULTIPLE DELAMINATIONS IN COMPOSITES
Elias I. Börjesson1 , Camiel Adams1,2 , Joris J.C. Remmers2 and Martin Fagerström1
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Having a reliable method to model initiation and propagation of delamination cracks is key for the design
of laminated composite components. At the same time, a composite component is often built up by many
plies. Thus, it is not practical to discretise a numerical model of such a component into separate elements
for each ply, as this would lead to a too high computational cost. Altogether, to have a feasible method
for delamination prediction, adaptivity must be used.
Recently, we have therefore proposed a continuum shell formulation based on isogeometric analysis
(IGA) which adaptively can account for the initiation and growth of a delamination crack [1, 2]. It has
been demonstrated that IGA presents a convenient way to locally (and automatically) refine the resolution
of the model to account for i) material interfaces (with C 0 continuity) and ii) delamination cracks (C −1
continuity).
In the current contribution, we extend the shell formulation to the case of multiple crack initiation and
growth at different interfaces. We also demonstrate that basing the formulation on the concept of isogeometric analysis (and the associated higher-order in-plane continuity) enables an accurate prediction
of the transverse stress components through an element-local post-processing procedure. This is a key
feature in order to effectively detect new locations for delamination initiation.
As a result, the current shell provides a good basis for an accurate but also computationally efficient
prediction of the progressive delamination failure in laminates, without a-priory knowledge of where
delaminations will initiate. Numerical results to be presented will demonstrate that the adaptive modelling framework is computationally efficient and works well, both to predict the full 3D stress states in
multiaxial curved laminates and to capture growth of multiple delaminations.
REFERENCES
[1] Hosseini, S.; Remmers, J.J.C.; Verhoosel, C.V and de Borst, R. Propagation of delamination in
composite materials with isogeometric continuum shell elements. Int. J. Numer. Meth. Engng.
(2015) 102:159—179.
[2] Adams, C; Fagerström, M. and Remmers, J.J.C. Efficient modelling of delamination growth using
adaptive isogeometric continuum shell elements. Comput. Mech. (2019) doi:10.1007/s00466-01901754-8.
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COUPLING FREE FLOW AND POROUS-MEDIUM FLOW:
COMPARISON OF NON-REFINED, GLOBALLY-REFINED AND
LOCALLY-REFINED AXIPARALLEL FREE-FLOW GRIDS
Melanie Lipp1,∗ , Rainer Helmig1 , Kilian Weishaupt1
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The mutual influence of flow and transport in porous media and in adjacent free-flow regions is significant
for a multitude of technical, medical and environmental applications. Due to, for instance, rough surface
geometries (continuum scale) or the existence of separate pores (pore scale), complex flow features build
up locally in the free-flow regime. To sufficiently capture those flow details, they have to be meshed by
fine computational grids.
A high resolution of complex flow features can be achieved by a uniformly-fine, a globally-refined or a
locally-refined grid. Accuracy and computational performance of the respective grids are influenced by
an interplay between aspect ratios of grid cells, local truncation errors, stencil sizes and related sparsematrix patterns. Flow setups, the importance of diffusion compared to advection, and boundaries also
determine whether errors are smallest and largest for global or local refinement or for non-refined grids.
Non-refined, locally-refined (quadtree) [1] and globally-refined staggered grids have been implemented
within the open-source simulator Dumux [2] for the fully-coupled solution of the Navier-Stokes equations
using a finite-volume marker-and-cell scheme on an axiparallel staggered grid, as have been continu-umbased porous-media models and pore-network models coupled to a free flow by a monolithic approach.
First results for a free flow coupled to a flow through a pore-network model indicate that global refinement
may in some cases be preferable to quadtree refinement. This result is coherent with cases presented e.g.
by Vittoz et al. [3] and van der Plas [4], in which the locally-refined finite-volume quadtree staggeredgrid scheme is also not clearly superior to non-refined or globally-refined grids.
Choosing the most efficient method out of non-refined, globally-refined and quadtree staggered grids for
specific setups helps to efficiently simulate free flow coupled to porous-medium flow.
REFERENCES
[1] Lipp, M.; Helmig, R. A locally-refined locally-conservative quadtree finite-volume staggered-grid
scheme. In Lamanna, G. et al. Dropet Interactions and Spray Processes. Springer, Cham. (2020).
[2] Koch, T. et al. Dumux 3–an open-source simulator for solving flow and transport problems in
porous media with a focus on model coupling. Comp. Math. Appl. (2020).
[3] Vittoz, L. et al. A high-order finite volume solver on locally refined cartesian meshes–benchmark
session. Int. Conf. Finite Vol. Complex Appl. Springer (2017) 73–89.
[4] Plas, P. Local grid refinement for free-surface flow simulations. PhD thesis, Groningen (2017).
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FINITE ELEMENT DISCRETIZATION ISSUES
FOR LARGE DEFORMATION CONTACT PROBLEMS
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Contacts are omnipresent in nature and engineering, and have been a subject of intensive
research for centuries [1]. Finite Element treatment of contact problems pose number of
difficulties. The source of these difficulties is mostly related to the fact that the contact interface
and contact state are elements of the solution, thus are not known a’priori and can be also time
dependent. For that reason, FE discretization of contact problems is also in general an element
of the solution. This manifests the most for finite-deformation and finite-sliding multi-body
contact problems, in which non-conforming meshes of both bodies constantly change their
configuration at the contact interface. In addition to that, high gradients are usually expected
near the boundary of the contact interface, which in some cases requires mesh refinements.
In this contribution we present the study of two specific contact problems. They characterize
with relatively simple geometry and material model of the sample (sliding of spherical elastic
cap on flat, see Fig. 1). However, the assumed finite-deformation regime and the complex
contact laws make them difficult to solve and requires intensive local mesh refinements.

(a)

(b)

Fig. 1: (a) Contact gap for the soft elasto-hydrodynamic lubrication problem [2]. (b) Multiple contact
zones (red and blue) for the Tresca contact law [work in preparation].

REFERENCES
[1] A.I. Vakis, et Al., Modeling and simulation in tribology across scales: An overview. Tribology
Interational, 125:169–199, 2018.
[2] S. Stupkiewicz, J. Lengiewicz, P. Sadowski, S. Kucharski, Finite deformation effects in soft
elastohydrodynamic lubrication problems, Tribology International, 93:511-522, 2016.
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FLUID DYNAMICS, OPTIMAL TRANSPORT AND FAST
COMPUTATION OF POWER DIAGRAMS
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As the number of semi-discrete optimal transport applications increases signiﬁcantly, it becomes more
and more important to be able to quickly construct power diagrams, as well as to compute the associated
quantities.
We will illustrate this on an application where we approximate the regular solutions of the incompressible
Euler equations by the solution of ODEs on ﬁnite-dimensional spaces. Our approach combines Arnold’s
interpretation of the solution of the Euler equations for incompressible and inviscid ﬂuids as geodesics
in the space of measure-preserving diffeomorphisms, and an extrinsic approximation of the equations of
geodesics due to Brenier [1].
As with many applications of semi-discrete optimal transport, computations related to power diagrams
take a predominant place in the overall times. We have therefore developed tools and algorithms (inspired
by [2]), allowing us in practice to signiﬁcantly reduce some of the sequential computation times, and
more importantly, to run in parallel with good scaling properties.
This presentation will show the end-to-end approach, from the discretization of equations, to the highperformance calculation of power diagrams and ﬁnal ﬁelds.
REFERENCES
[1] Thomas O. Gallouêt and Quentin Mérigot, R.L. A Lagrangian Scheme a la Brenier for the Incompressible Euler Equations. Foundations of Computational Mathematics, Springer Verlag, In press.
[2] Nicolas Ray, Dmitry Sokolov, Sylvain Lefebvre, Bruno Lévy. Meshless Voronoi on the GPU. ACM
Transactions on Graphics, Association for Computing Machinery, In press.
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Framework for automatic meshing
applied to 2D and 3D Electromagnetic simulations
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simulation.
The aim of the presentation is to introduce a framework that we have set up to generate the meshes used
for 2D and 3D electromagnetic simulations. These simulation codes [1] target the computation of the scattering
of stealth objects covered by several layers of material, hence the need for very accurate solutions. This may
strongly constrain the meshes, both in terms of step sizes and accurate representation of geometries. The goal of
our work is to generate automatically 3D meshes that verify these constrains from 2D meshes when the case of
study is axisymmetric.
Geometries are constructed from 1D-shapes that are represented by a continuous sequence of segments, circular
arcs and splines. Several of these 1D-shapes can be stacked. Specific software has been developed by CEA to
design these shapes and ensure a precise control of the geometric descriptors. 2D and 3D geometries are then
automatically generated based on these shapes. The geometries are adapted for the meshing tool GMSH [2] and
include the meshing rules that are specific to the EM domain. The mesh can be 2D planar, a 3D surface (not
described in this presentation) or 3D volumetric mesh, depending on the targeted simulation code. They are
discretized by triangular or tetrahedral cells.
In the 2D planar case, the simulation is based on finite elements and an optimization is done by integrating into
the mesh an a-priori of the solution: the solution varies faster in the thickness of the material layers rather than in
the longitudinal direction. The use of an anisotropic mesh, with cells of high aspect ratio, allows us to reduce the
number of cells in thin areas of the geometry. To obtain such meshes, quads are generated based on technics
from ruled mesh and then subdivided into triangles. For other areas free meshes are used.
In the 3D volumetric case, it would be possible to apply the exact same strategy. However, the meshing
techniques for ruled meshes are much more complicated to implement in GMSH. The goal is then to use the 2D
mesh and from it, build automatically (by extrusion) a 3D mesh. It is obvious that such a technique would
generate highly degenerated tetrahedrons around the poles, which would be incompatible with the need of high
accuracy. This is why we use a remeshing tool MMG [3] to improve these bad-shaped tetrahedrons
automatically.
Finally a verification tool is used to check the validity of the mesh and the respect of the requirements given by
the simulation on the automatically generated meshes. During our talk, we will present an industrial test case to
provide an insight on how our framework can be used and what benefits can be expected on Electromagnetic
simulations.
REFERENCES

[1] B. Stupfel and M. Chanaud. High-order transmission conditions in a DDM for the time-harmonic
Maxwell’s equations in inhomogeneous media. Journal of Computational Physics, 372, pp. 385–405, 2018
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1309-1331, 2009.
[3] C. Dapogny, C. Dobrzynski and P. Frey. Three-dimensional adaptive domain remeshing, implicit domain
meshing, and applications to free and moving boundary problems. JCP, 262, pp. 358–378. April 1, 2014

835

Ruben Di Battista,
Geometrical
Post-Processing
Pierre Cordesse,
Of Triangulated
Thibault Ménard
Two-Phase
and Flow
Marc Interfaces
Massot To Develop Reduced
Models For Amr Simulations
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

GEOMETRICAL POST-PROCESSING OF TRIANGULATED
TWO-PHASE FLOW INTERFACES TO DEVELOP REDUCED MODELS
FOR AMR SIMULATIONS
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We investigate the dynamics of two-phase flows, that is a physical system where two immiscible fluids
co-exist and interact, while being separated by an infinitely thin interface. Such system commonly appear
when a liquid fuel is injected in a gaseous flow field in propulsive systems for aerospace vehicles or combustion engines for automotive.The surface separating the two phases destabilizes and folds, topological
changes appear eventually generating a polydisperse spray of mainly spherical liquid droplets (disperse
phase) down the injection process. This scenario features fundamentally different length and time scales
that, at the current state of technology, hinder the capacity of performing high fidelity simulations for such
complex cases, even if impressive “DNS” tools have been developed [1]. Thus simplified or reducedorder models have been designed where some scale are not resolved but modeled with the purpose of
still describing disperse two-phase flows [2], while still lacking information about the subscale interface
geometry / topology. Our work is aimed at enriching this reduced models with additional geometrical
details about the interface, like its curvature, that have a direct impact on the prediction capabilities of
the simulation strategy. Hence we perform high-fidelity simulations in simple cases and triangulate the
interface and we estimate the geometrical properties with methods that guarantee the conservation of
some topological invariant [3]. We show how this methodology allows us to select the soundest modeling hypotheses, provide a useful library (Mercur(v)e) to extract interface geometry statistics from
high-fidelity simulations and through an averaging kernel that conserve topological invariants to regularize local zone of the surface that experience high value of curvature due to topological changes driven by
collision or breakups. The resulting geometry analysis can allow for a better forces evaluation at runtime
during a high-fidelity simulations but mainly provides the basis for sub-scale modeling and the resulting
models are resolved in a AMR code named canoP in order to predict the interface dynamics.
References
[1]
[2]
[3]
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GRID GENERATION AND HEAT TRANSFER IN A COMPLEX
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Abstract:
In this work, a grid generation and heat transfer in a complex topology maritime pine tree in
forest fire environments is made. The numerical model of the pine tree thermal behaviour,
nearby a forest fire environment, is developed and applied. The three-dimensional pine tree
numerical model was adapted from the human thermal response numerical model using a new
geometry and changing the water circulation paths and the thermoregulation system.
The pine tree thermal behaviour numerical model is based on energy and water mass balance
integral equations for the tree elements and mass balance integral equations for the water in the
tree elements. The energy balance integral equations considers inside the tree elements the heat
exchange by conduction and the water evaporation by diffusion, while between the external
tree surfaces and the environment the heat exchange by convection and water evaporation by
convection and between the external tree surfaces and the fire front the heat exchanges by
radiation. The water mass balance integral equations considers inside the tree elements the mass
exchange by diffusion, while between the external tree surfaces and the environment the water
mass exchange by convection.
In this work the geometry of a virtual pine maritime pine tree was developed. This geometry,
applying mesh generation, is used to evaluate the view factors, used to calculate the heat
exchanges by radiation, between the virtual pine tree and a fire front.
The virtual pine tree geometry, based in trunks, branches and leaves, developed using a threedimensional tree model, has a height of 7.5 m and is constituted by 8863 cylindrical elements.
Each one is divided also in several concentric layers. The fire front has 10 m long and 3 m high
and the distance between the virtual pine tree geometry and the fire front is 5 m. The virtual
pine tree geometry is divided in four levels. Each level is built with 8 radial trunks, 24 branches
and 2160 radial leaves. Between each level a vertical trunk is considered. In the top of the last
level a vertical branch with 90 radial leaves is considered.
The numerical simulation applied in this study considers the mean fire front temperature of
500ºC, the air temperature of 40ºC, the air velocity of 10 m/s and the air relative humidity
around the pine tree of 50%.
The numerical results of the geometry, mesh generation and the view factors are represented
and calculated. The Mean Radiant Temperature (MRT) and the external surface temperatures,
that each element of the pine tree is subjected, were calculated.
The view factors between the virtual pine tree geometry and the fire front, that each trunk,
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branches and leaves are subjected, are highest in the side of the fire front and decrease from the
first level to the last level. The values of the MRT and surface temperatures of the pine tree are
highest in the side of the fire front and decrease from the first level, located near the ground, to
the last level, corresponding to the top of the pine tree.
REFERENCES
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The aim of mesh adaptation is to generate the an optimal mesh to perform a specific numerical simulation. It is nowadays a mature tool which is mathematically well-posed [3, 4] and fully automatic
regarding tetrahedral meshes. Yet, there is still a strong demand for structured meshes, as many numerical schemes have proven to be more accurate on quadrilateral meshes than triangle meshes, and as
many favor structured elements in the boundary layer instead of tetrahedra to simulate viscous turbulent
flows. Since no method can automatically provide pure hexahedral adapted meshes respecting alignment
constraints, one solution is to use hybrid meshes, i.e. meshes containing both structured and unstructured
elements. Accordingly, the following work focuses on hybrid metric-based mesh adaptation and CFD
simulation on such meshes. Regarding hybrid mesh generation, the method relies on a preliminary mesh
obtained through so-called metric-aligned and metric-orthogonal approaches [2, 1]. These approaches
utilize the directional information held by a prescribed metric-field to generate right angled elements,
that can be combined into structured elements to form a hybrid mesh. The result highly depends on the
quality of the metric field. Thus, emphasis is put on the size gradation control [5] performed beforehand.
This process is re-designed to favor metric-orthogonal meshes. To validate the method, some CFD simulations are performed. The modifications brought to the existing Finite Volume solver to enable such
computations are detailed in this paper.
REFERENCES
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CFD is still strongly depending on the construction of meshes. Moreover, the flow equations
are containing different scales filtered by the local mesh size, adding difficulties to tailor
accurately the mesh a priori. For complex flow situation as liquid gas or fluid structure
interaction involving discontinuity in the primal variables the sensitivity to the mesh can
become a bottleneck. Mesh adaptation is a way of to simplify both the initial mesh
construction, as the a posteriori dependency of solution to the mesh. In order to simplify CFD
simulation, in particular for multiphase flows, we present here a general approach that
combines immersed method and anisotropic mesh adaptation with an original error estimate
technique in view to hide completely the mesh construction and adaptation.

First we go back to the technique introduced in [5] to calculate a unit continuous metric field
associated with a certain class of meshes and we will show that the metric defines automatically a
recovery operator. By using differential geometry arguments, it is immediate to retrieve the
interpolation error and also to elaborate directional approximation error estimates and the associated
metric. We will focus on the numerical calculation of the incompressible Navier-Stokes equation by
using a mixed velocity pressure formulation with equal order finite elements; The stabilisation theory
gives rise to a unique framework to fulfil both the infsup condition and the control of the convective
term. In brief, we move to a consistent Petrov-Galerkin formulation in which the stabilisation
parameter will depend on a local mesh size, h. In fact, and it is one of the main statement of this
presentation, by duality (looking at the adjoint problem) h must be defined as the square root of the
trace of a metric, which is clearly dominated by the smallest height of elements and this opens clearly
the door to anisotropic meshing. Indeed, the added artificial diffusion is controlled by the smallest
width of the element and consequently at the least possible level. This leads to the convergence of the
residual based stabilisation method to the anisotropic a posteriori approximation error estimation.
The last point is to embed the geometrical constraints in the metric construction at the optimal. The
idea, here is to use the immersed methodology to account for inner interfaces by using an implicit
volume field. The parameter jumps are averaged by the Heaviside associated field [2], which
integration error will contribute directly to the approximation error, By fixing a priori a thickness, it is
expected that the adaptation process will provide the right number of element to achieve the best
possible accuracy. We will show the possibilities of this approach by several application examples.
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Prediction of fracture is important as fractures often determine the failure mechanism for a
structure. In Material Point Method (MPM), research has been concentrated on simulations of
various fracture mechanisms such as displacement field discontinuity [1], crack propagation
[2], and crack process zone [3] [4]. However, the research related to the crack modelling in
MPM has largely been focused on single crack propagation. In this paper, a method for handling
crack initiation and multiple crack propagations is introduced. Discontinuity in the
displacement field due to arbitrary number of crack paths is simulated by introducing additional
background grids while keeping additional computational cost at reasonable level. Rankine
criterion determines crack initiation, propagation, and their directions. Two test cases are
simulated to verify the proposed model: stretching ring with initial cracks on the outer surface,
and multiple cracks in a plate under bi-axial tension. The first case shows the capability of MPM
for simulating large crack openings. The model also manages to qualitatively replicate the crack
propagation pattern for the second case compared to that in the literature [5].
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Earthquake-tsunamis pose serious hazards to coastal settlements and infrastructure in
tectonically active areas of the world, such as Japan. The 2011 Tōhoku tsunami was
particularly devastating, causing almost 20,000 deaths and contributing to the meltdown of
Daiichi nuclear power plant. It would be highly beneficial to be able to predict how badly a
tsunami resulting from an earthquake with a given magnitude and location will affect upon
particular coastal city.
The tsunami propagation modelling problem is particularly well suited to the goal-oriented
framework. That is, there exists a diagnostic quantity of interest (QoI) - the inundation of a
particular city - which is of greater importance than the solution of the propagation model. By
approximating the tsunami propagation using the shallow water equations and forming an
appropriate adjoint model based on this QoI, we are able to perform goal-oriented error
estimation. Goal-oriented error estimators can be used to guide a mesh adaptation algorithm
to provide a sequence of meshes, upon which accurate approximations of the coastal
inundation may be obtained, using relatively few computational resources.
We present a goal-oriented mesh adaptation framework based upon the Thetis coastal ocean
model [1]. Whilst goal-oriented mesh adaptation has been successfully applied to timeindependent problems in multiple formulations (such as [2]), effectively applying it to the
time-dependent case remains an open problem. In this work, we present one implementation,
benchmarked against solutions on increasingly refined uniform meshes and including
validation against tide gauge data.
REFERENCES
[1] Kärnä, T., Kramer, S. C., Mitchell, L., Ham, D. A., Piggott, M. D., and Baptista, A. M.:
Thetis coastal ocean model: discontinuous Galerkin discretization for the threedimensional hydrostatic equations,
Geosci. Model Dev., 11:4359–4382,
https://doi.org/10.5194/gmd-11-4359-2018, 2018.
[2] J. Carpio, J.L. Prieto, and R. Bermejo. Anisotropic “goal-oriented” mesh adaptivity for
elliptic problems, SIAM Journal on Scientific Computing 35.2 (2013): A861-A885.

842

Optimization-Based
Mike
Stees and Suzanne
Approaches
M. Shontz
for High-Order Mesh Generation

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

OPTIMIZATION-BASED APPROACHES FOR HIGH-ORDER MESH
GENERATION
Mike Stees1 and Suzanne M. Shontz2∗
1

Department of Electrical Engineering and Computer Science, Information and Telecommunication
Technoogy Center, University of Kansas, Lawrence, Kansas, U.S.A., mstees@ku.edu
2
Department of Electrical Engineering and Computer Science, Bioengineering Program, Information
and Telecommunication Technology Center, University of Kansas, Lawrence, Kansas, U.S.A.,
shontz@ku.edu and http://people.eecs.ku.edu/˜shontz
Key Words: High-order Mesh Generation, Curvilinear Meshes, Tetrahedral Meshes, Numerical Optimization
In this talk, we present two a priori approaches which we have developed for generation of high-order,
curvilinear tetrahedral meshes [1, 2]. The methods deform an enriched low-order tetrahedral mesh into
a high-order, curvilinear tetrahedral mesh based on the use of numerical optimization.
Our approaches consist of the following three steps. First, high-order nodes are added to the initial loworder mesh. Second, the newly added boundary nodes are moved to align with the curved boundaries.
Third, a global linear system is computed which specifies the representation of the initial mesh. In particular, each interior node is represented as a specific linear combination (either a convex or an affine one)
of its neighboring nodes. Numerical optimization methods (i.e., either Newton’s method with inequality constraints or the infeasible start Newton method (for the convex combinations) and a reduced QR
factorization method (for the affine combinations)) are used to determine the optimal weights specifying
the linear combination. The last step is to determine the final positions for the interior nodes based on
the optimal weights in the global linear system and the boundary deformation.
We discuss the various numerical properties of our methods, such as the feasibility/infeasibility of the
starting point (where relevant), the matrix sparsity patterns and conditioning, and their scaling.
We show several examples of curvilinear high-order triangular and tetrahedral meshes of various orders
generated using our methods. In addition, we present statistics on the mesh quality. We also specify the
runtimes of the methods.
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We present a parallel unstructured mesh adaptation algorithm based on iterative remeshing and mesh
repartitioning. The algorithm rests on a two-level parallelization scheme allowing to tweak the mesh
group size for remeshing, and on a mesh repartitioning scheme based on interface displacement by front
advancement. The numerical procedure is implemented in the open source ParMmg software package.
It enables the reuse of existing sequential remeshing libraries, a non-intrusive linkage with third-party
solvers, and a tunable exploitation of distributed parallel environments. We show the efficiency of the
approach by comparing interface displacement repartitioning with graph-based repartitioning, and by
showing isotropic weak-scaling tests and preliminary anisotropic tests.
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Under hypersonic conditions, the fluid flow characteristics will become very complicated. In
this condition, it will be a challenging task to obtain the aerodynamic and aerothermal
parameters of the aircraft by numerical simulation. Besides more advanced numerical method,
efficient and accurate modeling and meshing generation techniques are also necessary
prerequisites. Modeling and mesh generation are the basis of the implementation of
computational mechanics. However, traditional modeling and mesh generation techniques can’t
meet the needs of hypersonic development and application in accuracy and generality.
In this paper, combining existing modeling and meshing techniques, a new rapid modeling and
mesh generation software package is developed based on ACIS kernel and hybrid method of
advancing-front and Delaunay. [1] In addition to the tetrahedral mesh generated by the hybrid
method, linear meshes contains hexahedral mesh and prism mesh. Hybrid mesh and boundary
layer mesh are also implemented. Based on the linear meshes, curved meshes is further
introduced to software package to improve the mesh quality and make the software package
more diversified. Curved mesh is based on the RBF method. Radial basis functions (RBFs)
calculates the deformation of the mesh node in the domain by interpolation calculation. The
number of equations solved by the RBF method is only related to the number of mesh points
on the surface and the calculation cost is much smaller than other method. RBF method can be
directly applied to the mesh generation in complex three-dimensional case. Software package
based on the above technology can generate high quality mesh for numerical calculation, and
some examples are shown in Fig 1.

Fig. 1. Mesh example

This software package has been applied to hypersonic and supersonic numerical calculations in
our laboratory. Applications in fluid-solid coupling and multi-physical fields are being further
expanded.Rapid modeling, curved mesh, hybrid mesh and boundary layer mesh generation
function enable this software package to have widely application and broader prospect.
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Mesh adaptation and remeshing are bottlenecks in a wide variety of applications in computational mechanics such as crack propagation, CFD computations, moving boundary problems, time-dependent simulations. This talk focuses on adaptative remeshing practices in the particular context of level-sets-based
shape and topology optimization in structural mechanics. The classical level-set formulation, based on
the iterative advection of an implicit function along a shape derivative, can be coupled with remeshing
techniques in order to generate at each step an explicit body-fitted mesh of the mechanical part [1]. The
interest of this procedure relies on the non-intrusiveness and the efficiency of the underlying finite element analysis, which is crucial when computationally demanding industrial applications are targeted.
The body-fitted mesh generation is achieved by a two-step procedure, combining the reconstruction of
a surface triangulation of the moving interface with a metric-based mesh adaptation strategy [2]. The
underlying discrete metric incorporates geometrical information, such as the accurate capture of the interface, as well as a refinement criterion derived from the Hessian of the solution of the underlying finite
element problem. The latter is used for maintaining the mesh quality as well as the accuracy of the
calculation. The main novelty consists in the sequential coupling of topology optimization, driven by
body-fitted remeshing, with geometrical optimization, based on the deformation of the interface along
the shape derivative while keeping a fixed topology. The latter procedure is performed using an elasticitybased Lagrangian mesh deformation strategy which leaves the mesh connectivity unchanged. The adaptative remeshing is performed in the framework of the open source software Mmg [3]. The capabilities
of the overall procedure will be exposed trough academic and industrial applications.
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To understand the behaviour of natural resources, we run multiphasic multifluid (water, oil,
gas) simulations in the subsurface, ie porous media. Different levels of complexity are
addressed during these simulations. On the one hand, geological structures, such as
discontinuities or rock physical properties variations, must be represented at different scales
(from m to km). On the other hand, the integration of wells into the model is mandatory (at the
meter scale). The industry standard is currently to use structured hexahedral grids, that do not
have the flexibility to represent faithfully the geometry of the reservoir. For the last decades,
significant efforts have been made to develop grids that better account for the geological
structural 3D features and complex well patterns in reservoir models, such as Voronoi grids [1].
However, even if several small or/and theoretical studies have been conducted [2], only few
complete industrial studies have been done with these technologies [3].
The use of unstructured grids, such as Voronoi grids, calls indeed for several adaptations both
in theory and in practice. One key point is the computation of the transmissibilities between
cells and well connection factors, with discretization schemes adapted to unstructured grids [4].
In this presentation we present the workflow that has been developed to run a flow simulation
on a real case study, a reservoir in which more than 200 radially disposed horizontal wells have
been drilled. The simulation is run on a 2.5D polyhedral Voronoi grid. We address key points
for the adaption of the classical structured workflow, especially when transferring the grid
characteristics to the simulator, and the computation of the transmissibilities. The obtained
results are compared with the results of simulations with those obtained on a conventional
structured grid. They show a significant gain in computation costs, while the simulation results
are preserved.
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[4] P. Samier and R. Masson, Implementation of a Vertex-Centered Method Inside an
Industrial Reservoir Simulator: Practical Issues and Comprehensive Comparison with
Corner-Point Grids and Perpendicular-Bisector-Grid Models on a Field Case. SPE Journal,
Vol. 22(02), pp. 660-678, 2017.
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TAILOR-MADE 4D MESHES FOR COMPRESSIBLE FLOW
SIMULATIONS
Max von Danwitz∗,1 , Igor Voulis2 , Norbert Hosters1 and Marek Behr1
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Flow simulations of engineering applications require the solution of time-dependent partial differential equations (PDEs) on 3D spatial domains. When taking a uniform view on space and
time, the problem can be reformulated as space-time problem with a 4D computational domain.
An unstructured finite element discretization of the 4D domain facilitates local refinement not
only in space, but also in time.
In this contribution, we propose a simplex meshing algorithm which combines the extrusion
based meshing strategy of Behr [1] with an elastic mesh update method. The resulting method
allows to adjusts the mesh to observed flow conditions [3] and can additionally handle spatial
domains that change topology over time.
Numerical solutions on the generated simplex meshes are sought with space-time finite elements.
To demonstrate the solid foundation of the finite element method, it is first applied to the
heat equation. Based on analytical solutions, the numerically observed convergence orders are
compared against theoretical results [2].
REFERENCES
[1] M. Behr, “Simplex space-time meshes in finite element simulations”, International Journal
for Numerical Methods in Fluids, 57 (2008) 1421–1434.
[2] I. Voulis and A. Reusken, “Discontinuous Galerkin time discretization methods for parabolic
problems with linear constraints” Journal of Numerical Mathematics, 27:3 (2019) 155–182.
[3] V. Karyofylli, L. Wendling, M. Make, N. Hosters, and M. Behr, “Simplex space-time meshes
in thermally coupled two-phase flow simulations of mold filling”, Computers & Fluids,
192 (2019) Article 104261.
[4] M. von Danwitz, V. Karyofylli, N. Hosters, and M. Behr, “Simplex space-time meshes in
compressible flow simulations”, International Journal for Numerical Methods in Fluids,
91 (2019) 29–48.
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UNSTRUCTURED MESH ADAPTATION FOR MOVING BODIES
IN IMMERESED BOUNDARY METHODS
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Natalia Zhdanova1
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Nowadays the simulation of turbulent flows near moving bodies of different shapes presents a
high interest, and methods for solving such problems are rapidly developing. In this work we
consider a technique based on a combination of the immersed boundary method (IBM) with
dynamic mesh adaptation of unstructured meshes to simulate problems of fluid-structure
interaction. The IBM [2] allows us to deal with simply connected computational domains, while
the solid objects are modeled by adding the extra source terms in the governing gasdynamic
equations. The body shape and location are defined by interpolation grid which moves with the
body and carries the distance function values and its gradients.
The mesh resolution near the boundary of the "immersed" body is controlled by a specific
method of dynamic unstructured mesh adaptation. This method uses the variational approach
[1]. It moves the mesh vertices without changing the mesh topology, which allows easily using
the mesh decomposition for parallel implementation. The paper presents the techniques to
achieve an appropriate mesh refinement to the bodies with nonsmooth or highly curved
boundary surfaces. The algorithm allows a smart distribution of anisotropic cells using
additional information about body shape features.
The efficiency of the developed method is demonstrated by simulating the model problems in
the two- and three-dimensional formulations. We simulate the 2D turbulent flow near the
rotating projection of the propeller APC Slow Flyer 10x4.7 [3]. In three-dimensional case the
flow near moving ellipsoid is computed.
The method is implemented in the vertex-centered finite-volume in-house code NOISEtte,
which is being developed at KIAM for solving unsteady aerodynamic and aeroacoustic
problems. The work was supported by Russian Science Foundation (Project 20-41-09018).
REFERENCES
[1] Garanzha, V., Kudryavtseva, L. (2018) “Hypoelastic Stabilization of Variational

Algorithm for Construction of Moving Deforming Meshes.” In: Evtushenko Y., Jacimovic
M., Khachay M., Kochetov Y., Malkova V., Posypkin M. (eds) Optimization and
Applications. OPTIMA 2018.Communications in Computer and Information Science 974:
497–511
[2] Angot, Ph., Bruneau, C.-H., Fabrie, P. (1999) “A penalization method to take into account
obstacles in incompressible viscous flows.” Numer. Math. 81(4): 497–520.
[3] J. B. Brandt. (2005) “Small-scale propeller performance at low speeds”. Master thesis,
University of Illinois at Urbana-Champaign.
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ABSTRACT
Computational Mechanics has many applications in science and engineering. Its range of
application has been enlarged widely in the last decades. Still new developments are
necessary in order to treat specific problems in an efficient and robust way. A new
discretization scheme, the virtual element method (VEM) has been introduced in the last five
years. This new method is the focus in this mini-symposium. The virtual element method is a
competitive discretization scheme for meshes with highly irregular shaped elements and
arbitrary number of nodes. VEM can use convex and non-convex polygons/polyhedra to mesh
both two and three-dimensional solids. Despite being only 5 years under development the
application range in engineering of VEM has been enlarged such that it includes large strain
formulations for hyperelastic and elasto-plastic responses as well as contact and fracture
mechanics.
This mini-symposium provides a forum for the discussion and exchange of ideas related to
new developments and applications of the virtual element method in engineering. Special
focus lies on the numerical treatment and model development in coupled applications like
thermo-mechanics and phase field methods but also in the use of VEM in multi-scale
approaches, contact mechanics and higher order methods.
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A COUPLED VEM-BEM APPROACH FOR COMPUTATIONAL
HOMOGENIZATION OF HETEROGENEOUS MATERIALS
Marco Lo Cascio*1 , Alberto Milazzo2 and Ivano Bendetti3
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The Boundary Element Method (BEM) [1] is well established as an accurate and powerful numerical
technique in continuum mechanics. Due to its intrinsic feature of reducing the dimensionality of the
problem, which allows reducing the modelling effort without compromising on the solution accuracy, the
BEM has been successfully employed for the computational homogenization of materials with complex
morphologies [2].
The Virtual Element Method (VEM) [3] has recently emerged as a powerful and robust technique, capable of handling very general polygonal/polyhedral mesh elements. Such property is of interest in the
treatment of problems whose analysis domain presents complex geometric features, as it simplifies the
data preparation stage of the analysis [4].
In this work, we use a coupled VEM-BEM approach for computational homogenization of heterogeneous materials whose microstructure is characterized by inclusions of irregular shapes embedded in a
surrounding matrix.
REFERENCES
[1] Banerjee, P.K., and Butterfield, R. (1981). Boundary element methods in engineering science.
McGraw-Hill, (1981).
[2] Benedetti, I., Aliabadi, M.H. A three-dimensional grain boundary formulation for microstructural
modelling of polycrystalline materials. Comput. Mater. Sci. (2013), 67:249-260.
[3] Beirão da Veiga, L., Brezzi F., Cangiani, A., Manzini, G., Marini, L.D., Russo, A. Basic principles of virtual element methods. Mathematical Models and Methods in Applied Sciences (2013)
23(01):199-21.
[4] Lo Cascio, M., Milazzo, A., Benedetti, I. Virtual element method for computational homogenization of composite and heterogeneous materials. Compos. Struct. (2020), 232:111523.
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A recent development in the context of alternative finite elements is the virtual element (VEM) in which
arbitrary polygonal or polyhedral elements are permitted. This work considers a novel approach to the
stabilization term and its application to plane, isotropic and anisotropic, hyperelasticity problems.
The VEM can be characterized by the splitting of the displacement field u into a consistent part, defined
in terms of a projection Πu, which represents the average gradient of u on an element, and a stabilization
part that approximates the difference ∇u − Πu. We formulate the VEM from a minimization of total
potential energy in which the internal work contribution is given by Uint ≈ Ψ(Πu) + Ψ̂(∇u) − Ψ̂(Πu)
where Ψ is strain energy function and Ψ̂ is the stabilization strain energy function expressed in terms
of modified Lamé parameters µ̂ and λ̂. As in [1] we choose a neo-Hookean form for Ψ̂, however, we
employ a novel approach to the determination of µ̂ and λ such that the stabilization is suitable for a
range of material models. We pay specific attention to the neo-Hookean, Mooney-Rivlin, Ogden and
transversely isotropic (TI) material models. The VEM is seen to exhibit locking-free behaviour in the
nearly incompressible, and in the case of TI materials nearly inextensible, limits.
Figure 1 shows the deformed configuration of the popular punch problem for a compressible neoHookean material with a mesh comprising concave interlocking elements. Figure 2 shows the H1 error vs element size for the punch problem for the considered isotropic models with compressible and
nearly-incompressible properties.
Figure 2
Figure 1

The VEM shows robust behaviour even under severe deformations with highly concave elements. Furthermore, we note near optimal convergence rates for the various material models, thus demonstrating
the volumetric and extensional locking-free behaviour of the VEM.
REFERENCES
[1] Wriggers, P., Reddy, B., D. Rust, W., and Hudobivnik, B. Efficient virtual element formulations for
compressible and incompressible finite deformations. Comp. Mech (2017) 60 (2):253–268.
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This work employs the Virtual Element Method (VEM) to solve for displacement field in 2D
elasticity models and, next, obtain the stress field. The scenario of interest is the contact between
wheel and rail bodies, in the context of train operations.
The contact in wheel-rail interface is a complex phenomenon. It depends on various factors
such as: normal/tangential load distributions, track geometry and geometric profiles of both
wheel and rail; the latter varying along time due to the wear and damage. Understanding the
stress field due to contact is fundamental for predicting patterns of wear and damage, and also
to design better maintenance procedures to extend the life of both elements.
Usual pointwise-based approaches with the Finite Element Method enforce the contact
constraint with penalty or discrete Lagrange multipliers using a node-to-segment contact
algorithm. These lead to considerable fluctuations in the stresses because of discretization error.
The literature presents more elaborated approaches such as mortar methods, which work as
contact contribution in an integral sense and require careful choice of interpolating functions
for the Lagrange multiplier field. Another novel approach is the taking advantage of VEM
versatility for contact purposes and enabling a node-to-node algorithm, as presented by
Wriggers, Rust and Reddy [1]. The simplicity of this method showed to perform with negligible
discretization fluctuations in the results of stress fields.
Present work will validate a implementation of the node-to-segment algorithm using the VEM
for domain discretization, by approximating a nonconformal contact problem and comparing
the results to those obtained from Hertz’s theory as well as a patch test for conformal contact.
Furthermore a more complex example in the scenario of wheel-rail contact is presented,
comparing the pressure distributions to those obtained from superimposed Hertz’s
approximations.
REFERENCES
[1]

P. Wriggers, W. T. Rust, and B. D. Reddy, “A virtual element method for contact,” Comput.
Mech., vol. 58, no. 6, pp. 1039–1050, 2016.
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During forming processes the residual deformations in structures, which made out of metallic materials,
imply an elasto-plastic behavior. The plasticity of such processes occurs at the grain level, in particular
at the crystal lattice of a unit cell [1]. Once a specific threshold is reached, dislocations start to move
and accumulate. In an elasto-plastic framework, this effects can be accounted in a homogenized way
by the utilization of viscous regularization techniques and phenomenological evolution equations for the
plastic shears. Due to complex geometries of grains the recent developed virtual element method (VEM),
which can discretize arbitrary shaped polyhedra, is an accurate option to account for a construction
of a micro-structure. As outlined in [2, 3, 4], VEM shows efficiency and robustness in various fields
of engineering in both, 2D and 3D settings. By thinking of a multiscale coupling, VEM could either
reduce the computational costs or account for larger number of grains for the same amount compared to
FEM. The purpose of this work is to show the effectiveness of VEM in a multi-surface plasticity regime
considering complex geometries within a micro-structure. The numerical examples proposed in this work
stem out from the DFG Collaborative Research Centre CRC 1153 ”Process chain for the production
of hybrid high-performance components through tailored forming”, project number 252662854. The
authors acknowledge the support of the ECCOMAS Committee in terms of the ECCOMAS Scholarship
for participation at the 14th WCCM–ECCOMAS virtual congress.
REFERENCES
[1] Zeller, S., Baldrich, M., Gerstein, G., Nürnberger, F., Löhnert, S., Maier, H.J. & Wriggers, P.:
Material models for the thermoplastic material behaviour of a dual-phase steel on a microscopic
and a macroscopic length scale. J. Mech. Phys. Solids, 129, 205–228, 2019.
[2] Aldakheel, F., Hudobivnik, B., Hussein, A. & Wriggers, P., Phase-field modeling of brittle fracture
using an efficient virtual element scheme. Comput. Methods Appl. Mech. Engrg. (2018) 341:443446
[3] Aldakheel, F., Hudobivnik B. & Wriggers, P.: Virtual elements for finite thermo-plasticity problems. Comput. Mech., 64 (5), 1347-1360, 2019.
[4] Aldakheel, F., Hudobivnik, B. & Wriggers, P., Virtual element formulation for phase-field modeling
of ductile fracture. Int. J. Multiscale Com. (2019) 17(2):181-200
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An efficient low order virtual element method (VEM) for three dimensional modeling of elastodynamic
solids at finite strains is outlined within this work. The virtual element method allows the usage of nonconvex shaped elements, where the degree of freedoms are known only on the boundary see [1]. It has
been applied to various engineering problems in elasticity and other areas, such as plasticity, fracture
mechanics and contact mechanics, as outlined in [2, 3, 4, 5]. This work focuses on the extension of
VEM to dynamic problems computing the mass-matrix in a proper way. Different methods to compute
the mass-matrix are presented. The formulations considered in this work are based on minimization of
energy, where a pseudo potential is used for the dynamic behaviour. While the stiffness-matrix needs a
suitable stabilization, the mass-matrix can be calculated fully through the projection part. The performance of the formulation is underlined by means of representative examples. For comparison purposes,
results of different finite element discretization schemes (FEM) are also demonstrated.
REFERENCES
[1] P. Wriggers, F. Aldakheel, B. Hudobivnik. Application of the Virtual Element Method in Mechanics.
Gamm Rundbrief, ISSN 2196-3789, 01/2019.
[2] F. Aldakheel, B. Hudobivnik, P. Wriggers. Virtual element formulation for phase-field modeling of
ductile fracture. International Journal for Multiscale Computational Engineering, 17(2):181–200,
2019.
[3] A. Hussein, F. Aldakheel, B. Hudobivnik, P. Wriggers, P-A. Guidault, O. Allix. A Computational
framework for brittle crack propagation based on an efficient virtual element method. Finite Elements
in Analysis and Design, 159:15–32, 2019.
[4] F. Aldakheel, B. Hudobivnik, P. Wriggers. Virtual elements for finite thermo-plasticity problems.
Computational Mechanics, 64:1347–1360, 2019.
[5] F. Aldakheel, B. Hudobivnik, E. Artioli, L. Beirão da Veiga, P. Wriggers. Curvilinear virtual elements
for contact mechanics. Computer Methods in Applied Mechanics and Engineering, 372, 2020.
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Modelling the interactions between mechanical deformations and fluid flow in a porous media
leads to poromechanics introduced in [1]. It involves two coupled conservation equations
obtained from the mechanical equilibrium and from the fluid mass conservation. A common
way to numerically solve a poroelastic model, which is the simplest form of poromechanics,
is to use one discretisation method for each conservation equation, usually with a finite
element method for the mechanical part and a finite volume method for the fluid part.
Underground media exhibit specific properties such as significant material heterogeneities,
discontinuities and faults. The description of fluid flow in these complex media requires the
use of meshing procedures suited to finite volume methods that lead to badly shaped cells for
finite element based modelling. To overcome this problem, we are trying to use the virtual
element method (VEM) instead of finite element method because it can be used on general
polyhedra. Indeed, previous studies [2] provided a first insight into VEM applied to the elastic
problem in the context of geomechanical simulations. The originality of our work is to design
and study a numerical scheme coupling VEM applied to the mechanical conservation with a
finite volume method applied to the fluid conservation equation [3].
An analysis of this original coupled scheme is provided, in the case of a two points finite
volume scheme modelling the fluid flow. The coupling with more elaborate finite volume
schemes such as multi point flux approximation schemes is also investigated. The proposed
method’s ability is illustrated by some computations on two or three dimensional grids
coming from realistic cases. Furthermore, both simultaneous and sequential solvers of the
coupled problem are studied and compared.
REFERENCES
[1] M.A. Biot, General theory of three-dimensional consolidation. J. Appl. Phys., Vol. 12(2),

pp. 155–164, 1941. https://doi.org/10.1063/1.1712886

[2] O. Andersen, H.M. Nilsen X. Raynaud, Virtual element method for geomechanical

simulations of reservoir models. Comput. Geosci., Vol. 21(5), pp. 877–893, 2017.
https://doi.org/10.1007/s10596-017-9636-1
[3] J. Coulet, I. Faille, V. Girault, N. Guy, F. Nataf, A fully coupled scheme using virtual
element method and finite volume for poroelasticity. Comput. Geosci., 2019.
https://doi.org/10.1007/s10596-019-09831-w
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Acoustical porous materials are widely used in the aerospace, automotive, and construction industry to
improve vibro-acoustic isolation and transmission behaviour [1] of structural and non-structural components. The surge in additive manufacturing paved the way for generating tailor made material layouts
of optimal acoustic properties; these often come in polygonal and tessellated geometries. Complex geometrical configurations and involved material layouts necessitate the use of numerical methods, e.g.,
the FEM to provide accurate acoustic predictions at the material and/ or the component level. Classical FEM typically use triangular and quadrilateral elements. When applied to tessellated geometries,
the FEM necessitates the use of fine meshes hence hindering computational efficiency. Utilising polygonal elements as an efficient means of discretization has been verified in several applications, e.g., in
micromechanics, topology optimization, fracture and contact mechanics. Traditional Polygonal Finite
Element Methods (PFEM) use a variety of non-polynomial polygonal shape functions. Unfortunately,
these require higher-order quadrature methods, that also render the method computationally expensive.
The Virtual Element Method [2] emerged from Mimetic Finite Differences (MFDs) as an accurate and efficient alternative to FEM, designed to address this issue. Shape functions are implicitly defined through
carefully chosen degrees of freedom. State matrices are computed through projection maps without affecting optimal error convergence rates. We propose a Virtual Element formulation for the Biot equations
governing elastic wave propagation in porous media [3] to accommodate flexible domain discretization.
In this work, we discuss the definition of the virtual degrees of freedom and the computation of the corresponding projection maps. The performance and accuracy of the method are shown through convergence
studies and relevant real world applications are discussed.
REFERENCES
[1] Arenas, Jorge P., and Malcolm J. Crocker. ”Recent trends in porous sound-absorbing materials.”
Sound and vibration (2010) 44.7: 12-18.
[2] F. Brezzi, R. S. Falk and L. D. Marini. “Basic principles of mixed virtual element methods.” ESAIM:
Mathematical Modelling and Numerical Analysis (2014) 48(4): 1227–1240.
[3] F.-X. Bécot and L. Jaouen. “An alternative Biot’s formulation for dissipative porous media with
skeleton deformation.” Journal of the Acoustical Society of America (2013) 134(6): 4801–4807.
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ABSTRACT
This symposium focuses on the latest developments around the complex multiphysics
behavior of polymers. These materials can exhibit strongly coupled effects such as strain
induced crystallisation, diffusive-reactive phenomena due to the environment, strong selfheating, thermal ageing, etc. Polymers can also be designed to respond to external stimuli
such as the ambient temperature, an electric or a magnetic field, light, etc.
Such phenomena are deeply related to the mechanical state and/or strongly influence the
properties of the material. The numerical simulation of these strongly coupled problems leads
to computational challenges to simulate real applications due to the spatial/time scales
involved and the complexity of the material behavior (finite strain, incompressibility, nonlinear viscoelastic behavior, ...).
The topics covered include (but not limited to):


Numerical modelling of themo-mechanical or thermo-chemo-mechanical couplings;



Advanced algorithms for the integration of coupled evolution equations;



Network models and numerical scale changing strategies to account of physical
aspects of amorphous or semi-crystalline structure of the material;
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Alternative numerical methods (mesh-free or discontinuous Galerkin methods,
isogeometric analysis, molecular dynamics, etc) in a multiphysics context;



Specific time integration schemes (high order schemes in space and time, ...)
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Universitätsplatz 2, 39106 Magdeburg, jannik.voges@ovgu.de; daniel.juhre@ovgu.de

Key Words: Phase-field modeling, chemical reaction, mechanical coupling
In mechanical engineering, there usually is a big interest in the knowledge of the lifetime of machine
parts. There are several mechanisms and influences which can change this lifetime. One important
mechanism is chemical aging, especially when dealing with elevated temperatures. Chemical reactions
often are diffusion limited and it is well-known that the diffusion rate is strongly temperature dependent,
giving high values at high temperatures. Due to phase transitions or chemical reactions the properties of
the material can change and this might reduce the functionality of the machine part or even cause total
failure. Modeling these processes might help to improve the design process by increasing the quality of
the estimations.
In the last decades, the phase-field method has become a powerful tool to model the transformation of
materials, especially with the focus on interfaces. This makes the method also highly valueable for aging,
or more specifically for oxidation at the surface of specimens which creates a growing oxide layer.
In this work, such an oxidation process is modeled based on the phase-field method. The calculations are
at constant elevated temperature. Different cases are investigated. The diffusivity might be much smaller
in the oxide than in the virgin material which influences the growth of the oxide layer and might prevent
any further growth after some time. The diffusion-reaction system is coupled with the elastic energy by
means of volume change.
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In this contribution tensile creep experiments on a short glass fiber-reinforced thermoplastic material are
presented and modeled on the macroscale by constitutive models with increasing complexity.
First, the creep experiments are shown. For this purpose, plane dog bone-shaped specimens are cut out
of injection-molded plates under different angles to the main flow direction. The orientation of the glass
fibers is measured by a computed tomography (CT) scan. Then the specimens are loaded with a constant
uniaxial tensile load over time for the order of hours. Different load levels are applied here. Looking at
the experimental results, time-dependent response with hardening followed by failure is observed. As
expected, the response depends on the stress level as well as on the angle in which the specimens are cut
out of the plates, i.e. on the orientation of the glass fibers.
In the next step, the characteristics found in the experiments should be modeled by a continuum mechanical constitutive model on the macroscale, i.e. the composite scale, that can be used in industrial
development processes. An isotropic viscoplastic model is used as starting point, see e.g. [2] and may
compare [3] for an enhanced model. With this model, the time-dependent response including hardening
as well as the stress-dependent flow can be considered. Then the modeling complexity is increased by
introducing anisotropy to account for the dependency of the material response on the fiber orientation,
see [1]. For all models, the parameter identification of the constitutive model from the experiments is
shown.
REFERENCES
[1] Hill, R. A theory of the yielding and plastic flow of anisotropic metals. Proc. Roy. Soc. A (1948)
193:281–297.
[2] Naumenko, K. and Altenbach, H. Modeling of Creep for Structural Analysis. Springer, Berlin,
(2007).
[3] Zerbe, P. and Schneider, B. and Moosbrugger, E. and Kaliske, M. A viscoelastic-viscoplasticdamage model for creep and recovery of a semicrystalline thermoplastic. Int. J. Solids Struct. (2017)
110–111:340–350.
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This contribution aims at the consistent discretisation of nonlinear, coupled thermo-electro-elastodynamics. In that regard a new one-step implicit and thermodynamically consistent energy-momentum
integration scheme for the simulation of thermo-electro-elastic processes undergoing large deformations
will be presented. The consideration is based upon polyconvexity inspired constitutive models and a new
tensor cross product algebra which facilitate the design of the so-called discrete derivatives (for more informations it is referred to the pioneering works [2, 1]). The discrete derivatives are fundamental for the
algorithmic evaluation of stresses and other derived variables like entropy density or the absolute temperature leading to a structure preserving integration scheme. In particular recently published works of the
authors concerning consistent time integration of large deformation thermo-elastodynamics (see [3]) and
electro-elastodynamics (see [4]) are combined to a unified integration scheme. Numerical computations
demonstrate the stability and conservation properties of the proposed energy-momentum scheme.
REFERENCES
[1] P. Betsch, A. Janz, and C. Hesch. A mixed variational framework for the design of energy–momentum schemes inspired by the structure of polyconvex stored energy functions. Computer
Methods in Applied Mechanics and Engineering, 335:660 – 696, 2018.
[2] J. Bonet, A. Gil, and R. Ortigosa. A computational framework for polyconvex large strain elasticity.
Computer Methods in Applied Mechanics and Engineering, 283:1061 – 1094, 2015.
[3] M. Franke, A. Janz, M. Schiebl, and P. Betsch. An energy momentum consistent integration scheme
using a polyconvexity-based framework for nonlinear thermo-elastodynamics. Int. J. Numer. Methods Eng., 115(5):549–577, 2018.
[4] R. Ortigosa, M. Franke, A. Janz, A. Gil, and P. Betsch. An energy-momentum time integration
scheme based on a convex multi-variable framework for non-linear electro-elastodynamics. Comput.
Methods Appl. Mech. Engrg., 339:1 – 35, 2018.
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PMDI (polymeric methylene diphenyl diisocyanate or polyurethane) foams are used in many
systems to provide protection from impact and vibration environments to fragile components
while also providing structural support. Complex physical processes during both
manufacturing and aging of these materials can cause part shape changes to occur over
timescales of hours (during manufacturing) to years (part aging). A good understanding of
what drives these deformations and the ability to model foam behavior is essential to enable
production of parts with tight dimensional tolerances that remain acceptable over time. In this
talk, we present a computational modeling platform that predicts shape change of foam parts
over a multi-year lifetime period. The model is based on new experimental observations of
aging mechanisms in polyurethane foams, which include water uptake-based
swelling/deswelling and water reactions with isocyanate that releases carbon dioxide gas and
leads to shrinkage over long time scales (years). This model complements our additional
work to predict foaming, curing, and manufacturing warpage during polymerization and cool
down, which is presented in a companion talk.
A new theoretical representation of the solid foam matrix constitutive behavior that couples
water uptake and chemical species evolution with strain is developed. This model is based on
a nonlinear viscoelastic formalism developed for manufacturing [1] with the additional
solution fields of water concentration and post-cure chemical reaction extent. Computational
implementation uses the finite element method with an arbitrary Eulerian/Lagrangian
representation of the transport phenomena including energy conservation and reaction kinetics
that is loosely coupled with the Lagrangian momentum balance. The model is validated by
matching displacements measured through small-scale fiber Bragg gratings embedded in
cylindrical polymer parts. The validated model is then used to predict long-term aging
behavior and shape changes of a complex foam part that requires over 2 million elements to
resolve.
REFERENCES
[1] K.N. Long, K.L. Troyer, C.C. Roberts, M. Soehnel, K. Johnson, R.R. Rao, Manufacturing

Induced Residual Stress Development and Deformation in PMDI-10 Structural Foam,
SAND2018-9096, Sandia National Laboratories, 2018.

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and
Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International, Inc., for the U.S.
Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525. Document
ID: SAND2019-15323 A
*
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Nowadays, the manufacturing research efforts have to be conceived in such a way that the
product performance criteria are achieved in a lightweighting design concept. Taking these
extensions to their extreme, the material properties and the manufacturing solutions have to be
considered together in a revolutionary body concept, which should result in an ideal sight to the
use of the most performing material in the right place depending on the product requirements.
Polymer matrix composites (PMCs) belong to this new material category. The development of
joining techniques available to connect PMCs and lightweight alloys has been considered as
key enabling solution in making innovative and sustainable products.
The goal of obtaining high joint efficiency must face two main problems, i.e. to deal with the
polymeric matrices to get mechanical, physical and chemical compatibilities and to attain or
preserve the integrity of reinforcements across the joints customizing the fibre distribution in
the joining area. This goal is not easy to reach if materials with dissimilar properties, such as
PMSs and metals, need to be connected. The understanding of current and emerging joining
technologies according to the mechanisms of joint formation is, therefore, a key issue in
boosting the manufacturing of composites. Among the mechanical fastening solutions, the
friction stir based techniques have been developing in different variants [1-2]. The optimization
of these processes needs performant numerical tools to be achieved, efficiently. In doing so,
complex dynamics have to be considered, such us material stirring, high deformation, heat flow,
combination of material with different thermal and material flow properties, etc. Complex
numerical models have to be implemented according to the process to be analysed.
In the work here proposed, a polymeric base plate was joined to an aluminium alloy part
simulating the friction lap joint sequences. Analyses have been set by employing different
advanced numerical solutions. A preliminary comparison of the proposed approaches has been
performed showing the strengths of the numerical tools in the development of friction stir based
joining techniques of dissimilar materials.
REFERENCES
[1] S.M. Goushegir, J.F. dos Santos and S.T. Amancio-Filho, Friction Spot Joining of

aluminum AA2024/carbon-fiber reinforced poly(phenylene sulfide) composite single lap
joints: Microstructure and mechanical performance. Materials and Design, Vol. 54, pp.
196206, 2014.
[2] L. Blaga, J.F. dos Santos, R. Bancila, S.T. Amancio-Filho, Friction Riveting (FricRiveting)
as a new joining technique in GFRP lightweight bridge construction. Construction and
Building Materials, Vol. 80, pp. 167179, 2015.
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Polymer extrusion is a mature process for the production of films, tubes and pipes used primarily in the
transportation of automotive fluids [1] [2]. It is with this in mind that multilayer parts are more and more
in demand. The subject of multilayer extrusion is very broad and several works have addressed many
aspects, from the design of equipment and coextrusion tools (die, extrusion head, power supply ...) to
the mechanics of fluids and multilayer flow analysis and interfacial defects.
The study consists in establishing rheological models allowing the simulation of melt flow of the
material for the different polymers used during the extrusion phase for the elaboration of the single or
multilayer tubes. The study of the rheological behavior as a function of temperature, design of extrusion
heads and distributors will be compared between experimental results and simulations. In particular, the
influence of the various extrusion parameters on the adhesion of the layers in the context of multilayer
pipes, or the control and stability of the process will be examined.

Multilayer configurations in the power supply [3]

Multilayer configurations and process stabilization

[1] Han CD, Multiphase Flow in Polymer Processing, Academic Press, 4, New York, 1981.
[2] Mitsoulis E.Multilayer Film Coextrusion of Polymer Melts: Analysis of Industrial Lines with the
Finite Element Method. Journal of Polymer Engineering, 25, 5, 393–410, 2005.
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[3] Huagui Z, Lamnawar K, Maazouz A. Fundamental Understanding and Modeling of Diffuse
Interphase Properties and its Role in Interfacial Flow Stability of Multilayer Polymers. Polymer
Engineering and Science, 55(4), 2015.
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Christelle Saadé1 , Stéphane Lejeunes1 , Dominique Eyheramendy1 , Fabrice Kevin
Feuntang*1 and Roy Saad2
1

LMA, UMR 7031, Aix-Marseille Univ, CNRS, Centrale Marseille, Marseille, France
2
Lebanese University, Faculty of Sciences, Fanar, Lebanon

Key Words: Space-time, Multiphysics Problems, Isogeometric Analysis
Engineering and applied mathematics problems can be solved by many numerical methods. One of these
methods is the widely adopted finite element method (FEM) [1].The finite elements method is generally
applied in the discretization of space and often associated with a time stepping method such as the finite differences method for the time resolution. Space-time discretization consists in considering time
dependence as spatial dependence and a space-time variational principle is used. The very first publications on space-time methods began to show in the late 60s, one of them are by Oden [3] who employed
the space-time method using Hamilton’s principle for dynamics. While the finite element method is
widely used and proved to be efficient in lots of mathematical physics and engineering problems, it had
also its limitations sometimes. In fact, in this method in general the solution is build with a low order
of continuity, typically C0 -continuous interpolation on the boundary of the element. The isogeometric
analysis(IGA) was recently introduced by Hughes and al. in 2005 [2] as a numerical method that offers real perspectives in the integration of geometric and computational models. It uses the same basis
functions (B-splines and NURBS) for both describing the geometry of the computational domain and
approximating the solution. It allows, on one hand, to exactly represent complex geometries, and on
the other hand, to enrich the approximation basis compared to classical Lagrange polynomials (higher
order of continuity between elements)which is highly important due to the fact that complex geometries
can be made and represented in CAD design tools. The objective of this work is to take benefit of these
properties to extend the solution in space, as classically associated to a finite difference method in time,
to the space-time domain and to evaluate isogeometric analysis for space-time problems, i.e. to discretize
both, the space and the time with isogeometric analysis. The space-time IGA is used for the resolution of
multiphysics problems, more precisely in thermomechanics. Linear and nonlinear equations are treated,
in other words, both cases of small and finite strains are considered in our study. We solve the problems
in 1D and in 2D, and optimal convergence rates are obtained, showing that space-time methods offer
big perspectives for the resolution of multiphysics problems and problems having internal variables. We
expect from these methods more conservative schemes compared to standard schemes such as the HHT
or Newmark type methods, more stable schemes, and larger time steps employed in discretization.
REFERENCES
[1] Zienkiewicz, O.C. and Taylor, R.L. The finite element method. McGraw Hill, Vol. I., (1989), Vol.
II., (1991).
[2] Hughes, T.J.R., Cotrell, J.A. and Bazilevs, Y. Isogeometric analysis: CAD, finite elements,
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NURBS, exact geometry and mesh refinement. Computer Methods in Applied Mechanics and Engineering, Vol. 194, 39-41:4135-4195(2005).
[3] Oden, J. Tinsley A general theory of finite elements. II. Applications. International Journal for
Numerical Methods in Engineering, (1969).
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ABSTRACT
The modelling of plasma systems is a non-trivial computational endeavour owing to their
inherent scale disparity, physics complexity, and asymptotic richness. While macroscopic
behaviour of plasmas can often be captured with resistive magnetohydrodynamics, such a
description breaks down in weakly collisional conditions, where electron Hall dynamics,
electromagnetic wave/plasma interactions, charge separation, and non-local-thermalequilibrium dynamics may play a significant role [1,2,3]. Treating such physics is necessary,
for instance, to study important phenomena in the natural world (e.g., Earth’s magnetosphere,
solar flares) and in science and technological applications (e.g., tokamaks, reversed field
pinches, laser- and magnetically-driven inertial confinement concepts), but it is highly
complex computationally. Recently, there has been substantial progress in the development of
advanced continuum plasma models (extended MHD and multifluid EM plasmas), kinetic
methods (discretization- and particle-based descriptions), and hybridized approaches for such
systems. The purpose of this session is to bring together researchers working on advanced
kinetic and multiscale computational formulations, temporal and spatial discretizations, and
iterative solution methods for these challenging multiphysics/multiscale plasma physics
models.
REFERENCES
[1] T. J. M. Boyd and J. J. Sanderson, The Physics of Plasmas, Cambridge Univ. Press., 2003
[2] Fusion Simulation Project Workshop Report, 2007, DOE Office of Science ASCR/OFES
[3] Integrated System Modeling Workshop 2015 Report, Office of Science ASCR/OFES
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The quasi-neutral hybrid model with kinetic ions and fluid electrons is a promising approach to model
multi-scale problems in space and laboratory plasmas. However, current explicit schemes suffer from
a number of key algorithmic issues related to the stable propagation of whistler waves, and finite-grid
instabilities for cold ion beams [1] due to non-conservation of discrete momentum or energy. Here, we
present a novel particle-based non-linear hybrid algorithm that features discrete conservation of mass,
momentum and energy [2]. The algorithm combines an implicit and adaptive Boris-type particle push
with a cell-centered grid and implicit midpoint time advance for the field and electron fluid equations.
The basic algorithm has been extended to allow the efficient treatment of multi-scale problems in generalized curvilinear geometries, using a fluid moment-based preconditioner to accelerate convergence
when stepping over fast normal modes. The scheme is also generalized to allow for adaptive integration
of the ion orbits with orbit averaging and conservative smoothing to reduce finite-particle noise.
A number of test problems are presented to demonstrate the correctness of the implementation, the
unique conservation properties, and the favorable stability properties of the new scheme. In particular,
there is no indication of unstable growth of the finite-grid instability for a population of cold ions drifting
through a uniform spatial mesh, in a set-up where several commonly used non-conservative schemes are
highly unstable.
REFERENCES
[1] P. W. Rambo, J. Comput. Phys., 118, 152-158 (1995).
[2] A. Stanier, L. Chacon, G. Chen, J. Comput. Phys., 376, 597 (2019).
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We briefly describe progress on the development of a general multifluid model for simulations of partiallyionized plasmas composed of multiple atomic species. The model, which is an extension of [1], is intended for computational simulations of classical high-temperature, low-density plasmas, and can be
extended to high-energy-density physics (HEDP) applications such as Z-pinch plasmas. The current implementation evolves an arbitrary number of charge states and atomic species (plus electrons) that interact through binary elastic scattering collisions, and ionization and recombination reactions. In addition,
charged species are coupled with electromagnetic fields generated by either a full Maxwell system or a
reduced electrostatic approximation. The mathematical model is discretized by a continuous Galerkin finite element approximation that employs algebraic flux correction (AFC) [2] and IMEX time integration
techniques.
This talk focuses on the general structure of the model and the form of the interaction coefficients for
elastic scattering collisions and ionization/recombination reactions. Modifications of the interaction coefficients for lower-temperature, higher-density systems are also outlined. We present results for verification problems as well as proof-of-principle computations relevant to massive gas injection as a disruption
mitigation strategy for tokamak plasmas.
This work was partially supported by the DOE Office of Science Advanced Scientific Computing Research (ASCR) - Applied Math Research program and an ASCR Office of Fusion Energy SciDAC Project
at Sandia National Laboratories. Sandia National Laboratories is a multimission laboratory managed and
operated by National Technology and Engineering Solutions of Sandia, LLC, a wholly owned subsidiary
of Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.
REFERENCES
[1] Meier and Shumlak, A general nonlinear fluid model for reacting plasma-neutral mixtures, Physics
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Gyrokinetic plasma models [1] are used extensively to study instabilities and microturbulence
in magnetic confinement fusion devices, including tokamaks. Gyrokinetic models analytically
remove fast time scales associated with gyromotion while accurately preserving effects due to
the finite sizes of gyroradii. When electromagnetic effects are included, however, gyrokinetic
models suffer from well-known numerical problems. The symplectic formulation of
gyrokinetics with explicit time discretization suffers from a severe time step constraint [2], and
the Hamiltonian formulation is limited to simulations at low beta, the ratio of plasma pressure
to magnetic pressure, regimes due to an inexact cancellation of two large, non-physical terms
appearing in Ampere’s law that emerge from the choice of coordinates [3].
In this talk, we present a fully implicit time integration scheme based on the work of G. Chen
and L. Chacón [4] for a gyrokinetic electromagnetic particle-in-cell (PIC) model employing the
symplectic formulation of gyrokinetics and implemented in the full volume fusion plasma code
XGC [5]. By choosing the symplectic formulation, we avoid introducing non-physical terms in
Ampere’s law, while the implicit discretization eliminates the previous time stepping
difficulties. Each time step of the implicit scheme, however, requires the solution of a large
system of nonlinear equations. This can be made practical by formulating the system using the
field equation residuals, requiring far less solver memory than formulating in terms of the full
particle system. A preconditioned Picard iteration scheme, accelerated with Anderson mixing,
is then applied to solve the resulting system of equations.
We present our efforts to construct an effective preconditioner for this system, starting from an
electron fluid model and accounting for additional effects due to the numerics of the PIC
method. Application of the preconditioner requires the solution of a linear system of equations
resulting from the discretization of a coupled PDE system. We will discuss strategies for solving
the linear system including block factorizations, multigrid methods, and ADI-like approaches
using PETSc. Finally, we will present numerical results to validate our scheme, including the
simulation of the ITG-KBM transition [6] and long wavelength Alfven waves, which has been
problematic with previous approaches.
REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]

E.A. Frieman, L. Chen, Phys. Fluids, 25, 502, 1982.
J.V.W. Reynders, Ph.D. thesis, Princeton University, 1992.
J.C. Cummings, Ph.D. thesis, Princeton University, 1995.
G. Chen and L. Chacón, Comput. Phys. Comm., 197, 73-87, 2015.
S. Ku, C.S. Chang, and P.H. Diamond, Nucl. Fusion, 49, 115021, 2009.
T. Gorler, N. Tronko, et al., Phys. Plasmas, 23, 072503, 2016

882

William
A
Multidimensional
Taitano, Xiaodong
and Multiscale
Liu and Conservative
Luis Chacon Vlasov Algorithm with Curvilinear Moving
Phase-Space Grid
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

A MULTIDIMENSIONAL AND MULTISCALE CONSERVATIVE
VLASOV ALGORITHM WITH CURVILINEAR MOVING PHASESPACE GRID
William T. Taitano*, Xiaodong Liu and Luis Chacón
T-5: Applied Mathematics and Plasma Physics Group, Los Alamos National Laboratory,
P.O.Box 1663, MS-K717, Los Alamos, NM, 87545, *taitano@lanl.gov

Key Words: Vlasov, Conservative, Multidimensional, Multiscale, Moving Phase-Space Grid.
In high-energy-density (HED) experiments such as inertial confinement fusion (ICF) capsule
implosion, the plasma collisional mean-free-path can be comparable to relevant engineering
scales, leading to deviations in predictions from radiation-hydrodynamic simulations. Thus, a
higher-fidelity model -such as the Vlasov-Fokker-Planck (VFP) equation- is required to
describe the dynamical evolution of the plasma particle distribution function (PDF) in the threedimensional configuration and three-dimensional velocity phase-space (3D3V). However, VFP
simulations of engineering-scale HED experiments pose enormous challenges relating to large
computational unknowns (i.e., curse-of-dimensionality).
Recent progress in conservative, physics-based phase-space moving grid schemes [1,2] have
largely addressed the issue of large computational unknowns and enabled a production-level
system-scale VFP simulations of spherical (1D2V) ICF capsule implosion of Omega and NIF
experiments [3,4]. The methods rely on analytically transforming the velocity-space
coordinates in terms of the local (in configuration space) plasma drift velocity and thermal
speed while employing a nonlinearly stabilized and geometric conservation law preserving
moving grid schemes in the configuration-space coordinate. The analytical transformation
procedure results in additional inertial terms -which are discretized carefully to satisfy the
continuum conservation symmetries of the original VFP equation (e.g., mass, momentum, and
energy). In this talk, we present the generalization of our 1D2V strategy to non-orthogonal
curvilinear grids in multiple configuration space dimensions. We demonstrate our strategy on
key benchmark problems to highlight the applicability of the method in modeling
multidimensional problems.
REFERENCES
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318, pp. 391-420, 2016.
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Thermal radiative transfer (TRT) belongs to the class of the Boltzmann transport problems. A multi-species modelling of photons with electrons, ions, and neutrons is fundamental
to understanding the complex behaviour of plasma. Deterministic solution of TRT and Boltzmann transport problems involves the solution of a 7-dimensional nonlinear set of PDEs, requiring massively parallel simulations and advanced numerical methods. This talk focuses on
the development of fast, parallel methods for the solution of high-order discontinuous Galerkin
(DG) discretizations of TRT on high-order meshes [1], compatible with underlying Lagrangian
hydrodynamics [2]. A broad perspective is taken, discussing our independent advancements in
curvilinear meshes, low-order diffusion discretizations, linear solvers, and nonlinear iterations,
concluding with a unified framework for high-order, matrix-free, parallel solution of TRT.
The talk begins with linear transport, introducing a taxonomy of diffusion-based preconditioners and nonlinear iterations for DG discretizations, along with modifications to traditional algorithms to be compatible with curvilinear (non-convex) elements. We then focus on
highly heterogeneous mediums. Such domains arise in some of the most interesting transport
problems, but are particularly difficult for existing methods, where either (i) the larger transport
iteration is slow to converge, or (ii) the low-order diffusion operator cannot be applied using
fast scalable solvers. A new subdomain-based DSA preconditioner is presented for transport in
highly heterogeneous mediums, where an appropriate diffusion operator only needs to be applied on “thick” regions. Numerical results demonstrate the new method converges up to 5x
faster than existing methods on difficult heterogeneous problems, is easily applied using O(1)
algebraic multigrid (AMG) iterations, and is trivially compatible with regions of void in the
domain (most existing methods are not compatible with voids). On a difficult hohlraum chamber problem, the new method requires several times less iterations than current state-of-the-art,
and only requires preconditioning 3% of the global mesh elements with ~10 AMG iterations.
These algorithms are then extended to the nonlinear setting, where we introduce a new
VEF algorithm and a new nonlinear DSA algorithm for TRT. In both cases, the underlying loworder diffusion operators are derived from the taxonomy above, and both algorithms naturally
permit an analogous heterogeneous subdomain preconditioning. Finally, we couple recently
developed matrix-free solvers for appropriate diffusion discretizations in the taxonomy, with
partial assembly and tensor-product element preconditioning, for the matrix-free numerical solution of TRT. The complete method is fast, parallel, robust on highly heterogeneous mediums
(including void), and robust on arbitrarily high-order finite elements and meshes.
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In the strongly magnetized plasmas appearing in magnetic fusion applications, the gyration
time-scale about a magnetic field line is often much faster than other scales of interest. This
scale separation has traditionally been overcome via the use of gyrokinetic equations, in which
the fast gyration scale has been analytically removed by asymptotic expansion. However, it is
becoming increasingly clear that there are applications and spatial regions in a fusion reactor in
which the gyration scale must be resolved if physical fidelity is to be preserved.
Motivated by this fact, we present progress on an implicit time-stepping scheme for charged
particle motion that recovers the gyrokinetic limit when stepping over the gyration scale while
converging to the exact, full-orbit dynamics in the small time-step limit. Such a scheme can
provide, for the first time, a uniform treatment of strongly and weakly magnetized regimes. The
scheme is designed to function as a piece of recent implicit particle-in-cell schemes (see e.g.
[1]) – most notably, it preserves the exact total energy conservation enjoyed by those schemes.
The development of the scheme proceeds in two stages. First, the classical Crank-Nicolson
integrator is modified to capture all guiding-center drift motions when stepping over the
gyration scale – while still conserving energy. It is shown that this process introduces a new
numerical time-scale that must be resolved. This scale is analyzed and the resulting time-step
restrictions are derived and shown to still allow one to step over the gyration scale. Second, the
scheme is further modified to capture finite Larmor radius (FLR) effects arising from electric
fields which vary on length scales comparable to the gyroradius. This is done by alternating
large and small time-steps to sample equispaced gyrophases in the time-stepping process.
We conclude with several numerical tests on single particle motion in complex field
configurations. The ability to step over the gyration time-scale and recovering correct longtime dynamics is demonstrated, along with the scheme’s energy conservation properties.
REFERENCES
[1] G. Chen and L. Chacón, A multi-dimensional, energy- and charge-conserving,

nonlinearly implicit, electromagnetic Vlasov-Darwin particle-in-cell algorithm,
Computer Physics Communications 197 (2015): 73-87.
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E-mail: jan.nikl@eli-beams.eu
2
Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague,
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The magneto-hydrodynamic model is widely used for description of magnetized fluids in plasma dynamics, microfluidics, astrophysics and many other applications. In terms of modelling, the Lagrangian
formulation is favourable for the rapid expansion during laser–target interaction for example. This is
the case for the inertial fusion and laboratory astrophysics applications, which are our primary interest.
However, the proposed numerical method remains general and can be applied elsewhere. The conservation properties and divergence-free magnetic field are crucial aspects, which are not satisfied by the
traditional numerical schemes. Moreover, only a limited spatial convergence is achieved classically.
Here, the two-temperature hydrodynamics using curvilinear finite elements [1] is extended to the resistive magneto-hydrodynamics building on the approach proposed in [2]. An energy-conserving numerical
scheme is formulated, while the mixed finite element formulation enables theoretically arbitrary order of
the spatial convergence and application on unstructured Lagrangian grids in multiple dimensions. The
numerical properties of the scheme are examined and multiple physically relevant tests are performed.
REFERENCES
[1] Nikl, J. and Kuchařı́k, M. and Holec, M. and Weber, S. Curvilinear high-order Lagrangian hydrodynamic code for the laser-target interaction, in Europhysics Conference Abstracts – 45th EPS
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Multi-fluid plasma models are able to represent the scale disparity between the different species within
plasmas while being less expensive than kinetic approaches. In this work, we assess the capability of
advanced finite-volume methods for electrostatic multi-fluid models to simulate the onset and physics of
instabilities in magnetized partially-ionized plasma at low pressure in the presence of sheaths. In order
to reproduce the sheaths, we investigate hydrogen and helium plasma discharges in 2D using a twofluid (electron+ion) isothermal Euler-Poisson model, which has recently proven to be able to capture
such physics [3]. The structure of sheaths in non-magnetized cases and the appearance of instabilities in
magnetized cases are compared with PIC simulations [1] in order to assess the potential of the proposed
approach. In particular, it is shown that the quality of the numerical method has a strong impact on the
onset of instabilities and we exemplify such a statement through a low-Mach correction introduced to
limit the numerical dissipation at low speeds. The coupling between the observed instabilities and the
sheaths is also compared to fluid simulations that do not include the plasma interaction with the walls
of the domain [2]. We also present results obtained via a second order finite volume methods using
Adaptive Mesh Refinement. Eventually, we present ongoing work on extending a recently developed
asymptotic preserving method [4], to our framework. We aim at showing that, and evaluating to what
extent, fluid models associated with tailored numerical methods have a lot of potential for plasmas of
interest in electric propulsion applications.
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At the National Ignition Facility, high-powered laser beams are used to compress a small
target to generate fusion reactions. A critical issue in achieving this is the understanding of mix
at the ablator/fuel interface. Mixing occurs at various length scales, ranging from atomic interspecies diffusion to hydrodynamic instabilities. Because the interface is preheated by energy
from the incoming shock, it is important to understand the dynamics before the shock arrives.
The interface is in the warm dense matter phase with a deuterium/tritium fuel mixture on one
side and a plastic mixture on the other. We would like to understand various aspects of the
evolution, including the state of the interface when the main shock arrives, the role of electric
field generation at the interface, and the character and time scales for diffusion.
Modeling matter across such large length- and time-scales using molecular dynamics
simulations poses significant challenges. These challenges are typically addressed through the
use of precomputed pair potentials that depend on thermodynamic properties like temperature
and density; however, this system yields spatiotemporal variations in these properties, and such
variations violate the assumptions made in constructing these potentials, thus precluding their
use. That is, near the heterogeneity of the interface, most of the usual simplifying assumptions
(e.g., spherical potentials) do not apply.
Here, we present a multiscale approach to orbital-free density functional theory
molecular dynamics (OFDFT-MD) simulations that bridges atomic, interionic, and continuum
length scales to allow for variations in hydrodynamic quantities in a consistent way. Our
multiscale approach enables simulations on the order of micron length scales and 10’s of
picosecond timescales, which exceeds current OFDFT-MD simulations by many orders of
magnitude. At these scales, fundamental assumptions of continuum models are explored;
features such as the separation of the momentum fields among the species and strong hydrogen
jetting from the plastic into the fuel region are observed, which had previously not been seen in
hydrodynamic simulations. Simulation results are presented and connections to hydrodynamic
models are discussed.
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This talk considers the development and evaluation of an implicit / explicit (IMEX) formulation for a
continuum multifluid electromagnetic (EM) plasma model that has can be used as a fluid approximation,
and as a moment based accelerator for hybrid continuum/kinetic models. The model is an extension of
[1, 2] and is intended for computational simulations of classical plasmas and application to high energy
density physics (HEDP) systems (e.g. Z-pinch). The governing PDEs describe conservation of mass,
momentum, and total energy for each species, collisional transfer and ionization / recombination effects,
and EM coupling with various forms of Maxwell’s equations [1, 2]. The resulting systems are characterized by strong nonlinear and nonsymmetric coupling of fluid and electromagnetic phenomena, strong
source term coupling, as well as a significant range of time- and length-scales that these interactions produce. This talk presents recent progress in developing robust temporal and spatial discretizations of this
system. The spatial discretization is a continuous Galerkin algebraic flux correction (AFC) method with
iterative nodal variation limiting techniques that attempt to enforce local bounds and positivity preservation [3]. To evaluate these methods, we consider both smooth analytic solutions of the multifluid system
and challenging multifluid electromagnetic shock problems in both the non-collisional and collisional
regimes. Applications of interest for these methods include plasma fusion related problems in magnetic
implosions and for tokamak disruption mitigation strategies.
This work was partially supported by the DOE Office of Science ASCR - Applied Math Research program and an ASCR / OFES SciDAC Project at Sandia National Laboratories. Sandia is a multimission
laboratory managed and operated by NTES of Sandia, LLC, a wholly owned subsidiary of Honeywell
Int., Inc., for the U.S. Dept. of Energy NNSA under contract DE-NA0003525. (SAND2020-0295 A)
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ABSTRACT
This mini-symposium will focus on recent advances, challenges, and on-going research in
computational models for cementitious materials and composites focusing on characterizing
fracture and/or transport processes and their mutual interactions within the context of
durability and material design across multiples scales. Among others, the following topics will
be covered by the minisymposium:
•
•
•

•

•

•

Multiscale and multilevel models for the characterization of cementitious materials
and composites
Multiscale models for fatigue failure of cementitious materials
Multiscale micromechanics and computational meso-scale models (e.g. Pore-network
models, Lattice, CT based FE models) for characterizing damage and/or transport in
cementitious materials
Homogenization and upscaling methods (continuum micromechanics, computational
homogenization etc.)
Novel discretization methods (cohesive zone models, phase-field models, gradient
(non-local) damage models, XFEM, peridynamics etc.) applied to fracture processes in
concrete
Modeling of transport and physico-chemo-mechanical processes (creep, shrinkage,
chemical dissolution, chemically expansive processes)
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In this contribution, a multi-level Finite Element Model for steel-fibre reinforced concrete
(SFRC) is proposed with which the post-cracking response of fibre reinforced structural
members subjected to bending can be predicted. In contrast to the common guidelines - which
apply a kind of smeared performance of the SFRC derived of macro-scale bending tests - here
the post-cracking response of SFRC is derived from the actual fibre properties taken from a set
single fibre pull-out tests instead of indirectly from bending tests. The numerical model is
designed to directly track the influence of design parameters such as fibre type, fibre orientation,
fibre content and concrete strength on the global structural response. For this purpose, sub
models on the level of a single fibre are combined into a crack bridging model, considering the
fibre orientation and the fibre content. This is integrated into a finite element model for plain
concrete, in which a cohesive law in context of discrete crack approach is used to account for
opening and imperfect closure of cracks [1].
The predictive capability of the proposed numerical multi-level model for SFRC was
systematically validated by means of test series performed on the fibre in single fibre pull-out
tests and on the structural level [2]. The experimental study comprises pull-out tests of different
standard hooked-end steel-fibres with varying embedment lengths and inclinations in respect
to the crack plane as well as three-point bending tests on notched beams with different fibre
contents (23 / 57 / 115 kg/m³) under monotonic and low-cycle loading. The ability of the above
described numerical model to capture the formation of hysteresis in cyclic loading/unloading is
evaluated. In addition, the replacement of the semi-analytical sub models for the prediction of
the single fibre pull-out response by the obtained experimental results is investigated. It is
discussed if it is possible to obtain a similar good agreement between experimental and
numerical results on the structural level. Furthermore, it is shown how incomplete data sets, the
extent of available data and the scatter in experimental results influence the predictive
performance.
REFERENCES
[1] Zhan, Y. and Meschke, G., 'Multilevel computational model for failure analysis of steel-

fiber-reinforced concrete structures', Journal of Engineering Mechanics (ASCE) 142
(2016), H. 11, S. 04016090.
[2] Gudžulić V., Neu, G.E., Gebuhr, G. Anders, S. and Meschke, G., 'Numerical multi-level
model for fiber-reinforced concrete – Multi-level validation based on an experimental
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Concrete is a heterogeneous material whose morphology at the micro/meso scale strongly governs the
overall macroscopic material characteristics. The macroscopic material properties in turn govern the
structural behaviour of the material. The elastic properties of concrete are upscaled from microscale
using a combination of continuum micromechanics [1] and a spatially resolved Finite Cell
Homogenization (FCH) model at the mesoscale. Given an aggregate size distribution, the fine
aggregates are accounted for in the micromechanics model while the coarse aggregates are explicitly
resolved in the mesoscale model. The meso-structure of concrete is generated using Random Sequential
Adsorption (RSA) of aggregates based on concave slicing of randomly cut polyhedrons. A multi-point
constraint is used to apply periodic boundary conditions in the FCH model. Model predictions are
validated using experimental data. The computational simulations from the FCH model is also compared
with a Lippman-Schwinger based homogenization method. Accuracy and computational efficiency of
both the approaches are discussed. Finally, the computational model is used to generate a Big Data set
of microstructure-stiffness pairs that are used to train a convolutional neural network (CNN) for fast
upscaling of concrete stiffness. Model extension for upscaling strength properties will also be discussed.
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Following the Cracking Elements (CE) presented in [1, 2], a formulation named Global Cracking Element (GCE) is proposed [3] by which most of the advantages of the CE are inherited and some new
features are developed. Main characteristics of GCE include
• It is developed based on the conventional continuum framework, which can be considered as an
FEM approach with a special type of element;
• Its discretization dependency is negligible and its meshes can be relatively coarse;
• It needs neither remeshing nor crack tracking strategy. Disconnected element-wise cracking segments are used for representing crack paths. The orientation of the crack is determined locally,
providing self-propagating cracks;
• It does not need precise descriptions of the stress/strain states of the crack tips, which captures
initiations as well as propagations of cracks;
• GCE is formally similar to the 9-node quadrilateral elements (Q9), which has its own unknown
vector U and B matrix. Once crack appears, the degree of freedom of the center node of original
Q9 is borrowed for indicating the crack openings (displacement jumps);
• Comparing to the original CE, the procedure of GCE is simpler and clearer, which is numerically
more efficient and stable.
In this work, we summarize the structure and building of GCE, indicating its similarity and difference
comparing to CE. Several examples are provided, demonstrating the robustness of it.
REFERENCES
[1] Zhang, Y. and Zhuang, X. Cracking elements: a self-propagating strong discontinuity embedded
approach for quasi-brittle fracture. Finite Elem. Anal. Des. (2018) 144:84–100
[2] Zhang, Y. and Zhuang, X. Cracking elements method for dynamic brittle fracture. Theor. Appl.
Fract. Mech. (2019) 102:1–9
[3] Zhang, Y. and Mang, H. Global cracking elements: a novel tool for Galerkin-based approaches
simulating quasi-brittle fracture arXiv (2019) arXiv:1908.06268
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Mesoscale modeling of creep/damage coupling in cementitious materials:
methodology and first results.
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The safety of double wall Concrete Containment Buildings (CCBs) in the French nuclear
fleet primarily depends on the integrity of concrete. The delayed strains induced by creep and
shrinkage are the cause of a loss of prestress in the inner wall that may increase the risk of
potential leaks in accidental conditions [1]. The rate of creep in concrete depends on multiple
factors among which microcracking is of major significance [2].
The study focuses on the description of creep/damage coupling in heterogeneous
cementitious materials with a mesoscale numerical model. The time-dependent behavior of the
cementitious matrix is introduced with a linear viscoelastic model that is defined and calibrated
according to experimental data of macroscopic compression creep tests that are performed in
parallel. The phase field method for brittle fracture [3] is used for crack modeling in the
cementitious matrix. Debonding that may develop at matrix-aggregate interfaces is taken into
account with a cohesive zone model adapted from [4]. This numerical model is implemented in
the finite element code Cast3m [5] with the use of the code generator MFront [6]. Numerical
simulations are performed on elementary volumes of mortar with realistic meshes reconstructed
from X-ray microtomography scans. The creep/damage coupling is discussed by comparing the
macroscopic numerical results with experimental compressive creep tests on mortar at low and
high stress levels.
REFERENCES
[1] L. Charpin et al., ‘A 12year EDF study of concrete creep under uniaxial and biaxial
loading’, Cement and Concrete Research, vol. 103, pp. 140–159, 2018.
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[3] C. Miehe, M. Hofacker, and F. Welschinger, ‘A phase field model for rate-independent
crack propagation: Robust algorithmic implementation based on operator splits’, Computer
Methods in Applied Mechanics and Engineering, vol. 199, no. 45, pp. 2765–2778, 2010.
[4] T. Wu and P. Wriggers, ‘Multiscale diffusion–thermal–mechanical cohesive zone model
for concrete’, Comput Mech, vol. 55, no. 5, pp. 999–1016, 2015.
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The risk of damage to tunnel linings deployed in difficult ground conditions such as expansive soils
can be avoided by using deformable cementitious lining materials. The deformation capacity of such
compressible cementitious materials can be enhanced by introducing air voids and/or weak inclusions
(Expanded Polystyrene (EPS), Expanded glass beads). The material properties of the constituents and
the microstructure completely govern the overall behaviour of the compressible cementitious composites. Material design for specific ground conditions can be obtained using a model-based data driven
framework. A multiscale discrete voxel based approach is used for simulating the compaction behavior
of multiphase composites. Under compressive loadings, the compaction of the voxels is governed by
a multiscale continuum micromechanics model coupled with linear elastic fracture mechanics. At the
microscale, the exterior point Eshelby solution is used to identify the location of microcracking around
the pores and weak inclusions. Model predictions for the compaction behaviour of selected composite
mixes are compared with experimental observations. The model is finally used for the design of optimal
composites subjected to specific loading scenarios.
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Concrete is a quasi-brittle material with a material morphology that is heterogeneous across multiple
scales. Failure of concrete due to external loads is characterized by distributed microcracking followed
by damage localization eventually leading to loss of structural integrity. Distributed microcracking is a
failure precursor whose identification and characterization can be used in conjunction with structural
health monitoring using diffuse ultrasonic waves (CODA waves) to develop an early warning system
for preventing sudden failure of concrete structures. To this end, a multiscale model for concrete
considering crack closure and microcracking, is proposed. The mesostructure of concrete is generated
using Random Sequential Adsorption (RSA) of aggregates based on concave slicing of randomly cut
polyhedrons. While the coarse aggregates are spatially resolved, microcracking in the mortar matrix is
modelled using continuum micromechanics and Linear Elastic Fracture Mechanics (LEFM). The highresolution mesoscale model for concrete is reduced using K-means clustering to improve the
computational efficiency [1]. Model predictions are compared with experimental data and the loadinduced microstructure evolution is further used to correlate the applied load and wave velocity change
in concrete specimens.
REFERENCES
[1] Z. Liu, M.A. Bessa, W.K. Liu. "Self-consistent clustering analysis: An efficient multi-scale scheme
for inelastic heterogeneous materials." Computer methods in applied mechanics and engineering
306 (2016): 319-341.
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ABSTRACT
Many envisaged advances in engineering and science are based on the development of a wide
range of advanced materials. The concept of digital material representation and metamaterials
(artificially designed materials displaying exotic properties) constitutes a paradigm of this
requirement. Computational mechanics contributes to solving crucial challenges in this area,
by an application of numerical tools to the micro/meso and nano/micro scales and design of
materials with morphologies at low scales satisfying properties at the macro scale. This
minisymposium is devoted to discuss recent advances in modelling of advanced engineering
materials in problems that involve two or more scale lengths. The topics of interest are:
I) Advanced multi-scale material modelling: i) Basis of multiscale techniques, such as
Monte Carlo, Cellular Automata, Molecular Dynamics, Front tracking approaches, Mesh free
and particle methods, etc ii) Computational homogenization including FE2, Fast Fourier
Transform-based homogenization and transformation field analysis, iii) Molecular and ab
initio methods, iv) Reduced and Hyper-reduced order modelling techniques, v) Application of
these approaches in an industrial context through software package integration, vi) Computing
costs of multiscale modelling, applications of High Performance Computing.
II) Multi-scale material-design: i) Computational techniques for multi-scale design of the
materials morphology and topology, inverse material design methods, design of materials
with heterogeneous microstructures using stochastic models, inverse approach and
optimization for stochastic variables; ii) multi-scale material design, oriented to specific
applications in engineering; iii) Manufacturability issues in computational material design.
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The plasticity of a metal alloy strongly depends on its meso-scale microstructure, not only the characteristic internal lengths such as grain size or the crystallographic texture but also the morphologies of the
grains. These dependences are the starting point of the development of architected alloys: along with
the progress of processing technologies (e.g. additive manufacturing), it becomes possible to introduce
specific microstructural features in the processed materials. Full-field modelling is then used as a complementary tool to guide the engineering of these microstructures: it can provide accurate predictions on
the constitutive behavior of the alloy for a given architecture and help to figure out if this architecture
enables to reach the desired properties.
This study deals with the coupling of full-field polycrystal finite element modelling and of experimental
characterisation for the development of two types of architected 316L stainless steel: (i) bimodal polycrystals elaborated by spark plasma sintering, which has been the subject of extensive numerical and
experimental analyses [1, 2] and from which a comprehensive modelling methodology could be established and validated, (ii) 316L elaborated by selective laser melting with different cases of specimen
sizes and building configurations resulting to architected microstructures.
The corresponding microstructures are generated by means of Voronoi-based tessellations implemented
in the Neper software, as illustrated in [3]. An internal length is explicitly introduced in the MéricCailletaud crystal plasticity model in order to account for grain size effects This configuration of study
provides favorable conditions for a systematic and robust exploration of the microstructure-properties
relationships on a wide range of meso-scale microstructural characteristics.
Acknowledgments: Normandy region has funded a part of this study through the project RIN PFAN.
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[1] B. Flipon, C. Keller, L. Garcia de la Cruz, E. Hug, F. Barbe, Tensile properties of spark plasma
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[2] B. Flipon, C. Keller, R. Quey, F. Barbe, A full-field crystal-plasticity analysis of bimodal polycrystals. International Journal of Solids and Structures (2020), 184:178–192.
[3] B. Flipon, L. Milhem, C. Keller, R. Quey, F. Barbe, Modelling of polycrystals using well-controlled
Voronoi-type tessellations and its applications to micromechanical analyses. Physics and Mechanics of Random Media: from Morphology to Material Properties, F. Willot and S. Forest (Eds),
Presse des Mines (2018), Ch. 23:187–198.
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We report about the analysis, design, and experimental testing of modular structures
composed of bistable units derived from the classic triangular tensegrity prism. Tensegrity
structures are pin-connected frameworks, composed by bars and cables, possessing internal
mechanisms and self-stress states, and featuring a variety of structural responses depending on
their prestress, edge connectivity, and geometry. When a tensegrity system has only one
internal mechanism and one self-stress state, as in the triangular prism case, it is possible to
associate to it a corresponding bistable unit, by replacing all cables with bars and changing its
edge-lengths slightly. After presenting experimental results of compression tests carried out
on microscale specimens fabricated through multiphoton lithography, we compare them with
the numerical predictions obtained by our computational model.

Fig. 1: Layout of the analyzed structure
REFERENCES
[1] F. Fraternali, G. Carpentieri, A. Amendola, R.E. Skelton, V.F. Nesterenko, Multiscale

tunability of solitary wave dynamics in tensegrity metamaterials Appl. Phys. Lett. Vol
105, pp. 201903 , 2014.
[2] F. Fraternali, G. Carpentieri, A. Amendola, On the mechanical modeling of the extreme
softening/stiffening response of axially loaded tensegrity prisms. J. Mech. Phys. Solids
Vol. 74, pp. 136–157, 2014.
[3] A. Micheletti, Bistable regimes in an elastic tensegrity system Proc. R. Soc. Vol.
469(2154), pp.201300520, 2012.

905

K. Alvarado,
Influence
of Smith-Zener
S. Florez, B. Flipon,
PinningN.
On
Bozzolo
Grain Growth
and M. Bernacki
When Second Phase Particles Evolve: Multiscale Approach and Application to Nickel-Base Superalloys
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

INFLUENCE OF SMITH-ZENER PINNING ON GRAIN GROWTH
WHEN SECOND PHASE PARTICLES EVOLVE: MULTISCALE
APPROACH AND APPLICATION TO NICKEL-BASE SUPERALLOYS
Karen Alvarado1,*, Sebastian Florez1, Baptiste Flipon1, Nathalie Bozzolo1 and Marc
Bernacki1
1

MINES ParisTech, PSL - Research University, CEMEF - Centre de mise en forme des
matériaux, CNRS UMR 7635, CS 10207 rue Claude Daunesse, 06904, Sophia Antipolis,
Cedex, France
*Corresponding author: karen.alvarado@mines-paristech.fr
Keywords: Smith-Zener pinning, second phase particles, limiting grain size, Level Set
In most polycrystalline nickel-based superalloys, the grain size is controlled by second phase
particles which pin the grain boundaries. The Smith-Zener model [1,2] describes this physical
interaction between second phase particles (SPPs) and a grain boundary. When applying a
heat treatment to a nickel-based superalloy, the second phase particle population is altered: its
size distribution, morphology and volume fraction can evolve by several diffusion-controlled
mechanisms like precipitation, dissolution, spheroidization, Ostwald ripening and
agglomeration. The kinetics of all these processes is highly temperature-dependent.
As industrial forging processes involve hot deformation steps near the solvus temperature, the
evolution of second phase particles is important due to their impact on the final
microstructure, notably on the grain size. This work is focused on the evolution of
second
phase particles as the material is submitted to high temperature. This work is conducted based
on heat treatments and microstructure characterizations by SEM and EBSD/EDX techniques,
and on advanced numerical simulations. The latter is performed using a full field numerical
modeling framework for simulating grain growth phenomena, which is based on the level set
method within a finite element context. This framework was originally developed with the
assumption of a non-evolving distribution of second phase particles [3].
A new formalism to model grain growth mechanisms under the influence of the Smith-Zener
pinning phenomenon and able to take into account evolutive particles is proposed. It involves
the representation of SPPs by a level set function and a particular numerical treatment around
the grain interfaces encountering SPP, which enables to make SPPs evolve by respecting also
the pinning pressure. Validation and comparison of the new method regarding the previous
formulation [3] in 2D and 3D simulations are provided. This new approach shows promising
results and perspectives. In further work it will be possible to introduce mean field equations
to describe properly the diffusion mechanisms leading to SPP evolutions.
REFERENCES
[1] C. S. Smith. Trans. Metall. Soc. AIME 175 (1948).
[2] P. A. Mohanar, M. Ferry and T. Chandra. ISIJ int. 38 (1998).
[3] A. Agnoli, N. Bozzolo, R. Logé, J.-M. Franchet, J. Laigo, and M. Bernacki.
Computational Materials Science 89 (2014).
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A targeted application of residual stresses in hot forming processes with subsequent cooling offers great
potential to improve the final components properties, e.g. life time or strength. We consider hot forming
processes since they offer a number of parameters to adjust, such as deformation state, temperature
profile or cooling media. This contribution specifically analyses the relation of cooling a hot formed part
and the resulting residual stress evolution inside the material. A cylindrical specimen with eccentric hole
is considered, cf. [1], to ensure inhomogeneous stress states.
On the basis of detailed experimental and numerical investigations on the macroscale, cf. [2], suitable
material characterizations are carried out concerning all occurring microstructural phases. Additionally, complex thermal, mechanical and metallurgical interactions have to be taken into account as well.
Evoked by cooling, phase transformations on the atomistic scale occur, which depend on the cooling
route and vary locally due to the polycrystalline nature of the material. Thereby, residual stresses arise,
which influence the final macroscopic properties of the component. This multiscale view coincides with
the definition of residual stresses based on the length scales, see [3].
In this contribution, a numerical model for the cooling of a macroscopic component is presented which
takes into account phase transformation. The multiscale view motivates the utilization of a two-scale
Finite Element model to describe these microscopic phenomena. Resulting residual stress distributions
are discussed.
REFERENCES
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As an important group of advanced high strength steels (AHSS), complex phase (CP) steels
are developed and utilized in the automobile industry because of their good combination of
high strength and better flangeability compared with dual-phase (DP) steels [1]. The
microstructure of CP steels normally consists of ferrite, martensite and various forms of
bainite. It is believed that the good local formality of CP steels originates from a more
heterogeneous microstructure and smoother property gradient between microstructural
constituents. As shown in [2], development of a microstructure description including the
gradient of different microstructural features should support process design of CP steels.
Experiment and modelling approaches were combined to reach this goal.
The numerical tool, which will be capable to predict gradients of microstructural features and
properties in heterogeneous materials, was investigated. Local properties of multiphase steels
are controlled by segregation of the chemical composition, grain size and misorientation,
precipitates and dislocation density. Thus, the developed numerical tool should characterize
the components’ contribution to the local properties and create a map of these constituents.
The carbon concentration and the dislocation density were investigated in the present paper.
The former contributes directly to the strengthening of the material and indirectly accelerates
precipitation on dislocations. The latter determines hardness distribution in hard constituents.
The model combines finite element (FE) solution of the carbon diffusion equation during
transformations with the finite difference solution of the equation describing evolution of
dislocations. Detailed description of the first part can be found in [3]. Representative volume
element (RVE), which contains few grains of austenite, was the domain of the solution.
Determination of the position of the interface boundary was performed using Level Set
Method. The internal variable model predicts evolution of dislocation populations during
processing and it was used to calculate distribution of dislocation density in the ferrite close to
the martensite island. Combination of the two models allowed to calculate hardness
distribution in the RVE. Following this, screening methods used in the sensitivity analysis
were applied to calculate distribution of gradients of mechanical properties.
References
[1] N. Fonstein, Advanced high strength sheet steels, Springer, Cham, 2015.
[2] D. Szeliga, Y. Chang, W. Bleck and M. Pietrzyk, Evaluation of using distribution functions for
mean field modelling of multiphase steels, Procedia Manufacturing, 27: 72-77, 2019.
[3] M. Pernach, K. Bzowski, Ł. Rauch and M. Pietrzyk, Analysis of predictive capabilities of
multiscale phase transformation models based on the numerical solution of heat transfer and
diffusion equations, Int. J. Multiscale Comput. Eng., 15: 413–430, 2017.
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Optimal design of a 2D nano-material – molybdenum disulfide MoS2 is presented. The
optimization problem is defined as minimization of difference of actual and predefined
mechanical properties of the structure. The predefined properties of material stiffness matrix
are given by the user and the actual properties depend on solution of results of the direct
problem.
The optimization procedure based on intelligent computing [1] introduces modifications to
the atomic structure by eliminating part of the atoms and creating voids. The shapes of the
voids are defined using design variables and predefined shapes.
The atomic structure is periodic and only part of the structure is modelled [3]. The objective
function is computed on the base of mechanical properties obtained using molecular statics
analysis. The LAMMPS software [2] is used for direct problems solving.
The paper contains numerical examples showing the resulting atomic MoS2 structures for
chosen prescribed mechanical properties. The differences between expected and obtained
results are discussed.
Acknowledgement
The research is funded within National Science Centre Poland project no.
2016/21/B/ST8/02450. Calculations were performed in part at the Interdisciplinary Centre for
Mathematical and Computational Modelling at the University of Warsaw under grant GB7514.
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The predictive capabilities of a numerical model are always related to physical mechanisms that
are considered during its development. In general, the more sophisticated model is, the better
predictive capabilities it can offer what then widens its future potential applications [1].
However, numerical predictions can be significantly affected by parameters and setup of the
numerical method, which was used during the solving of a particular physical phenomenon.
Therefore, the first part of the present work is dedicated to the presentation of a physicallybased static recrystallization model within the cellular automata (CA) framework, which takes
into account interactions of all major mechanisms controlling the microstructure evolution
under specific heat treatment conditions [2]. In this approach due to the discrete nature of the
CA space, each CA cell has physical dimensions and follows physical time step length in each
iteration. Both of those factors directly affect the quality of the obtained results. That is why
the evaluation of proper time step length and CA cell size should always be the first step to
prove the CA model robustness.
That is why, determination of appropriate CA cell size, which is related to the CA space
resolution, and CA time step length is presented in the second part of this work. To evaluate the
influence of the CA space size on recrystallization kinetics, a set of different scenarios based
on varying CA cell sizes was computed first. Then, to identify the appropriate CA time step
length, which will not affect the results and at the same time will provide acceptable calculation
time, another set of 15 simulations was designed. In both case studies, the analysis was focused
on predictions of recrystallization kinetics as well as final microstructure morphology. Obtained
results clearly indicate a threshold value for both CA cell size and CA time step length that has
to be reached in order to obtain reliable predictions.
Financial assistance of the National Science Center project No. 2017/27/B/ST8/00373 is
acknowledged.
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Following previous works of the authors, see [1] and [2], we approach the problem of metamaterial design with periodic microstructures by thinking them as crystals with predefined symmetries of rotations,
reflections or inversions. Therefore, these microstructures are characterized by specific plane or space
groups. Through the Neumann’s principle we connect the symmetry of the material configurations with
the symmetry of the effective properties.
In this contribution we analyze the influence that the imposition of crystallographic symmetries has in
the microstructure of metamaterials for obtaining unusual mechanical effective properties for different
physical applications. The topology design methodology used in this study is an inverse homogenization
technique which is mathematically formulated as a topology optimization problem. Thus, the symmetry
of the microarchitecture is enforced by introducing adequate geometrical constraints within the topology
optimization problem for two-phase metamaterials.
Then, different targets for the topology optimization problem are chosen according to the physical application. As a first problem, we use this methodological approach as a source of inspiration to design
simple and extreme mechanical metamaterials. By identifying similar microstructures, we group them
in families of parameterized materials with almost extreme elastic behavior respecting the assumed symmetry conditions. Inclusion of a laminate material at the microstructure level allows to achieve effective
properties very close to the theoretical limits of the corresponding composite, and virtually, attianing
them when one of the phases is void.
As a second problem, we design and optimize 2D acoustic metamaterials to maximize the relative size
of one band gap. We study the sensitivity of several crystallographic symmetries on the band gap size.
REFERENCES
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microarchitectures with crystal symmetries displaying isotropic properties close to their theoretical
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911

Tuned
Lidy
Marcela
Thermal
Anaya
Expansion
JaimesCoefficients
and Renato Using
Pavanello
An Evolutionary Topology Optimization Method

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

TUNED THERMAL EXPANSION COEFFICIENTS USING AN
EVOLUTIONARY TOPOLOGY OPTIMIZATION METHOD
L.M. Anaya-Jaimes1 , R. Pavanello2
1

University of Campinas, Rua Mendeleyev 200, 13083-860 Campinas, SP-Brazil,
lidy@fem.unciamp.br
2
University of Campinas, Rua Mendeleyev 200, 13083-860 Campinas, SP-Brazil,
pava@fem.unciamp.br
Key Words: Metamaterial, Thermal expansion , BESO, Homogenization method
This work presents a study of the Bi-directional evolutionary Structural optimization method applied to
the design of metamaterials with a desired thermal expansion coefficients. The metamaterial is defined
as a base cell repeated periodically. The multi-scale problem is modeled using finite element method and
the homogenization method in order to calculate the equivalent properties of the base cell. The topology
optimization problem consists of finding the distribution of two material phases and void withing the
periodic base cell that minimizes an objective function that allows the obtaining of a metamaterial with
a desired property. The objective function studied is an error function between the desired property and
the equivalent property of the designed metamaterial. This study is performed analyzed the influence of
the BESO parameter in the final topology and it is analyzed the influence of the initial topology. Some
bi-dimensional examples are presented to show the effectiveness of the BESO method in the design of
metamaterials with desired thermal expansion coefficients.

Figure 1: Designed metamaterial for negative thermal expansion using the BESO method
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ABSTRACT
Granular media are, after water, the most widely-handled material on earth, being involved at
some point in the fabrication of almost every modern commodity. As such, an understanding
of these materials and their behaviours is of paramount importance to innumerable industries
spanning all major sectors.
Despite this fact, our understanding of these media is - compared to our knowledge of
classical, molecular materials - decidedly poor. This is due, in part, to a lack of effective
communication between industry and academia, and indeed between different academic
disciplines and industrial sectors.
In this Minisymposium, we aim to bring together both pure and applied scientists, as well as
industry specialists from diverse fields, to facilitate interdisciplinary knowledge exchange and
promote discussion and collaboration, crossing conventional boundaries. In particular, the
emergence of numerical simulations for industrial applications are discussed.
The symposium will address two major features of equal importance, which cause the gap
between the actual knowledge and the expertise needed by industry:
I. Multiscale: Understand granular and multiphase flows at various scales, from the
microscale to (in particular) the macroscopic/industrial scale, and present state-of-art
scale-bridging methods that can be used for industrially relevant problems.
II. Multiphysics: Accurately describe the behaviour of multiphase flows, by combining
different modeling techniques (e.g. DEM, MD, CFD, Lattice Boltzmann, SPH…)
operating at different scales and different phases.
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Four-way coupled [1] particle-laden flow simulations are usually based on one of two modelling approaches: either one uses an all-continuum model, where both the particles and the fluid phases are
modelled as one (or a few) continuum domains; or else one uses a mixed model, where the fluid is
treated as a continuum but the particles are individually tracked as discrete bodies.
One can subdivide the second approach further into two models: the fully resolved approach, where the
details of the flow are resolved around the each particle (the spacial resolution of the fluid is finer than the
particle size); and particle-in-cell-type models, where the spacial resolution is coarser than the particle
size, so the individual contributions of each particle must be averaged over.
In most of the literature on simulation of particle-laden flows using the latter approach finite-volume
techniques are used for the fluid. Little attention has been paid to finite element method (FEM)-based
simulations and even fewer have analysed these methods in detail.
In this work we continue the task started in [3], applying the VMS framework [2] to produce a stabilized
FEM for the fluid phase, describe it thoroughly and investigate its numerical behavior. For the numerical
analyses, the fluid volume fraction is taken as a known, instationary and inhomogeneous field.
We explore the practicality of the method in applied examples. The coupling is performed by calculating
the source term and the fluid fraction field using a filtering technique on the DEM, which is solved in a
staggered way.
REFERENCES
[1] S. Laın, M. Sommerfeld and J. Kussin Experimental studies and modelling of four-way coupling in
particle-laden horizontal channel flow. International journal of heat and fluid flow, Vol. 23., (2002)
23(5):647–656.
[2] R. Codina, S. Badia, J. Baiges and J. Principe Variational multiscale methods in computational
fluid dynamics. Encyclopedia of Computational Mechanics Second Edition (2018)
[3] G. Casas Numerical analysis of particle-laden flows with the finite element method. Doctoral Thesis,
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918

Agglomeration
G.
Mollon
in Cohesive Flows of Soft Particles
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

AGGLOMERATION IN COHESIVE FLOWS OF SOFT PARTICLES
Guilhem Mollon¹*
1

LaMCoS, INSA-Lyon, CNRS UMR5259, 69621, Villeurbanne, France
*guilhem.mollon@insa-lyon.fr

Key Words: Granular Flow, Shear, Cohesion, Agglomerates, Multibody Meshfree Approach
This communication presents recent advances in the study of the rheology of soft granular
materials submitted to shearing. These advances were made possible by the development and
implementation of a dedicated numerical framework called the Multibody Meshfree Approach
[1]. In this framework, each grain composing a granular collection is discretized in order to
render it highly compliant. The equations of continuum mechanics are solved in each grain
using a meshfree formulation, and contacts between grains are handled based on a node-tosegment formulation. It is thus a natural extension of DEM to very soft matter.
We investigate the behaviour of such a collection of grains sheared between two walls with a
constant gap, and focus our attention on the influence of the cohesion between the grains.
Results show (Fig. 1) that several flow regimes spontaneously emerge from such a system, from
a plastic laminar flow to the formation of agglomerates of various sizes. It is found that a
specific value of the intergranular cohesion maximizes the resistance to shearing by favouring
the self-organization of the sample in inclined strong resisting force pillars, which are made
possible by the deformability of the grains and the large contact areas between them [2].

Fig. 1. Influence of cohesion on spontaneous agglomerates formation in a sheared soft granular
sample; left: low cohesion; right: high cohesion

REFERENCES
[1] G. Mollon, “A unified numerical framework for rigid and compliant granular materials”
Computational Particle Mechanics, vol. 5, n. 14, p. 517–527, 2018.
[2] G. Mollon, “Solid Flow Regimes Within Dry Sliding Contacts”, Tribology Letters, 67:120, 2019
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The Wurster process is commonly used to modify the release rate or the taste of granulated beads in the
pharmaceutical industry. Hereby, beads are coated with one or multiple functional films that control the
release of drug substances or mask a specific taste. The coating process takes place in the Wurster tube, in
which the particles are transported centrally upwards followed by a subsequent downwards movement
outside the tube. Thus, the particle flow resembles a torus-shaped recirculation pattern.
Since coating uniformity is crucial for functional coatings, we investigated the effect of the particle size,
inlet airflow rate and spray rate on the coating thickness distribution. The thickness of the coating layer
depends on the number of passes through the spray zone and the deposition of solid coating per pass.
However, recent numerical investigations are limited to mono-sized particles [1], simplified spray models
[2] or pseudo-2D fluidized beds [3]. Furthermore, the computational cost of CFD-DEM simulations restricts
the calculations to a few seconds of real process time [4].
We carried out CFD-DEM simulations of lab-scale coating processes, including a sophisticated inline spray
model [5], [6]. From the simulation data, we extracted the cycle time distribution and coating per pass
distribution with respect to particle size. These results were used as input to a Monte-Carlo (MC) simulation,
which allows fast calculation of the whole coating process. Combining the mechanistic CFD-DEM
simulation with a stochastic MC approach in this way is a novelty. The results indicate that the coating
uniformity increases with lower spray rates, but this comes along with higher manufacturing costs due to
longer process times. In addition, a uniform PSD of core beads is beneficial, since our observations revealed
an increasing coating layer thickness with decreasing particle size.
[1]

Z. Jiang, C. Rieck, A. Bück, and E. Tsotsas, “Modeling of Particle Behavior in a Wurster Fluidized
Bed: Coupling CFD-DEM with Monte Carlo,” no. September, pp. 11–14, 2019.
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fluid bed studied using DEM-CFD,” Powder Technol., vol. 280, pp. 124–134, Aug. 2015.
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with liquid injection,” Chem. Eng. J., vol. 288, pp. 185–197, 2016.

[4]

P. Böhling et al., “Computational Fluid Dynamics-Discrete Element Method Modeling of an
Industrial-Scale Wurster Coater,” J. Pharm. Sci., Oct. 2018.
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Contact Dynamics algorithms are known to allow efficient modelling of frictional rigid particles in
many situations, including systems immersed in water or enduring cohesive interactions [1, 2]. One
originality of Contact Dynamics is that it disposes of contact scales phenomena by treating them as discontinuities rather than as laws [3]; hence, by contrast with technics based on the explicit modelling of
contact interaction (such as the popular DEM [4]), Contact Dynamics does not need to adapt the computational time step ∆t to the details of the contact (such as the stiffness, for instance), but just requires that
its value is reasonable compared to the system’s macroscopic characteristic time scales.
In case of rigid non-cohesive bodies, the equations of dynamics are rewritten and solved for contacts
transmitting strictly positive (namely compressive) forces, in a way such that the value of the computational time step simplifies out of the resolution of the value of the forces; the computational time step
appears explicitly only for the resolution of the motion of each grain, following Newton’s laws.
But in the case of cohesive bodies, a cohesion threshold is introduced that set the (negative) limit of
the tensile force before the contact “breaks” and opens as a result. This existence of this threshold brings
back and implicates the time step in the resolution of cohesive contact forces, possibly changing the
effective cohesion by affecting the relative velocity of the grains in contact.
In this contribution, we first develop the equations in the simple case of two-body and three-body systems, showing the intertwined role of computational time steps and cohesive threshold. The outcome of
simulations with several grains (138) in a dense packing, varying both cohesion and time step, is then
presented as an illustration of this effect.
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Perales, F. Radjai, Physical review letters 109 (18), 188001 (2012)
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[3] J.-J. Moreau, Some numerical methods in Multibody Dynamics: Application to Granular Materials,
European Journal of Mechanics, A/Solids 13-4, p.93-114 (1994)
[4] Cundall PA, Strack ODL. A discrete numerical model for granular assemblies, Geotechnique, vol
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CONSTITUTIVE EQUATIONS FOR DENSE GRANULAR FLOW:
THEORY & EXPERIMENT
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Industrial scale simulations of granular flow are most efficiently implemented in terms of a coarse
grained, continuum description of the particulate medium. This, however, requires constitutive equations that faithfully capture the behavior of the granular medium qualitatively and quantitatively. Here,
we will present constitutive equations for all components of the stress tensor σαβ of fluidised granular matter derived from first principles [1,2]. Our approach is best suited for practically relevant high
packing fractions ϕ  0.5 and for arbitrary shear rates γ̇.
We validate our theoretical approach with experimental measurements obtained in a fluidised bed rheometer. Spanning several orders of magnitude in shear rate, we corroborate the phenomenology predicted by
the theory [1]. In brief: (i) Newtonian rheology for small densities and shear rates, (ii) shear thinning
once the shear rates exceeds the intrinsic relaxation rate of the granular fluid at high densities and intermediate shear rates, (iii) Bagnold scaling, i.e., shear thickening, for the highest shear rates, and (iv) a
finite yield stress above the granular glass transition [3].
We will discuss the interpretation of our experimental results in terms of our theory and provide a quantitative description of granular rheology over a broad range of shear rates and rheological behaviors. We
will make contact with existing empirical laws of granular rheology, namely µ(I)-rheology [4].
In conclusion, we will demonstrate macroscopic constitutive equations for granular flow derived from
microscopic principles that quantitatively explain measurements over a wide range of parameters.
REFERENCES
[1] Kranz, W. T., Frahsa, F., Zippelius, A., Fuchs, M., and Sperl. M. Rheology of inelastic hard spheres
at finite density and shear rate, Phys. Rev. Lett. (2018) 121:148002
[2] Kranz, W. T., Frahsa, F., Zippelius, A., Fuchs, and M., Sperl. M. Integration through transients for
inelastic hard sphere fluids, arXiv:1710.04475
[3] Kranz, W. T., Sperl, M., and A. Zippelius, Glass Transition for Driven Granular Fluids, Phys. Rev.
Lett. (2010) 104:225701
[4] G.D.R Midi, On dense granular flows, Eur. Phys. J. E (2004) 14:341
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PREDICTIVE MODELING OF HOLDUP IN HORIZONTAL WATEROIL FLOW USING A NEURAL NETWORK APPROACH
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In this work, the application of an artificial neural network (ANN) is proposed to develop a
predicting model for the holdup of a two-phase flow composed of water and mineral oil in a
horizontal pipe. For this, the surface velocities of each fluid and the pressure differential in the
pipeline are used as input parameters of the multilayer artificial neural network with
backpropagation, while the volumetric fraction of the fluids is used as the output parameter for
the training. A set of 56 experimental data was obtained in the LabPetro-CEPETRO-UNICAMP
laboratory. The best performing results for the predictive model show a mean absolute error
(AAPE) of 3.01% and a coefficient of determination 𝑅𝑅2 of 0.9964 using 15 neurons in the
hidden layer of the network and the TanSig transfer function.
[1] [2] [3] [4] [5]
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Wound healing, cell monolayer growth embryo developing, cancer invasion, squeezed foam or emulsions
and metal, plastic or ceramic powder sintering; all these very different systems have the common point to
be described as packings of discrete, deformable particles. Even if the jamming transition – the transition
between a fluid-like and a solid-like behavior of the granular matter – of stiff or weakly deformable
particles has been very well studied, theoretically, numerically and experimentally, very few is known
about the behavior of these soft granular systems at high packing fraction.
We present an experimental study of highly strained soft bidisperse granular systems made of hyperelastic and plastic particles. We explore the behavior of granular matter deep in the jammed state from local
field measurement, from the grain scale to the global scale. By mean of a dedicated digital image correlation code and an accurate image recording method, we measure for each compression step the evolution
of the particle geometries and their right Cauchy-Green strain tensor fields. We analyze the evolution of
the usual macroscopic observables (stress, packing fraction, coordination, fraction of non-rattlers, etc.)
along the compression process through the jamming point and far beyond. Analyzing the evolution of
the local strain statistics, we evidence a crossover in the material behavior deep in the jammed state for
both sorts of particles. We show that this crossover is due to a competition between material compression, dilation and shear, so its position depends on the particle material. We argue that the strain field is
a reliable observable to describe the evolution of a granular system through the jamming transition and
deep in the dense packing state whatever is the material behavior.

Figure 1: Compositive view of a compressed packing of hyperelastic particles: magnitude displacement field (left),
raw scanned image (middle) and λ2 (second eigenvalue of the right Cauchy-Green strain tensor) field (right). Red
lines show some contacts (top) and orange bars (vertical at the beginning of the compression) show the rotation of
some particles. Pink regions show the voids between grains.
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Cohesion forces strongly alter the flow properties of a granular material [1]. Grains often aggregate
or flow intermittently which can induce clogs during industrial processes and lead to considerable gain
losses. Although techniques are available to compare two powders or give qualitative properties of the
material, they still lack of a strong physical base.
Here, we start by investigating the influence of cohesion in a simple configuration: the collapse of a
granular column. To do so, we adopt a numerical approach and implement a peculiar rheology in a
Navier-Stokes solver (Basilisk) [2] : the so-called µ(I)-rheology, usually used for dry granular matrials,
supplemented by a yield stress, which models cohesion between grains. With this approach, we investigate the stability of the column and check it with a code based on Contact Dynamics [3], which implies
forces at the grain scale. By doing this, we validate our implementation and bridge the gap between the
mesoscopic and the macroscopic definitions for cohesion.
Then, we discuss the influence of cohesion on the collapse dynamics, the run-out length, and the final
shape of the deposit. We compare these results with experiments, conducted by Gans et al., and using a
recently-developed, cohesion-controlled granular material [4].
REFERENCES
[1] Rognon, P. G., Roux, J. N., Naaim, M., and Chevoir, F. (2008). Dense flows of cohesive granular
materials. Journal of Fluid Mechanics 596, 21-47.
[2] Lagrée, P-Y, Staron, L., and Popinet, S. (2011). The granular column collapse as a continuum: validity of a two-dimensional Navier–Stokes model with a µ (I)-rheology. Journal of Fluid Mechanics
686, 378–408.
[3] Moreau, J.-J. (1994). Some numerical methods in Multibody Dynamics: Application to Granular
Materials, European Journal of Mechanics, A/Solids 13-4, p.93-114.
[4] Gans, A., Pouliquen, O., & Nicolas, M. (2019). A cohesion-controlled granular material.
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Positron Emission Particle Tracking (PEPT) is a technique developed at the University of Birmingham
which allows the non-invasive, three-dimensional tracking of one or more ’tracer’ particles through particulate, fluid or multiphase systems. The technique allows particle or fluid motion to be tracked with
sub-millimetre accuracy and sub-millisecond temporal resolution and, due to its use of highly-penetrating
511 keV γ-rays, can be used to probe the internal dynamics of even large, dense, optically opaque systems
- making it ideal for industrial as well as scientific applications [1] [2] [3]. However, transforming the
captured γ-rays from radioactive tracers into individual trajectories is not trivial. The tracking algorithm
is a research area in its own right [4] [5].
I present a novel tracking algorithm that uses Machine-Learning techniques in order to efficiently track
tracers with higher temporal and spatial resolution than previously possible. The PEPT-ML algorithm
has yielded results which are up to 5 times more accurate and precise than the standard Birmingham
Method, distinguishing particles that are as close as 2 mm – compared to a minimum separation > 16
mm for the Birmingham algorithm.
The ability of the algorithm to successfully locate a particle using as few as 25 lines of response carries
significant positive consequences for the application of PEPT not only to extremely rapid flows, but also
for the miniaturisation of PEPT tracers, potentially opening the door to new biomedical applications of
the technique, such as labelling and tracking blood cells.
PEPT-ML also introduces novel methods for the identification of individual tracers and their tracks,
which exploit the properties of the algorithms implemented to distinguish particles based on their distinct
‘signatures’. This creates the possibility of reconstructing tracer trajectories even after collisions or
intersections.
Uniquely to this algorithm, the accuracy of the PEPT-ML algorithm is observed to remain effectively
invariant with the number of tracers in the system, for numbers up to 128 tracers. In other words, the
PEPT-ML algorithm is highly scalable – two particles can be tracked just as accurately as 128.
The algorithm was implemented as part of an accessible Python library that aims to unify PEPT development by including the basic data structures needed and interchangeable algorithms for tracking,
simulating, analysing and visualising PEPT data.
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In granular materials, the microscopic interactions among grains are the essential foundation of macroscopic processes such as flow and deformation. It is thus imperative to perform experiments on granular
materials that can extract contact-level information. As realistic granular materials are three dimensional
(3D), such experiments should extract 3D contact level information from a granular material, ideally
under realistic loading conditions.
Problematically, 3D imaging experiments are technically challenging, expensive and/or time consuming
to carry out. This is partly why so far, most experimental measurements on such granular micromechanics have been done via photoelasticimetry [1] on two-dimensional model systems. 3D imaging
experiments also provide tremendous amounts of data. Merely summarizing these data in concise graphs
and tables as is typically done in scientific publications does not fully unlock its potential.
In this talk, we will therefore discuss the various data sets from years worth of effort on 3D imaging
experiments on soft hydrogel particle packings exposed to various loading conditions. All experiments
have been performed in the former Behringer lab at Duke University. Many of the data sets have not before been used, described explicitly in scientific publications or even analyzed. We will present a general
overview of methods used to perform the imaging experiments. The experiments provide particle-level
information extracted from 3D images, including contact forces and particle shapes, along with complementary boundary force measurements. By making the raw experimental data and code available[2], we
hope to accelerate the field by allowing more detailed investigations and comparisons of experiments and
theory.
REFERENCES
[1] A. Abed Zadeh, J. Barés, Th.A. Brzinski, K.E. Daniels, J.A. Dijksman, N. Docquier, H.O. Everitt,
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Positron Emission Particle Tracking (PEPT) is an experimental technique capable of imaging the threedimensional dynamics of particulate or multiphase systems with high temporal and spatial resolution
[1]. Due to its use of highly-penetrating gamma radiation, it can image particle or fluid motion even
deep within the interior of large, optically opaque systems [1] – making it ideal for the imaging of
industrial processes. The diverse physical quantities and fields which may be acquired from PEPT data
also make it a valuable tool for the precise calibration and validation of numerical models [2]. This talk
focuses on the application of combined PEPT and DEM-CFD modelling to study the internal dynamics
of a novel waste plastic recycling system, showing how the complementary use of these experimental
and numerical techniques can extract more accurate and more detailed information than is possible with
either in isolation.
REFERENCES
[1] DJ Parker, RN Forster, P Fowles, and PS Takhar. Positron emission particle tracking using the new
birmingham positron camera. Nuclear Instruments and Methods in Physics Research Section A:
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The goal of this work was to validate our simulation model of the GEA ConsiGma® tablet
coater. GEA developed the ConsiGma® coater to be integrated into the ConsiGma® continuous
production line. This was done to simplify the switch from the traditional batch production to
a continuous mode. Continuous production offers some advantages when compared to batch
production, including flexibility, increased process/product quality and decreased cost.
Process understanding is the key element for effective process control. Especially for new
processes, having a limited experience with process charactersitics, computational tools can
help to increase the understanding, and thus, process performance. Moreover, development
costs can be minimized.
In the last years, computational fluid dynamics (CFD) and the discrete element method (DEM)
have been increasingly used to analyze and to understand granular processes in the
pharmaceutical and various other industries. In our collaboration, we developed a CFD-DEM
model to simulate the tablet coating process in the GEA ConsiGma® coater. The model includes
the momentum, heat and mass transfer between the fluid gas phase and the bi-convex tablets.
Due to the nonsphericity of the biconvex tablets, a drag model was developed that takes
orientation and shape of the tablets into account.
Tablet movement, coating quality, heat- and mass-transfer during the coating process were
recorded in the simulations and validated against experimental results. The experimental and
simulation results agree well on all measured accounts and support the use of this simulation
approach to investigate and expand the process space of the GEA ConsiGma® coater.
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From sand dunes to Faraday crispations, granular materials (i.e., large agglomerations of macroscopic
particles) are ubiquitous in nature, industry and our daily lives with widespread applications from the
prediction of natural disasters (e.g. snow avalanches and debris flows) through the enhancement of energy efficiency in industries (e.g. mining, civil engineering) to emerging new technologies (e.g. powder
based additive manufacturing, or 3D printing). Due to the energy dissipation at the individual particle
level, granular systems are highly dissipative and consequently their stationary states are typically far
from thermodynamic equilibrium. Therefore, understanding how the interactions between individual
particles influence the collective behavior is crucial in describing granular materials as a continuum.
In this contribution, recents efforts in deciphering the dynamics of partially wet granular materials (e.g.,
we sand for sculpturing) will be presented. From single particle bouncing to collective motion, the
following questions will be addressed. At the ‘microscopic’ level of individual particles: How to estimate
the energy dissipation associated with the impact of wet particles? Can we have a prediction of the
coefficient of restitution (CoR) for various liquid and particle properties as well as impact velocities
to facilitate large scale computer simulations [1]? Stepping further, I will show that how shock wave
propagation plays a role in the energy injection and redisbribution processes and how such processes are
governed by the particle-particle interactions [2]. At the ‘macroscopic’ level of collective motion: How
effectively ‘thermalized’ wet particles self-organize themselves into various nonequilibrium stationary
states [3, 4] and how to use those well controlled experiments as benchmarks for multi-scale simulations
of granular systems?
REFERENCES
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ABSTRACT
The last years have seen an upsurge in research and development of soft, responsive materials
that react mechanically on applied non-mechanical stimuli. Prominent examples are
magnetorheological elastomers, electroactive polymers and hydrogels, only to name a few. The
mentioned materials undergo large deformations under the application of electric and magnetic
fields as well as under the action of solvents, respectively. Their multifunctional properties
make them prototype candidates for innovative techanical applications reaching from largedisplacement actuators over smart sensing devices to synthetic soft tissues in flexible
electronics.
Most of the mentioned materials reach their full potential because of their unique
microstructure. Associated material properties could thus be optimized by materials design. In
case of magneto- and electro-active composites, microstructures are usually composed of a soft
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matrix and embedded inclusions. From a theoretical and computational viewpoint, this calls for
the development of homogenization schemes in order to provide a-priori knowledge of the
composite's effective properties. Associated techniques must be based on thorough constitutive
models and robust numerical implementations in order to reveal insights into the highly
nonlinear and coupled interactions at micro- and macrolevel. At the same time, the further
advancement of experimental techniques allowing for precise and reliable validation and testing
is paramount.
A special feature of soft, responsive materials that has attracted particular attention recently is
that they become unstable in certain loading ranges. The resulting instability phenomena could,
for example, be harnessed to arrive at very large deformations under rather small applied fields,
making materials ready for even more efficient actuation and sensing purposes.
The goal of this minisymposium is to bring together researchers from experiment, modeling
and simulation in order to discuss recent advancements and new directions in the field. Topics
of interest include:









Electro- and magneto-active elastomers
Responsive gels (hydrogels, ionic polymers, …)
Liquid crystal elastomers and gels
Experimental testing and validation
Constitutive modeling and numerical simulation
Multiscale approaches and homogenization
Material and structural instabilities
Materials design of soft solids

REFERENCES
[1] M. Rambausek and M.-A. Keip, “Analytical estimation of non-local deformation-mediated
magneto-electric coupling in soft composites”, Proc. Roy. Society. A. 474(2216), 2017080,
2018.
[2] M. Hossain, “Modelling the curing process in particle-filled electro-active polymers with a
dispersion anisotropy, Cont. Mech. Thermo., DOI: 10.1007/s00161-019-00747-5

[3] P. I. Galich, V. Slesarenko, J. Li, S. Rudykh, “Elastic instabilities and shear waves in

hyperelastic composites with various periodic fiber arrangements”, Int. J. Eng. Sci., 130:51-61,
2018
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Electro-active polymers (EAPs) [1, 2] are increasingly becoming popular materials for actuators, sensors, and energy conversion devices for applications in soft robotics, biomedical engineering and energy
harvesting. For the development of real-world applications of EAPs, advanced simulation tools capable
of modelling coupled electromechanical interactions in EAPs are essential. Such simulation tools need
to be developed with due consideration for robustness and computational efficiency if they were to make
a practical impact on the development of applications of EAPs in science and engineering.
Towards performing computationally efficient simulations of coupled electromechanical interactions in
EAPs, we present a novel finite element framework by extending the two-field mixed displacementpressure formulation [3]. Unlike the commonly-used mixed three-field and F -bar formulations, the twofield displacement-pressure formulation is applicable for both nearly and fully incompressible materials.
We employ innovative quadratic Bézier triangular and tetrahedral elements [4, 5] for the spatial discretisation and adapt a state-of-the-art implicit time integration for elastodynamics problems. We illustrate
the accuracy and computational efficiency of the proposed framework by studying several benchmark
F -bar elements. We
examples and comparing the results against those obtained with the Q1/P0 and Q1-F
demonstrate the robustness and computational benefits of the proposed framework for elastodynamics
problems by studying the dynamic behaviour of a dielectric pump and dynamic buckling of thin electroactive polymeric shells. This framework proves to be a robust, accurate, and computationally efficient
numerical framework for computational electromechanics because of its ability to yield accurate numerical solutions using coarse meshes and large time steps.
REFERENCES
[1] M. Hossain, D. K. Vu, P. Steinmann, A comprehensive characterization of the electro-mechanically
coupled properties of VHB 4910 polymer, Archive of Applied Mechanics, 84:523-537, 2015.
[2] M. Hossain, P. Steinmann, Modelling electro-active polymers with a dispersion-type anisotropy,
Smart Materials and Structures, 27(2):025010, 2018.
[3] C. Kadapa, W. G. Dettmer, D. Perić. Subdivision based mixed methods for isogeometric analysis
of linear and nonlinear nearly incompressible materials, Computer Methods in Applied Mechanics
and Engineering, 305:241-270, 2016.
[4] C. Kadapa. Novel quadratic Bézier triangular and tetrahedral elements using existing mesh generators: Applications to linear nearly incompressible elastostatics and implicit and explicit elastodynamics. International Journal for Numerical Methods in Engineering, 117:543-573, 2019.
[5] C. Kadapa. Novel quadratic Bézier triangular and tetrahedral elements using existing mesh generators: Extension to nearly incompressible implicit and explicit elastodynamics in finite strains.
International Journal for Numerical Methods in Engineering, 119:75-104, 2019.
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In this talk, I will present a general class of two-phase particulate composites that is constructed – via
a combination of iterative techniques – in such a way that the free energy W describing its coupled and
nonlinear magnetic-electric-elastic macroscopic response – under arbitrary finite deformations, electric
fields, and magnetic fields – is given as the viscosity solution of a Hamilton-Jacobi (HJ) partial differential equation (PDE). The “space” variables in this type of equations correspond physically to the
combined 15 components of the deformation gradient tensor, Lagrangian electric field, and Lagrangian
magnetic field describing the applied macroscopic loading, whereas the “time” variable corresponds to
the volume fraction of the underlying inclusions in the composite.
While analytical expressions for W can be obtained in some limiting cases (e.g., small deformations and
moderate magnetic/electric fields), this class of PDEs requires in general a numerical treatment. A highorder weighted essentially non-oscillatory scheme (WENO) is developed to address the three defining
mathematical features that differentiate this class of HJ equations from most of the existing HJ equations
in the literature: (i) their “space” variables are defined over non-periodic unbounded or semi-unbounded
domains, (ii) their Hamiltonians depend explicitly on all variables, namely, on the “space” and “time”
variables, the “space” derivatives of W , and on the function W itself, and (iii) in general, their integration
in “time” needs to be carried out over very long “times”. This scheme is deployed to generate numerical
solutions of this class of HJ PDEs and in turn to probe the macroscopic response of this promising class
of active composites.
REFERENCES
[1] Lefèvre, V., Garnica, A., and Lopez-Pamies, O. A WENO finite-difference scheme for a new
class of Hamilton-Jacobi equations in nonlinear solid mechanics. Comput. Meth. Appl. Mech. Eng.
(2019) 349:17–44.
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Electro-active polymers (EAPs) are soft functional materials that undergo a significant change in
shape under electrical stimuli. They are referred as ”Smart materials”, which are able to convert electrical
energy to mechanical work and vice versa. EAPs are applicable in number of fields, such as robotics,
optics, acoustics and biomimetics (e.g., [1],[2], [3]). The mode of action in EAPs actuators is principally
based on Coulomb forces generated by an electric field, which causes the polymer membrane to contract
in the thickness direction and consequently lead to lateral expansion.
Considering that EAPs deform when an electric stimuli is applied, the nonlinear electromechanical
coupling has to be taken properly into account. Thus, a computational multiphysics model that is able
to capture the coupling phenomenon is introduced. The general equations governing the problem are
specified at first stage, then, a proper strain energy function is proposed. Using the dissipation inequality,
the constitutive laws are derived and the weak form of the governing equations are formulated.
Generally speaking, EAPs are commonly made of polyacrylics and polyurethanes, which are nearly
incompressible materials. Furthermore, EAP based actuators are typically designed in shell-like shapes.
Thus, various locking phenomena may be observed when elaborating the standard Bubnov-Galerkin
finite element. Thus, and advanced kinematics are developed for descretizing the functionals, i.e., the
weak form of the governing equations.
Within the developed finite element, a set of numerical simulations are introduced for illustrating the
accuracy and the ability of the developed finite element to capture the coupling phenomenon and the large
deformations. Furthermore, number of EAP based actuators that may be incorporated in sophisticated
robotic applications are studied.
REFERENCES
[1] Bar-Cohen, Y. Electroactive polymers as artificial muscles: a review, Journal of Spacecraft and
Rockets, pages 822–827, Vol. 39, (2002).
[2] Kovacs, G. and Lochmatter, P. and Wissler, M. An arm wrestling robot driven by dielectric elastomer actuators, Smart Materials and Structures, pages 306–317, Vol. 16, (2007).
[3] Maffli, L., Rosset, S., Ghilardi, M., Carpi, F., and Shea, H. Ultrafast all-polymer electrically tunable
silicone lenses, Advanced functional materials, pages 1656–1665, Vol. 25, (2015).
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LARGE DEFORMATION AND ASSOCIATED INSTABILITIES IN THE
FREE INFLATION OF A NONLINEAR ELECTROELASTIC TOROIDAL
MEMBRANE
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Nonlinear membranes are widely applied in engineering structures and naturally appear in the form of
biological tissues. Air bags, diaphragm valves, balloons, and soft tissues like skin, arterial walls and
cell walls are examples of nonlinear membranes. The coupling effects of electric fields to non-linear
membranes significantly influence their behaviours [1]. This work considers a toroidal membrane with
a circular cross-section made of an incompressible nonlinear electroelastic material. The kinematics is
identical to our early work on magnetoelastic toroidal membrane [2]. The toroidal membrane inflates
under pressure and is also subjected to electrical fields. The total potential energy of the system are
contributed from both mechanical and electrical loads. The governing equations are ordinary differential
equations (ODEs) derived from the first variation of the total potential energy. Shooting method is
adopted to solve the ODEs with symmetrical boundary conditions. The first observation is the limit
point of the membrane. Limit point is a critical point after which the membrane begins to have large
deformation even for a small pressure increment. The electrical field significantly changes the positions
of the limit points. If the tori have large aspect ratios, the membranes will have wrinkling instability
in their inner regions when they are subjected to large deformations. The modifed ODEs governing
the wrinkling phenomenon are derived using relaxed energy based on the tension field theory [3, 4]. A
second variation based criteria is used to determine critical loading point of instability corresponding to
loss of toroidal symmetry.
REFERENCES
[1] Dorfmann L. and Ogden R.W. Nonlinear theory of electroelastic and magnetoelastic interactions.
Springer (2014)
[2] Reddy N.H. and Saxena P. Limit points in the free inflation of a magnetoelastic toroidal membrane.
International Journal of Non-Linear Mechanics, 95(June):248–263 (2017)
[3] Steigmann D.J. Tension-Field Theory. Proceedings of the Royal Society A: Mathematical, Physical
and Engineering Sciences, 429(1876):141–173 (1990)
[4] Greaney P., Meere M., and Zurlo G. The out-of-plane behaviour of dielectric membranes: Description of wrinkling and pull-in instabilities. Journal of the Mechanics and Physics of Solids,
122:84–97 (2019)
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Magneto-active hydrogels: a diffusion-magneto-viscohyperelasticity
framework
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Soft materials have experienced an increasing interest from both scientific and industrial
communities during the last years. This interest has become even stronger with the potential of
such materials to mechanically respond to external stimuli. Among these materials, stimuliresponsive hydrogels offer great opportunities for novel applications within the biomedical and
soft robotics fields. However, the design of this stimuli-responsive materials is rather complex
as they combine nonlinear mechanical behavior, rate dependencies, magneto-active responses
and solvent diffusion processes. To help the understanding of the magneto-mechanical behavior
of these materials, their design and optimization, this work proposes a general constitutive and
finite element framework to couple magnetics, diffusion and nonlinear mechanics. This
framework is particularized and implemented for 3D problems. Then, we analyze different ratedependent responses: (i) strain rate dependency on the instantaneous response to magnetic fields
applied at different rates; (ii) relaxation mechanisms occurring after the complete application
of the magnetic field; (iii) long-time responses due to solvent diffusion. In addition, an
evaluation of the interplay between magnetic fringing effects and solvent diffusion processes is
performed.
This work provides a flexible computational framework to model the coupled effects of
different physical processes occurring within magneto-active hydrogels and highlights the
importance of considering rate dependences.
Acknowledgment: The authors acknowledge support from Programa de Apoyo a la
Realizacion de Proyectos Interdiscisplinares de I+D para Jovenes Investigadores de la
Universidad Carlos III de Madrid and Comunidad de Madrid (project: BIOMASKIN-CMUC3M).
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MAGNETO-ELECTRIC COUPLING IN SOFT ELASTIC SOLIDS:
THEORY AND NUMERICS ACROSS SCALES
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Institute of Applied Mechanics (CE), University of Stuttgart, Pfaffenwaldring 7, 70569 Stuttgart,
Germany

2

Key Words: magneto, electro, finite strains, coupled problem, multiscale, finite elements
With the (re-)advent of magneto- and electro-mechanics at finite strains it was only a question of time
when both fields were brought together. One effect of this natural couple’s marriage in the quasi-static
regime is referred to as magneto-electric (ME) coupling as opposed to electro-magnetic coupling in
electrodynamics. The former can only be achieved through kinematics, ie. strain and deformation in bulk
material or structures. The most obvious application of ME coupling is the measurement of magnetic
fields – an important task in industrial applications. However, ME effects in soft matter are also of great
interest in biology [1, 2]. In the present contribution, we study possible realizations of ME coupling
via soft elastic materials with magnetic and dielectric properties [3]. Magnetorheological elastomers
[4] will serve as a prototypical material that brings along the required properties. Our study includes
a rigorous definition of magneto-electric coupling which guides our characterization of ME effects on
both the macroscopic and the microscopic scale. We employ multiscale finite element simulations [5]
to investigate how an MRE’s microstructure affects ME coupling on both scales and present purely
macroscopic simulations in three dimensions that underline the magnitude of macrostructural ME effects.
REFERENCES
[1] Wu, L.-Q. and Dickman, J. D. Neural Correlates of a Magnetic Sense. Science (2012) 336:1054–
1057.
[2] Krichen, S., Liu, L. and Sharma, P. Biological cell as a soft magnetoelectric material: Elucidating
the physical mechanisms underpinning the detection of magnetic fields by animals. Phys. Rev. E
(2017) 96:042404.
[3] Rambausek, M. and Keip, M.-A. Analytical estimation of non-local deformation-mediated
magneto-electric coupling in soft composites. Proc. R. Soc. A (2018) 474, 20170803.
[4] Danas, K., Kankanala, S. V. and Triantafyllidis, N. Experiments and modeling of iron-particle-filled
magnetorheological elastomers. J. Mech. Phys. Solids (2012) 60:120–138.
[5] Keip, M.-A. and Rambausek, M. Computational and analytical investigations of shape effects in
the experimental characterization of magnetorheological elastomers. Int. J. Solids Struct. (2017)
121:1–20.
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The present contribution deals with the computational modeling of swelling-induced instabilities of polymeric hydrogels within a minimization-based variational formulation. In literature, the stability analysis
of deformation-diffussion processes has often been based on formulations in terms of displacements and
chemical potential as degrees of freedom. Such an approach yields a saddle-point structure so that its
numerical implementation is limited by the inf-sup condition. Additionally, due to the a priori indefiniteness of the system of equations, the investigation of instabilities requires special treatments [1]. In the
present contribution, we circumvent associated treatments by implementing a minimization formulation
with displacements and solvent flux as degrees of freedom [2]. Thus, the coupled stiffness matrix is
positive definite until an instability is reached. We implement Bloch-Floquet wave analysis to investigate
instabilities of periodic hydrogels at unit-cell level [3, 4] and show that the obtained buckling modes are
consistent with experimental measurements [5].
REFERENCES
[1] Dortdivanlioglu, B., Linder, C. Diffusion-driven swelling-induced instabilities of hydrogels, J.
Mech. Phys. Solids (2019) 125:38–52.
[2] Böger, L., Nateghi, A. and Miehe, C. A minizmization principle for deformation-diffusion processes in polymeric hydrogels: Constitutitve modeling and FE implementation, Int. J. Solids Struct.
(2017) 121:257-274.
[3] Triantafyllidis, N., Nestorovic, M. D. and Schraad, M. W. Failure surfaces for finitely strained
two-phase periodic solids under general in-plane loading. J. Appl. Mech. (2015) 73:505–515.
[4] Polukhov, E., Vallicotti, D., Keip, M.-A. Computational stability analysis of periodic electroactive
polymer composites across scales, Comput. Methods Appl. Mech. Eng. (2018) 337:165–197.
[5] Wu, G., Xia, Y. and Yang, S. Buckling, symmetry breaking, and cavitation in periodically microstructured hydrogel membranes. Soft Matter (2014) 10:1392–1399
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ABSTRACT
Geologic materials have a complex constitutive response that is affected by the heterogeneous
composition of the material, as well as the presence of voids, defects, fractures or joints on a
larger scale. Mesoscale simulation methods attempt to predict how the micromorphology of a
material affects the continuum constitutive response, and to reveal important mechanisms that
may inform continuum model development. Ever increasing computational power and
improvements in numerical methods have allowed for greater sophistication in mesoscale
simulations, to investigate how microscale effects such as fracture, damage, compaction,
contact, frictional slip, fluid transport, thermal effects, phase change, and inelasticity affect the
apparent continuum response of a material. Through mesoscale simulations, it is possible to
gain a greater understanding of complex phenomena in geomaterials, such as shear-enhanced
compaction, damage, latent and induced anisotropy, rate and scale effects, as well as fluid
saturation effects. Persistent challenges include development of numerical methods that are
robust and accurate for modeling inelastic response of porous and brittle materials (especially
under combinations of shear and compressive loading), the disparity in length-scales inherent
to modeling damage and comminution in a heterogeneous material, the definition and
parameterization of suitable continuum models for the constituent phases in the mesoscale
model, and validation of mesoscale model response.
This symposium seeks to bring together researchers who are working to develop numerical
methods for mesoscale simulation of porous and brittle materials and those using mesoscale
models to investigate complex phenomena in geologic materials. Investigations of damage,
compaction, fracture, or comminution in granular materials is welcome, as is application of
mesoscale methods to study nonlinear response of non-geologic (e.g. additively manufactured)
porous and brittle materials. Experimental or theoretical work to provide constitutive model
and other parameters for mesoscale simulations is welcome, as well as work to validate the
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results of mesoscale simulations. Multi-scale simulation approaches and methods for
transitioning mesoscale results into continuum models are encouraged.
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The combined finite-discrete element method (FDEM) [1] is a hybrid method (i.e., it utilizes
techniques from both the finite element method and the discrete element method) that was
introduced by Munjiza in the 1990s. FDEM has become a tool of choice for simulation of a
wide range of problems involving fracturing and fragmenting solids, packing, block caving,
rock blasting, deep mining techniques, seismic waves [2], rock crashing problems, etc. [3].
FDEM is designed to handle finite displacements and finite rotations while simultaneously
incorporating large-strain-based deformability models [4, 5]. These techniques are merged with
objective discrete crack initiation and crack propagation solutions that exhibit a great deal of
fidelity in reproducing complex fracture patterns and eventual fragmentation.
Recent developments now allow for problems involving the simulation of the interaction
between fluid and solid domains to become increasingly achievable and therefore relevant for
various applications. However, when trying to solve these types of problems, an additional
complexity is introduced when considering that the solid domains can also fracture and
fragment under the action of loads imparted by the fluid. A hybrid approach, where the material
is allowed to transition from continuum to discontinuum (i.e., fracture and fragment) is ideal
for these types of applications. This presentation will concentrate on summarizing the latest
advances obtained at Los Alamos National Laboratory in regards to FDEM-based fluid
structure interaction solvers, see Figure 1 [6].

Figure 1. Left: Model setup. Right: Map of the fluid velocity at different stages during the simulation.
a)
=
t 5.0e − 04 s , b)
=
t 4.0e − 03 s .
REFERENCES
[1] Munjiza A. The Combined finite-discrete element method, 1st ed. London: John Wiley &
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[2] Klinger, Y., Okubo, K., Vallage, A., Champenois, J., Delorme, A., Rougier, E., et al.

Earthquake damage patterns resolve complex rupture processes. Geophysical Research
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[6] Munjiza A, Rougier E., Lei, Z., Munjiza, A. FSIS - A novel Fluid-Solid Interaction Solver
for Fracturing and Fragmenting Solids, Journal of Computational Particle Mechanics,
2020.

950

John-Paul Latham,
Grain-Based
Fdem Using
Jiansheng
Ct-Scan
Xiang
Micromorphology
and Bin Chen With Application To Brazilian Disc Failure And Water-Jet Destruction Of High Porosity Sandstone
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France
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Major drilling technology improvement is crucial for rapid global geothermal energy
exploitation. Rock removal in drilling by rotary, hammer, bit-button, high pressure water
jetting, or a combination, remains poorly understood. Experiments to reproduce deep downhole conditions are challenging and expensive. Many numerical fracture models used widely
for rock are based on convenient specimen scale and laboratory characterisation of ‘effective
intact strength’ parameters that negate micromorphology effects. They cannot therefore be
used to model the effects of grain boundaries, contrasting mineral phases and pores on the
crack propagation that determines the progressive removal of rock material. These effects are
especially important where loads concentrate by indentation or jetting into domains with
relatively few mineral grains. To investigate rock destruction, a grain-based FDEM model is
developed to simulate the progressive failure of porous sandstone which takes the
micromorphology directly from X-Ray CT images using a novel workflow that optimises
resolution and CPU needs. In validation studies, the 2D simulation reveals the build-up of
tensile stress chains, micro-crack nucleation, local relaxation, chain switching and final crackpath development. 3D simulation shows a straighter crack path which is in better agreement
with the laboratory Brazilian tests, exploiting pores and grain boundaries. This microstructure
solids model forms the groundwork for the two-way fluids-coupled jet-drill modelling of a 2
mm wide submerged water-jet with average nozzle exit velocity of 160 m/sec. The jet drilling
rock breakdown and erosion mechanisms identified are: (i) water hammer effect, suggesting
radiating compressive shock waves and elevated hoop tensile stress levels for breaking apart
weak inter-grain joints; (ii) pore pressure breakthrough effect where water-driven grain
interface breakthrough leads to bursting the grain cementation/bonding surrounding the pores.

Left to right: 2D progressive deformation with tensile stress chain magnitude (in blue) as
crack path develops; 3D post-peak fractures (red) linking pores; inter- and intra-grain joint
elements and quartz grains broken free by central water-jet; jet-model showing stress level
(red for high tensile) and cut plane with fluid pressure variation (greyscale) inside pores.
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The strength of rock materials is stress-dependent and anisotropic due to multiple
preexisting cracks, joints and inclusions. Small rock samples studied at the lab are often
significantly stronger than the rock masses these samples were excavated from. Therefore, to
evaluate the mechanical response of a rock mass on a large scale empirical upscaling rules are
often applied [1]. The role of preexisting fractures in strength reduction can be studied
comprehensively by employing transparent materials with mechanical properties similar to
some rocks [2]. We report our investigations of dynamic fracture process in small-scale
experiments using transparent rock-like materials with pre-fabricated flaws (joints, cracks)
under varied confining stress and use validated computer codes (GEODYN-L and GEODYN)
to extrapolate our findings to rock masses at large scale. The main goal of our study is to
evaluate the efficiency of dynamic stimulation of preexisting fracture networks in rock for
geothermal applications [3]. In situ experiments to understand the dynamic fracturing process
at depth of multiple kilometers are extremely expensive, therefore reliable validated computer
models more affordable means for optimizing the technology and extrapolating results from
laboratory conditions to the field. The computer codes used in this study have been validated
for various large-scale subsurface experiments with an emphasis on shock wave generation and
propagation due to underground explosions [4]. The focus of the current study is the damage
evolution around the source for the purposes of permeability enhancement. Thus, by
understanding the damage mechanics in the small-scale experiments with transparent medium
we should be able to predict the damage evolution on a large scale.
REFERENCES
[1] E. Hoek and E. T. Brown, Underground Excavations in Rock, Institute of Mining and Metallurgy,
London, UK, 1980.
[2] Tang Hu-Dan, Zhu Zhen-De, Zhu Ming-Li and Lin Heng-Xing, Mechanical Behavior of 3D Crack
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Granular materials are delicate media which appear simple on the grain scale but much more
complex on the scale of a set of grains. The well-known example of a pile of sand illustrates
the dual behaviour of sand between solid and liquid. As a solid, the sand pile is at the
equilibrium state with a non-zero repose angle, but as one tries to climb on it, part of the sand
flows down as a liquid. It is known now that depending on its microstructure and external
loadings, the same granular medium can be assimilated to a solid or to a fluid. The transition
is intimately related to the energy release in a kinetic form [1]. This ambivalent nature plays
an important role in the triggering of natural hazards and the destabilization of dikes and dam
[2][3]. In this work, we explore numerically transient liquefactions on different 2D samples,
using DEM simulations. Discrete approaches enable the consideration of mesoscale structures
on which the macroscopic behaviour of the whole sample relies, such as force chains [4] and
grain loops [5]. The use of such meso-structures enables to bridge the gap between micro and
macro scales. It also makes it easier to understand how one can affect the other [6]. Analysing
and recording the changes in those meso-structures and their meso-quantities gives us
indications of how kinetic energy appears and propagates through the sample.
We show that the propagation of bursts of kinetic energy goes along with a concentration of
the deformation and together with local instabilities (detected through the sliding index for a
contact, and the meso second order work for a meso-strucuture) on the same area. In light of
this result, microstrucure indicators are put in place which can describe the propagation of the
burst of kinetic energy. All the changes represented by these microstructure indicators allow a
better understanding of how the contact network and by consequence the meso-structures go
through the perturbation by transporting and diffusing the kinetic burst of energy and recover
from it. The consideration of the elastic energy storage into contacts between grains gives a
first answer for the initialisation of the concentration of kinetic energy and its burst.
REFERENCES
[1] Wautier, A., Bonelli, S., & Nicot, F. (2018). Micro‐inertia origin of instabilities in
granular materials. International Journal for Numerical and Analytical Methods in
Geomechanics, 42(9), 1037-1056.
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Sons, 2013.
[3] S.Bonelli, Erosion des géomatériaux, erosion interne et de surface, Paris: Hermès Science
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Prediction of the effect of composition, microstructure, and curing parameters on the
mechanical properties of ultra-high strength concrete is challenging. Empirical models and
mixture rules provide guidelines for elastic properties and initial strength under specific load
paths but do not adequately predict strength and damage evolution under diverse loading
regimes.
We define a material microstructure for a volume element from micro CT imaging, with image
segmentation and phase identification using a machine learning algorithm informed by cement
hydration calculations and correlated micro CT and SEM/EDS surface scans.
We perform mesoscale simulations using recently developed methods for fracture and contact
in the material point method (MPM) [1]. Coupling these simulations with spatial variability
and size effects we obtain mesh-independent predictions of material failure. However, even
with this new methodology, material interpenetration error can accumulate at under-resolved
contact surfaces under sustained frictional slip. Improved results are obtained through coupling
of the MPM damage model with a new SPH-style density correction for the fully-damaged
material [2].
Mesoscale simulation results for aggregate failure are validated against dynamic micro
mechanical imaging experiments for single grains and systems of contacting grains. Parameters
for poorly characterized materials and interfaces are tuned to match failure mechanisms in
quasistatic micromechanical tests of cement RVE with in-situ x-ray CT imaging.
The validated model is used to probe damage evolution under varying prescribed-deformation
paths, providing data to inform damage model development. Through this combination of
methods, we can study how mixture and curing properties affect the failure mechanisms in
concrete materials, providing a valuable tool for cement and concrete design.
REFERENCES
[1] M.A. Homel and E.B. Herbold, Field‐gradient partitioning for fracture and frictional

contact in the material point method. Int. J. Num. Meth. Eng., Vol. 109.7, pp. 1013-1044,
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[2] M.A. Homel, R.P. Settgast, and E.B. Herbold, Limiting interpenetration for multi-field
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Jointed rock masses are inheritably anisotropic due to preferential orientation of joints.
Joints often have three main orientations which are nearly orthogonal resulting in elastically
orthotropic medium. A thermomechanical anisotropic elastic-plastic model [1] has been
developed for shock wave generation and propagation in jointed rock formations by various
sources such as underground explosions and strong earthquakes. The model parameters are
calibrated using meso-scale simulations of quasi-static loadings of a representative volume
element (RVE) of jointed rock at different angles [2,3].
We perform direct comparison of expensive simulations of underground explosions in
jointed rock masses where the joints are explicitly modelled as embedded discontinuities with
the simulations using effective anisotropic continuum model informed by calculated
mechanical response of typical REV with embedded joints. The resulting anisotropic
continuum model provides a substantial reduction of the computational burden for numerical
modeling of large-scale problems involving rock masses with billions of joints.
REFERENCES
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Rubin M. B., Vorobiev O. Yu., Vitali E., A thermomechanical anisotropic model for shock loading
of elastic-plastic and elastic-viscoplastic materials with application to jointed rock. Comput Mech
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Shear fracture geometry including dilation, roughness, and anisotropy plays an essential role in fracture
permeability. Studies that involve the prediction of shear fracture formation geometry are limited,
resulting in limited knowledge of the permeability of subsurface shear fractures as a function of stress
conditions, rock type and other factors. We conduct simulations based on triaxial direct shear
experiments [1] to provide insight into the formation of fracture systems under shear loading.
Experimental direct shear fracture systems contain multiple segments at a variety of scales that initiate
as shear fractures, which are out-of-plane with the imposed direct-shear plane, and interconnected via
tensile fractures. Finite-discrete element models [2, 3] are combined with theory [4] to explore this
behavior. The theory predicts that multiple segment fracture systems (en échelon structures) are
favored over simple planar fractures. The results show that the theoretical predictions are supported by
the numerical simulations, indicating that permeability anisotropy and fracture roughness are intrinsic
features of fracture systems.
[1] L.P. Frash, J.W. Carey, Z. Lei, E. Rougier, T. Ickes, and H.S. Viswanathan, High-stress triaxial directshear fracturing of Utica shale and in situ x-ray microtomography with permeability measurement. J.
Geophys. Res. 121:5493–5508, 2016.
[2] A. Munjiza, The Combined Finite-Discrete Element Method, 1st edition, John Wiley & Sons, 2004.
[3] A. Munjiza, E.E. Knight, and E. Rougier, Computational Mechanics of Discontinua, 1st edition, John
Wiley & Sons, 2011.
[4] L.P. Frash, J.W. Carey, and N.J. Welch, Scalable en échelon shear-fracture aperture roughness
mechanism — theory, validation, and implications. J. Geophys. Res. 124, 2019.
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In this paper, the formation of mixed-mode fractures is investigated using the combined finitediscrete element method (FDEM). In recent years, the FDEM has emerged as a reliable method
for simulating fracture and fragmentation processes of brittle materials by combining finite
element continuum mechanics (FEM) with key concepts of discrete element methods (DEM)
including contact detection, fracture, and particle interaction [1] .
There are two common types of fracture in brittle geo-materials, tensile and shear. It has been
shown experimentally that under mixed tensile and compressive stress states, a corresponding
mixed-mode fracture will occur. However, this behavior is not well understood.
The potential for investigating mixed-mode fractures numerically was performed by running a
series of simulations with confining pressures ranging from 7.5 to 150 MPa. Using a dog-bone
geometry that induces tensile stresses, these confining pressures generate a spectrum of mixedmode failure conditions. These stress states at failure span the transition from the tensile to
compressive failure, encompassing the confined-tension region. The models reproduce
previous experiments on Carrara marble using the same dog-bone geometry [2]. All simulations
are 3D, isotropic, and homogenous.
A comparison of the stress states at failure and the fracture plane inclinations between the
numerical results and experimental observations show good agreement. This work
demonstrates that mixed-mode fracture can be captured via numerical simulations and identifies
areas where further research is required to better understand mixed-mode fracture processes.
REFERENCES
[1] A. Munjiza, E. E. Knight and E. Rougier, Computational mechanics of discontinua,
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ABSTRACT
Despite the scientific breakthrough in electromobility and Internet of Things (IoT), battery research fails
to deliver satisfactory design suggestions for building high performance batteries. Faster charging times
are necessary for a broader use in electromobility. Lower degradation over time is expected especially in
harsh environments in IoT. Electrochemical cell is used in a battery performing an ionic and electronic
current as the main transport process of electric charges. Simultaneous to this transport, production of
heat and internal friction cause temperature change and deformation. Such a sophisticated multiphysics
application is very challenging to analyze such that various methods are being investigated concerning
the modeling of mechanochemisty [1], thermodynamical modeling in multiphysics [2], computation of
intercalation [3], as well as computational accuracy in the finite element method [4].
This minisymposium intends to bring different groups working on batteries for modeling multiphysics
and developing computational methods at the micrometer lengthscale of one electrochemical cell.
REFERENCES
[1] M Poluektov, A B Freidin, and Ł Figiel. Modelling stress-affected chemical reactions in non-linear
viscoelastic solids with application to lithiation reaction in spherical Si particles. International Journal of Engineering Science, 128:44–62, 2018.
[2] B E Abali and F A Reich. Thermodynamically consistent derivation and computation of electrothermo-mechanical systems for solid bodies. Computer Methods in Applied Mechanics and Engineering, 319:567–595, 2017.
[3] A Morozov, S Khakalo, V Balobanov, A B Freidin, W H Müller, and J Niiranen. Modeling chemical
reaction front propagation by using an isogeometric analysis. Technische Mechanik, 38(1):73–90,
2018.
[4] B E Abali and F A Reich. Verification of deforming polarized structure computation by using a
closed-form solution. Continuum Mechanics and Thermodynamics, pages 1–16, 2018.
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Li-ion batteries (LIBs) are used in many applications ranging from consumer electronics to the
electric vehicles due to their light weight, high energy storing capacity. In order to further enhance their desirable characteristics such as battery-capacity, longevity, substantial research are
being carried out world-wide [1]. Microstructures of active electrodes play an important role
in the performance of LIBs. In this work, we are studying the microstructure evolution and
its effect on battery performance by developing a framework which combines the finite element
method (FEM) and the discrete element method (DEM). Though, this study is applicable to
the any cathode or anode material, we have taken graphite as the material under consideration.

discharge

Figure 1: Evolution of microstructure during discharge. The contours show the concentration of lithium
in the particles.

The expansion/contraction of the active particles due to the intercalation/de-intercalation liions is modelled using the coupled chemo-mechanical framework. The diffusion through active
particle is modelled using modified Fick’s law of diffusion where the contribution of the gradient of hydrostatic stress is also taken into the account for the electrochemical potential [2].

962

In the current framework, these chemo-mechanical equations are solved using the FEM. As a
consequence of these contraction/expansion active particles, the change in the microstructure is
captured using the DEM. Subsequently, after the DEM simulation the altered microstructure
is treated as an input to the FEM simulation for solving the chemo-mechanics equations. So
such FEM-DEM simulations are carried out multiple times to extract the results. The communication of information between these two modules such as altered radii of active particles
and microstructure configuration, meshing, imposition of the boundary and initial conditions
for the FEM etc. are automated. The concentration distribution in the microstructure after
few FEM-DEM cycles are shown in the Fig.1. Through this work, we shall be discussing the
effect of electrodes’ microstructural paramters viz., packing fraction, polydispersity, particle size
distribution on the microstructure evolution due to the lithiation/de-lithiation.
REFERENCES
[1] Stein, P., Bai, Y., Al-Siraj, M., Yang, Y., Xu, B.X., A review on modeling of electro-chemomechanics in lithium-ion batteries. Journal of Power Sources (2019) 413:259–283.
[2] Purkayastha, R. and McMeeking, R. A parameter study of intercalation of lithium into
storage particles in a lithium-ion battery. Computational Materials Science (2013) 80:2–14.
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The performance and durability of lithium-ion batteries (LIBs) are constrained by the
degradation mechanisms that take place during charge and discharge cycles. Degradation of
active particles (APs) of LIBs is a complex problem involving several physical phenomena
(e.g., diffusion, mechanical deformation, heat transfer, to cite a few). During lithium insertion
and extraction cycles, volume changes in the AP result in high mechanical stresses and,
consequently, mechanical damage [1, 2] that promotes capacity fade.
In this work, we present a 3D finite element model that takes into account the coupled effects
between lithium diffusion and mechanical stress within the AP. Using the surface of an ellipsoid
as the base for the shape, we are able to generate random Graphite APs with both concave and
convex surfaces. Porosity and other type of defects that may be present inside the AP are
explicitly modeled, and different volume fractions, shapes, and orientation are also accounted
for. In our approach, the material is discretized into a lattice of one-dimensional elements: we
consider beam elements for the mechanical problem, while in the diffusive approach, the
material is treated as an assembly of “nanopipes” through which the flow of Li ions takes place.
The same lattice network is used for both simulations. We follow a classical lattice model
approach to characterize the fracture behavior [3] of a single AP of a LIB anode when subjected
to charge/discharge cycles. The material of the APs analyzed in this work is graphite, which
presents a brittle, disordered material structure, making it suitable for lattice modeling. The
mechanical problem is solved according to the so-called state of charge (SoC), obtaining the
crack patterns associated with specific charge and discharge strategies and potential initial
defects.
The simulation results correctly reproduce the experimental observations on mechanical
stresses and the evolution of damage. This lattice model framework analyzing the degradation
in the APs of LIBs (durability) can be used to provide more information regarding the
microstructural evolution, morphological changes, and mechanical degradation in APs and
identify improvement strategies.
REFERENCES
[1] B. Wu, W. Lu, Journal of Mechanics and Physics of Solids, 125, 89-111, 2019.
[2] Laresgoiti, Käbitz, Ecker, & Sauer. J. of Power Sources, 300, 112-122, 2015.
[3] Herrmann & Roux. Statistical models for the fracture of disordered media. 159-188. 1990.
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Stress-assisted chemical reactions between a deformable solid and diffusive reactants are studied basing on the concept of a chemical affinity tensor [1]. The reaction is localized at the reaction front and
produces the transformation strain which generates internal stresses. The reaction front velocity is determined by the normal component of the chemical affinity tensor, and stresses affect the reaction rate
through the affinity tensor. A statement of a coupled problem “chemistry–diffusion–mechanics” is discussed within the frames of analytical considerations and numerical simulations. It is demonstarted how
mechanical stresses can accelerate, retard, or even block the reaction front propagation. We study a
stability of the reaction front in the vicinity of the blocking position. Then using FEM-simulations of
the reaction front propagation we study how the front converge to the stable and unstable blocking positions. We emphasize that the front instabilities may be the source of stress rearrangements following by
intensive plastic strains and damage. The theory is applied to the silicon lithiation reaction. Lithiation
of a free spherical particle [2] and particles embeded into a matrix [3] are studied in detail within the
frameworks of optimal design of anodes in Li-ion batteries.
AF, AM. and WHM acknowledge financial support from DFG/RFFI, grants MU1752/47-1 and 17-5112055; M.P. and Ł.F. acknowledge financial support from EU Horizon 2020 project No. 685716.
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As an inherent multiscale structure, a continuum scale battery electrode is composed of many
microscale particles. Currently it is generally assumed that each particle is isolated while the
stress in a particle only affects solid diffusion. The lack of mechanical interaction between
particles and effect of stress on the electrochemical reaction rate makes mechanics and
electrochemistry uncoupled at the continuum scale: an applied continuum scale stress in the
electrode has no effect on the spatial distribution of electrochemical reaction in the electrode
and vice versa. He we present a multi-scale mechanical-electrochemical model which enables
fully coupled mechanics and electrochemistry at both particle and electrode levels [1]. At the
particle level, solid diffusion is modeled using a generalized chemical potential to capture the
effects of mechanical stress and phase transformation. At the electrode level, the stress arising
from particle interaction is incorporated in a continuum model. This particle interaction stress
is in addition to the traditional concept of intercalation stress inside isolated particles. The
particle and continuum electrode levels are linked by the particle interaction stress as loads on
the particle surface, and by consideration of stress on the electrochemical reaction rate on the
particle surface. The effect of mechanical stress on electrochemical reaction results in a stressdependent over-potential between particle and electrolyte. Stress gradient in an electrode leads
to inhomogeneous intercalation/deintercalation currents for particles depending on their
interaction stress with neighbors, resulting in stress gradient induced inhomogeneous state of
charge. Conversely, non-uniform intercalation/deintercalation currents in an electrode lead to
stress between particles. With this model we have an important finding: an electrochemically
inactive region in an electrode causes stress built-up. This model provides a powerful tool to
address various coupled electrochemical-mechanical problems, which can be used for
optimization of battery cycle life [2].
REFERENCES
[1] B. Wu and W. Lu, A battery model that fully couples mechanics and electrochemistry at

both particle and electrode levels by incorporation of particle interaction. J. Power Sources,
Vol. 360, pp. 360372, 2017.
[2] X. Lin and W. Lu, A framework for optimization on battery cycle life, J. Electrochem.
Soc., Vol. 165, pp. A3380-A3388, 2018.
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Battery key performance indicators such as capacity, charge kinetics, density, or durability, which become evident at the so-called system scale are strongly linked to microstructural features at the component and material levels. These microstructural aspects include, but are not limited to, morphological
and physical properties of the electrodes. For instance, in the case of graphite-based electrodes, as it is
the case of Lithium-ion battery (LIB) anodes or recent dual-ion graphite batteries (DIGB) electrodes, key
features such as the shape of active material (AM) particles, tortuosity, and porosity, play an important
role. As a consequence, the development of enhanced electrodes demands a better understanding of these
microstructural properties along with the underlying physics present at these scales of observation.
Advanced computational tools are becoming very useful with regard to the design of a new family
of more reliable battery components which are less harmful to the environment. For instance, highresolution microscopy allows scanning portions of actual components and realize virtual microstructures
[1] on which we can perform numerical simulations involving electrochemical, thermal, or mechanical
events. This framework is suitable for evaluating the feasibility of new designs or to gain further insight
into certain issues of existing ones.
In this work, we propose a lattice-particle approach to study ionic diffusion across graphite electrodes.
In our approach, we generate virtual representative volume elements (RVE) of the electrode material
based on its composition instead of scanning actual microstructures. Although [2] deals with a similar
problem, only active particles were considered throughout the generation process, whereas we not only
consider those, but also the rest of constituents, e.g., carbon additives and binder. These particles are
placed within the RVE using the take-and-replace method until a target mix is realized [3]. Furthermore,
the RVE also accounts for porosity as an input parameter.
To account for the evolution of the ionic concentration, Fickean diffusion is considered. This problem
is solved within a network of one-dimensional elements, which is constructed upon the particles of
the RVE. We use an explicit time-integration scheme to solve the transient problem along with a finite
element (FE) discretization of the spatial problem. By using a one-dimensional framework, which is
especially suitable in the case of contacting particles, we are able to reduce the number of degrees of
freedom, reducing the computational cost in comparison to the conventional FE-based simulations.
For the transport simulations, we consider Li ions, although our approach can be also applied to other
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type of species, such as PF−
6 anions in the case of DIGB with LiPF6 electrolyte, for instance. Finally, we
analyze the effect of microstructural features of graphite electrodes on transport properties, such as the
effective diffusivity or tortuosity, which is also compared to Bruggeman’s model.
REFERENCES
[1] Lu, X.; Bertei, A.; Finegan, D.P.; Tan, C.; Daemi, S.R.; Weaving, J.S.; O’Regan, K.B.; Heenan,
T.M.M.; Hinds, G.; Kendrick, E.; Brett, D.J.L.; Shearing, P.R. 3D microstructure design of lithiumion battery electrodes assisted by X-ray nano-computed tomography and modelling. Nat Commun
(2020) 11:2079.
[2] Westhoff, D.; Manke, I; Schmidt, V. Generation of virtual lithium-ion battery electrode microstructures based on spatial stochastic modeling. Comp Mat Sci (2018) 151:53–64.
[3] Montero-Chacón, F. and Medina, F. A lattice-particle approach to determine the RVE size for quasibrittle materials. Eng Comp (2013) 302:246-262.
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We present and analyze a model for polycrystalline electrode surfaces based on an improved continuum
model [1] that takes finite ion size and solvation into account. The numerical simulation of finite size
facet patterns allows to study two limiting cases: While for facet size diameter d facet → 0 we get the
typical capacitance of a spatially homogeneous but possible amorphous or liquid surface, in the limit
LDebye  d facet , an ensemble of non-interacting single crystal surfaces is approached.
Already for moderate size of the facet diameters, the capacitance is remarkably well approximated by
the classical approach of adding the single crystal capacities of the contributing facets weighted by their
respective surface fraction [2]. As a consequence, the potential of zero charge is not necessarily attained at
a local minimum of capacitance, but might be located at a local capacitance maximum instead. Moreover,
the results show that surface roughness can be accurately taken into account by multiplication of the
ideally flat polycrystalline surface capacitance with a single factor.
In particular, we find that the influence of the actual geometry of the facet pattern in negligible and our
theory opens the way to a stochastic description of complex real polycrystal surfaces. This also enables
the extension of the results to electrodes assembled from nano-particles.

z

y
x

Figure 1: Sketch of the facet structure of a polycrystalline surface (left) and isosurfaces of the electric potential
in the electrolyte from 3D-FEM computation (right). The surface consists of a periodic checkerboard pattern of
equally sized facets.
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electrochemistry. Entropy, 20(12):939, 2018.
[2] M.A. Vorotyntsev. Capacitance characteristics of a polycrystalline electrode in contact with a
surface-inactive electrolyte solution. Influence of the size of surface crystal faces. J. Electroanal.
Chem., 123(2):379–387, 1981.
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The aim of the present work is predicting the performance of batteries with thick electrodes via computational simulations, validated against co-designed experimental outcomes.
The lower effective diffusivity of Li+, compared with the counter-anion, causes high concentration and
potential gradients across the thickness of the cathode, especially at high charge-discharge rates. The
depletion of the Li+ cation from the reaction surface of active material limits the thickness of the active
material that is effectively utilized at a given rates. This has a negative impact on battery efficiency,
decreasing the ratio between the extracted charge and the theoretical capacity of cathodes. Furthermore,
concentration gradients may generate large mechanical stresses and induce severe degradation.
Here, we use multi-physics modeling and empirical investigation to circumvent this phenomena with
two different strategies, architectured electrodes and covalently tethered anionic ligands titrated with
Li+, which can ultimately be coupled.
For active polymer binder, experimental charge-discharge cycling result of the modified composite electrode at different C-rate and thickness has been investigated and compared with the control electrode.
Transport properties have been characterized. A predictive microscale multiphysics model of the investigated system has been put in place. The governing PDEs and constitutive laws that describe the
electro-chemo-mechanical system have been solved numerically. Comparison between the mathematical
model and experimental results validate the mathematical model.
New electrode architectures have been investigated, too. The role of the geometry on the electro-chemomechanical response of the battery is studied through a number of numerical analyses, using either
commercial codes (Abaqus) or high performance computing open libraries (deal.ii).
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ABSTRACT
Battery cell is composed of different materials for electrodes, electrolyte, and separator at the micrometer
lengthscale. In the case of a conventional Li-ion battery, exchange of ions between electrodes through the
separator causes thermomechanical stress leading to deformations and even damage. At the cell level, in
situ experimental observation is only partly possible, so multiphysics simulation is expected to increase
our understanding. Thermodynamical formulation leads to a complete formulation for multiphysics
computations [1] as introduced and exploited by the thermodynamics of irreversible processes as well
as non-equilibrium thermodynamics . Different notation used by chemists and continuum mechanicians
slows down the collaboration between communities [2]. We briefly demonstrate derivation of governing
equations, use a common language, and perform a simulation of the electro-thermo-mechano-diffusion
system leading to high stress values giving an insight of damage on the interfaces between different
materials.
REFERENCES
[1] B. E. Abali. Computational Reality, Solving Nonlinear and Coupled Problems in Continuum Mechanics, volume 55 of Advanced Structured Materials. Springer Nature, Singapore, 2017.
[2] B. E. Abali. Modeling mechanochemistry in Li-ion batteries. In G. Nicosia and V. Romano, editors, Scientific Computing in Electrical Engineering–SCEE 2018, Taormina, Italy, September 2018,
chapter 1, pages 1–12. Springer Nature, Singapore, 2020.
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Electric Batteries, specially lithium-ion batteries, are becoming (if not already) a cornerstone in
the automotive industry. For example, in Europe, the creation of The European Technology &
Innovation Platform (ETIP) on batteries, named BatteRIes Europe [1], clarifies and further
envisages the worldwide importance of the lithium-ion battery sector in this industry.
However, there is a big challenge in the use of this technology, concretely concerning the
models used by the Battery Management System (BMS), that is, the system which helps in
safeguarding and monitoring the status and health of the battery. The main issue is that current
models employed by BMSs do not fit well the specifications demanded in the automotive
industry, as they are unable to give accurate results at real-time rates and during a wide
operating range.
Therefore, to contribute to the new required generation of BMS, two approaches are presented
in this work: the first one based on the accurate physic-based model of Newman (Newman's
pseudo-2D Model [2]) and the second one based on a data-driven model. The aim of these
approaches is to lay the foundation of the Hybrid Twin [3] of a battery. The first model is
constructed using the sparse-Proper Generalized Decomposition (s-PGD) [4] and it allows to
reduce the computation time with respect to the physics-based model by a factor of 1000 with
accuracy. In addition, the simplicity of the model obtained facilitates its integration and fast
computation in the whole simulation of the Electric Vehicle (EV). This is demonstrated
simulating the entire vehicle system using the system simulation tool SimulationX [ESI ITI
GmbH. Dresden, Germany].
The second model is a data-driven model based on the employment of a variation of the
Dynamic Mode Decomposition (DMD) [5] technique, in combination with some clustering
approaches such as k-means. This approach is developed to extract an on-line model which can
self-correct itself based on new data upon detection of a significant gap between predictions
and measurements. The results obtained using pseudo data (without noise) are excellent,
showing the desired accuracy.
REFERENCES
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ABSTRACT
The symposium will address some of the emerging themes in the computational applied
mechanics. Due to the enormous recent advances in computer hardware, software, and
algorithms, many researchers are now able to obtain the numerical solutions for even more
complex problems than before. Some of the key developments in this on-going process are
the multi-scale, multi-physics, and parallel computations. The contributions will include
atomistic/continuum computations, peridynamics, fast multi-pole method (FMM), acoustic
and optical metamaterials, fluid-structure interactions, multi-phase flow, lattice Boltzmann
method, magneto-electro-mechanical systems, computations in biological systems such as
protein and cortical folding modeling and cell mechanics, high performance computing using
MPI or OpenMP, etc. Cross-disciplinary contributions are particularly welcome.
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Thermoelectric materials have a potential to convert waste heat directly into electricity through
a phenomenon called the Seebeck effect. The conversion efficiency requires high Seebeck
coefficient, high electric conductivity and low thermal conductivity [1]. In conventional macrosized thermoelectric materials it is very difficult to optimize all these parameters to get efficient
thermoelectric properties. In many cases if electrical conductivity is increased, the Seebeck
coefficient is reduced and electronic contribution to thermal conductivity is increased [1]. It is
opposite to our requirements. Nanostructures give a chance to improve thermoelectric
properties significantly [2]. The thermal conductivity can be reduced significantly in
nanostructures. If the size of nanostructure is smaller than phonon mean free path they are
scattered on interfaces and thermal conductivity is reduced. However, electrons are smaller than
the size of nanostructures and the electric conductivity is not reduced. One can see that it is
needed to develop a theory for heat conduction, where size effect is considered.
The goal of this paper is to model heat transfer with incorporating size effect observed in
response of nano-sized structures and/or in media whose characteristic microstructural length
is comparable with the phonon mean free path. This feature can be captured by higher-grade
continuum models and /or nonlocal modelling of constitutive laws in continuum theories. Both
these approaches can be shown equivalent under certain assumptions. Anyway, the governing
equations are given by the PDE with higher order derivatives than in classical continuum
models with the response of physically conjugated field being proportional to gradients of
primary fields.
The variational principle is applied to derive the finite element equation formulation for solution
of a thermoelectric 2-d boundary value problem. Due to higher order derivatives in gradient
theory, it is needed to use C1-continuous elements to guarantee the continuity of the derivatives
at the element interfaces. Since it is not an easy task, the mixed FEM formulation is developed
here.
REFERENCES
[1] A.J. Minnich, M.S. Dresselhaus, Z.F. Ren and G. Chen, Bulk nanostructured
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Fuel assemblies’ deformation is an industrial issue that has been first reported in the 90’s. This
phenomenon has originally been pointed out for being the explanation of IRI (incomplete rod cluster
insertion). Recently, fuel assembly bowing has regained attention for its impact over several core’s
management issues, including core neutronics.
Three effects are often moved forward to account for fuel assembly bowing: irradiation creep, irradiation
growth and hydraulic forces involved by the water flowing through the core. Hydraulic forces appear
due to important stream redistribution as the flow goes by. More specifically, we suppose that the flow
redistribution upstream from the grids plays an important role on pressure forces exerting on them [1].
Recent researches have focused on the modeling of quasi static core deformation [2], some of them
involving multi-1D hydraulic networks [3]. In our work, we proposed a new formulation for the
hydraulic resistance through water gaps depending on their thicknesses, validated with CFD simulations
and dedicated experimental results.
In the end, lateral hydraulic forces exerting on the fuel assemblies are estimated by setting an hydraulic
network up at a larger scale. In return, the mechanical system bows the fuel assembly, changing the
bypasses’ thicknesses and every related hydraulic resistances are updated. This round-trip between
mechanics and hydraulics is continued until a steady state is obtained. The larger scale model has been
confronted to existing models and experimental data.
Then, all deformations can be forwarded to a neutronic code in order to estimate the consequences of
fuel assembly bowing. For instance, implementation frameworks exist to reproduce any bowing pattern
through a Monte Carlo code’s native geometry [4].
REFERENCES
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A new boundary element formulation is developed based on the consistent couple stress theory
to analyze two-dimensional size-dependent piezoelectric response in isotropic dielectric
materials. In this approach, unlike the classical mechanics theory in which there is no
piezoelectricity for isotropic materials, there exist a size-dependent piezoelectricity or
flexoelectricity effect. This is a result of the skew-symmetric character of the couple-stress
tensor that leads to the coupling of polarization to the skew-symmetric mean curvature tensor.
The size-dependent effect is specified by one characteristic length scale parameter l, and the
electromechanical effect is specified by one flexoelectric coefficient f. Although the problem is
a coupled problem involving mechanical and electrical effects, the governing equations are
decoupled. The coupled boundary integral formulation and numerical implementation of this
size-dependent piezoelectric boundary element method is discussed first. A boundary-only
formulation is derived for which the primary variables are displacements, rotations, forcetractions, couple-tractions, electric potential, and normal electric. Afterwards, the resulting
BEM formulation is applied to a bimaterial computational problem to confirm the validity of
the numerical implementation and to explore the physics of the flexoelectric coupling.
REFERENCES
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Carbon nanotubes (CNT’s) and graphene sheets are architected into the so-called hybrid CNTgraphene (HCG) structure, served as an inclusion embedded in polymer or Portland cement
matrix. The electric properties of CNT's and graphene are studied via the first-principle
calculations. Through the ballistic mode of electron transport, exceptionally good electric
conductivity is found in CNT's and graphene. Similarly, thermal conductivity in CNT's and
graphene can be largely increased due to the ballistic phonon transport. Matrix materials, such
as the Portland cement, modelled by its bonding constituent calcium-silicate-hydrate (CSH),
and polymer, such as nylon-6, contain the HCG inclusion nylon-6, are investigated via
molecular dynamics (MD) simulations. The structured skeleton of HCG gives rise to
directionally preference in the overall mechanical, thermal and electric properties. It is found
that the architected HCG inclusion can increase the effective Young's modulus and strength by
a factor of 2 to 5, depending on the loading direction. Under compression, the failure mode of
the composite is dominated by the buckling of the HCG structure. Under large tension, the
composite fails due to the rupture of the HCG inclusion. It is also found that, from the GreenKubo method, the thermal conductivity coefficient of the HCG-CSH composite material may
be increased from 24.87 to 232.48 W/m/K, and that of the HCG-Nylon composite from 16.04
to 33.67 W/m/K. Anisotropy in the HCG-based composite materials may be of particular
interest in sensor and heath monitoring applications.
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Various reduced order modelling (ROM) method have been studied to efficiently solve
nonlinear transient response analysis. The nonlinear analysis has bottlenecks caused by iterative
calculation of the internal force and jacobian matrix, which limits the efficiency. Recent studies
focus on overcoming the bottleneck of the nonlinear ROM with machine learning or
interpolation methods. Element-wise stiffness evaluation procedure (E-STEP) constructs
equivalent model for the internal force using the third-order polynomial formulation of
displacement [1]. The equivalent model can non-intrusively construct the internal force and
jacobian matrix at each element, and using a Proper Orthogonal Decomposition (POD) method
to increase the efficiency. However, in problems with many degrees of freedom or high order
element such as shell, a huge of combination of the displacements and polynomial coefficient
matrix for the polynomial formulation causes memory deficiency and long computation time in
the offline/online stage.
In this study, we propose E-STEP ROM with discrete empirical interpolation (DEIM) to
overcome the E-STEP ROM problems. In the offline, the proposed method selects the degrees
of freedoms that can represent the total internal force by using DEIM method, and constructs
the equivalent internal force model using third-order polynomial formulation at only selected
degrees of freedom. Therefore, the number of combinations of displacement and polynomial
coefficients are reduced, in the offline stage, which can significantly reduce the computation
time and required computational resource for constructing the equivalent model. In the online
stage, the efficiency is also greatly increased because the combination of displacements
computation is reduced. The efficiency and accuracy of the proposed method are verified with
solid element for hyper-elastic problems and simply supported shell problem. In addition, to
verify that the proposed method is non-intrusive method, we use the commercial program
ABAQUS to obtained all data such as displacement and internal force for constructing the
reduction model.
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Fuel cells are a promising power source for future cars and aircraft. The chemical efficiency
and power output of fuel cells increase with rising pressure levels of the process gas.
Therefore, the process gas for fuel cells needs to be compressed. This can be achieved with a
turbocharger, where the pressure potential downstream of the fuel cell is utilized by a turbine
which powers the compressor. This study deals with a radial turbine of such a turbocharger.
Downstream of the fuel cell, the process gas is saturated with water. Its expansion in the
turbine causes condensation as the saturation pressure for water vapour decreases. This leads
to two effects: First, the thermodynamic cycle is influenced as the latent heat of condensation
is released. Second, the condensating droplets form water films on the blading and annular
walls which, when released from edges, break up into large secondary droplets. These large
droplets impact on the blades and cause significant droplet erosion.
The Euler-Lagrange approach is beneficial for the simulation of such a problem as it allows
the resolution of the full droplet spectrum and a detailed analysis of the individual droplet
trajectories. This study investigates the nucleation, condensation, evaporation, propagation
and deposition of the primary droplets in a full annulus turbine flow. The homogeneous
nucleation and condensation are modelled with a modified classical nucleation theory and
Young`s growth law. The findings and test cases of Starzmann et al. [1] were used for
validation.
This contribution puts emphasis on the simultaneous computation of all physical processes
with special consideration of the heat and mass exchange of the droplets. Another important
aspect is the efficient and parallelized implementation of the considered models [2].
Preliminary results show a significant impact of the droplets formed in the tip gap flow.
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The Divertor Tokamak Test (DTT) is an experimental fusion reactor currently under
finalisation of design. It will be built at the ENEA Frascati (Italy) research centre and is intended
to become operational by 2025. The role of the project is to bridge the gap between the
knowledge obtained in experimental fusion reactors, such as ITER, and the necessary
information needed for future grid – connected fusion – based power plants, such as EU DEMO.
DTT is a tokamak with a magnet system composed of eighteen Toroidal Field Coils, six
Poloidal Field Coils and a Central Solenoid, which collectively generate a helico – toroidal
magnetic field to sustain and confine a hot (≃ 108 K) plasma. All these magnets are
superconductive and use Nb3 Sn or NbTi Cable-In-Conduit Conductors (CICCs). This work
addresses the methodology employed to simulate the magneto – structural behaviour of these
magnets, and illustrates the main design choices and their validation. DTT magnets are
inherently multi – scale structures, given their hierarchical organisation that ranges from the
superconducting strands to the steel casing and support structures. Moreover, these magnets
pose inherently multi – physics problems, such as the electromagnetic interaction which
generates intense forces, or the cryogenic (4.5 K) operative conditions. Particular emphasis is
given to static structural Finite Element Analysis, as it has been the fundamental means of
design investigation. Making use of techniques such as homogenisation, submodelling,
stress/strain localisation and fatigue analysis all design iterative choices have been thoroughly
evaluated and characterised.
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Recently, the use of laminated composite structures have increased in many fields. It has
become so ubiquitous in market, including extensive applications in semiconductor process,
automotive and aerospace because of the positive attributes such as high strength, durability or
some other benefit. But it can also cause many failures in various processes. One of the major
failure pattern in the laminated composite structures is interfacial delamination due to the weak
inter-laminar strength. It can significantly reduce the compressive load carrying capacity of a
structure. Geometrical discontinuities, cracks or voids can provoke delamination due to the high
stress gradients arising.
The main objective of this paper is to elucidate the interfacial delamination of laminated
composite structure caused by thermal stress according to temperature change using multiscale
simulation analysis. Interfacial failure by delamination is predicted by the multiscale
simulations combined molecular dynamics simulation and continuum mechanics using
cohesive zone model. To analyse delamination propagation, a fracture mechanics approach is
used between composite laminate layers. The young’s modulus and the coefficient of thermal
expansion of each material were computed by molecular dynamic simulation. To calculate the
cohesive parameter, the mixed-mode fracture mechanism was applied to analyse the tractionseparation response in normal and shear direction. The traction-separation curve of normal and
shear are fitted with linear-exponential fitting model. We developed a multi-scale model by
applying the physical quantities of molecular dynamic simulation to the finite element model
generated through ABAQUS/Standard.
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Simulating the aeroacoustic sound generation with all its different scales is still a challenging task. While
noise generation happens on small scales near the airfoil, the propagation of sound waves covers large
spatial distances. For real-world conditions, a Direct Numerical Simulation, where all these scales are
resolved, is still not feasible because of limited compute resources. A possibility to overcome these
limitations is to apply a Large-Eddy Simulation (LES), where only the large scales are resolved and
smaller ones modeled. But a uniform grid would require too many resources for large Reynolds numbers
(Re). For this reason, turbulence models in combination with local grid refinement and the efficient
use of the available resources are indispensable. A numerical method suitable for that is the Lattice
Boltzmann Method (LBM). Instead of solving the Navier-Stokes equations (NSE) directly, LBM relies
on an alternative, bottom-up approach. Major advantages are its ability to handle complex geometries
and boundaries like airfoils with ease.
In this work, we describe the scalable implementation of three LES turbulence models (Smagorinsky,
Vreman, and WALE) in our open-source Lattice Boltzmann solver Musubi [1]. The solver is part of
the APES framework, which is based on a central octree library enabling efficient handling of complex
domains on massively parallel systems and local grid refinement (multi-level) [2].
The validation of the turbulence models using the simple and well-known Taylor-Green vortex benchmark will be presented for a single-level mesh. The spatial resolutions, as well as the model constants,
are then varied to show that they both influence cost and accuracy. This knowledge is then transferred to
the more realistic and thus more complex test case: the flow around an airfoil where the mesh in the domain is increasingly refined towards the airfoil. The different turbulence models will be compared with
respect to their suitability for that case. Further, it will be shown, that a LES with local grid refinement is
still not sufficient for high Re such that future work will deal with the implementation of more involved
wall models.
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A number of studies have been conducted to identify the mechanism of failure of laminated
composite structures, and a variety of simulation studies have recently been conducted through
cohesive zone models. The fracture properties on the interfacial surface of laminated composite
materials are required to construct the cohesive zone model, so molecular dynamics simulations
are performed to calculate the failure properties of the composite material in this study. The
traction-separation curves for normal direction and shear direction are determined by normal
and shear tensile simulations, which provide the fracture properties of interfacial region for
each fracture mode such as fracture toughness, fracture stiffness, and critical stress. Based on
these mechanical properties, a mixed-mode cohesive law can be determined through quadratic
stress criterion and power law criterion which is conventional failure criterions. However, in
order to use this method, the normal traction-separation curve and shear traction-separation
curve are fitted with the same fitting model such as bi-linear fitting model and linearexponential fitting model. However, these fitting models often fail to accurately simulate the
curves, and it is also difficult to determine the mixed-mode cohesive law since the above
mentioned function of failure criterion depends on the material properties. Therefore, in order
to address these limitations, the new mixed-model cohesive law is constructed by using failure
criterion based neural network model. This model can more accurately simulate the fracture
mechanism on the interface of laminated composite material beyond the limitations of fitting
model.
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Landing gear is a key component of an aircraft. It reacts substantial forces and moments during
landing by delivering load safely into airframe and supports an aircraft while manoeuvring on
a taxiway. The associated kinetic energy during landing has to be tackled by an appropriate
design of the shock absorber in a landing gear. In modern aircrafts, oleo pneumatic cylinder is
the dominant design due to its outstanding shock absorption ability [1].
The seal for the shock absorber on the main landing gear can be considered as static, meaning
there is no relative motion between the seal and the housing [2]. Leakage has been reported for
the seals which leads to excessive maintenance cost due to the repair and overhaul of an aircraft.
Despite the existence of some empirical formulae relating apparently relevant parameters to
estimate the leakage rate, these formulae often diverge from the reality and are not practical.
An accurate modelling of leakage through seals helps to revisit and redesign a more robust and
reliable landing gear shock absorber. A precise predication provides valuable insights on the
life cycle of a landing gear that benefits scheduling the routine maintenance works and avoiding
pop up repair and overhaul activities.
In this study, FEA and CFD analysis have been carried out for a multi-component seal including
an energizer, cap and backup rings. The energizer bed has been lifted up as subjected to fluid
pressure and finally closed up the empty space in the seal assembly by touching the backup ring
as the fluid pressure increases. A different deformation mode has been discovered if the
energizer bed has been broadened. An initial surface pressure imposed on the gland surfaces
helps to secure the energizer sitting on the gland.
The CFD analysis shows vortex structures in the empty spaces in the seal assembly. The
complex microchannel network helps to dissipate the fluid movements within the seal
assembly, which effectively reduce leakage. Temperature is found to be a key element for
leakage control. The vortex structures disappear as the temperature drops, resulting in less fluid
leaking out of the seal assembly.
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All Solid Battery(ASB) has been receiving a lot of attention lately to overcome the safety
issues arising from liquid electrolyte based battery system. The liquid electrolyte in battery
system is very vulnerable to thermal effects of the battery and then this effect might cause
thermal accidents. To resolve the safety problems, Solid electrolyte(SE) have been studied. And
several sulfide SEs indicates comparable Li ion conductivity to liquid electrolytes. Despite of
the high Li ion conductivity of sulfide SE, the ABS systems exhibit high interfacial resistance
of Li ion migration and poor cycle ability.[1]
The interface between SE and cathode has strain mismatch during the charge and discharge.
Li ions are continuously spent shuttling between anode and cathode. This migration of Li ions
induces volume expansion to the oxide cathodes. However, SE sustains their volume during the
operation because SE is just used as passage of Li ions between two electrodes. In additions,
these mechanical defects of the interface between this sulphide SEs and the oxide cathodes have
been not yet clearly understood.
For these reasons, in this study we studied the mechanical interaction of the interface closely
related with these performance degradations by Multi scale simulation. Mechanical properties
are calculated from Density functional Theory(DFT) and then these properties are bridged to
continuum simulation of finite element method(FEM). The cathode exhibits continuously
expansion until about 85% concentrations though the sulphide SE maintains their volume. This
strain mismatch induces mechanical stress degrading the performance and stability of ASB at
the interface. this mechanical stress is more crucial to sulphide SE. Therefore, supressing the
volume expansion of cathode and improvement of young’s modulus of sulphide electrolyte are
required to resolve this mechanical deterioration of ASB. This study would be the strategic
guide to develop a promising ASB.
Acknowledgements
This work was supported by a grant from the National Research Foundation of Korea (NRF)
funded by the Korea government (MSIP) (Grant No. 2012R1A3A20488 41).
REFERENCES
[1] Jun Haruyama, Keitaro Sodeyama and Yoshitaka Tateyama, Cation Mixing Properties

toward Co Diffusion at the LiCoO2 Cathode/Sulfide Electrolyte Interface in a Solid-State
Battery. ACS Appl. Mater. Interfaces., Vol. 9, pp. 286292, 2017.

990

Multiscale
Akiyuki
Takahashi
Approach
and
to Takuma
Dislocation
Furuya
Behavior in Spinodally Decomposed Fe-Cr Alloys
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

MULTISCALE APPROACH TO DISLOCATION BEHAVIOR IN
SPINODALLY DECOMPOSED FE-CR ALLOYS
Akiyuki Takahashi¹ and Takuma Furuya²
1

Department of Mechanical Engineering, Faculty of Science and Technology,
Tokyo University of Science, 2641 Yamazaki, Noda-shi, Chiba, 278-8510, Japan,
2

takahash@rs.tus.ac.jp

Department of Mechanical Engineering, Faculty of Science and Technology,
Tokyo University of Science, 2641 Yamazaki, Noda-shi, Chiba, 278-8510, Japan,

7518555@ed.tus.ac.jp

Key Words: Dislocation Dynamics, Spinodal Decomposition, Fe-Cr Alloys, Critical
Resolved Shear Stress.
Spinodal decomposition in a ferrite phase in duplex stainless steels is a critical issue in
determining the strength of the material. The spinodal decomposition generates an internal
stress distribution in the material, and subsequently affects the plastic deformation of the
material. Using the dislocation dynamics (DD) simulations, Takahashi et al. have studied the
influence of the spinodal decomposed structure on the critical resolved shear stress (CRSS),
which is the necessary shear stress for dislocations to move in the internal stress distribution
[1]. They finally derived a model of the CRSS as a function of the spinodal decomposition
structures, such as the magnitude and wavelength of the modulation of the chromium atom
distribution, and the dislocation angle. In order to understand the plasticity of the ferrite phase,
say Fe-Cr alloy, the internal stress distribution can be implemented into the dislocation
dynamics simulation model, and however, the length scale of the simulation must be controlled
by the wavelength of the modulation of the chromium atoms. Thus, it is necessary to develop
an alternative approach, which has no dependence of the length scale of the modulation of the
chromium atoms, to the plasticity of the ferrite phase of Fe-Cr alloys to understand the
relationship between the spinodal decomposition structure and the deformation of the material.
This study presents a multiscale approach to dislocation behavior in spinodally decomposed
Fe-Cr alloys, which enables us to simulate the plastic deformation of Fe-Cr alloys regardless
the length scale of the modulation of the chromium atoms. The multiscale approach uses the
model developed by Takahashi et al. [1], as a friction stress in the DD simulation, instead of
the direct implementation of the internal stress distribution. In order to present the capability of
the proposed multiscale approach in extending the length scale of the DD simulation, The DD
simulation results of dislocation behavior with the internal stress distribution and with the
friction stress model are carefully compared, showing that the numerical results are
quantitatively in good agreement. Finally, the plastic deformation of the single crystal of Fe-Cr
alloy is simulated using the DD method. The influence of the spinodal decomposition on the
dislocation behavior and plastic deformation of Fe-Cr alloy is discussed.
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146, pp. 160-170, 2018.
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This paper presents a method of electrical impedance tomography for characterizing the electrical conductivity profile of structures in two dimensions. The framework utilizes a partial-differential-equation
(PDE)-constrained optimization approach [1], which seeks the spatial distribution of electrical conductivity within a domain using measured electrical potential on the surface. The forward problem can be
formulated based on a Complete Electrode Model (CEM) for the electrical potential of the medium due
to current input. The CEM comprises a Laplace equation for electrical potential along with boundary
conditions to model the current passage to and from surface electrodes. To validate the forward solution, the electrical potential of CEM calculated by a finite element method is compared with the result
obtained using a technology computer-aided design software. The PDE-constrained optimization approach seeks the optimal values of electrical conductivity in the domain of interest while minimizing a
Lagrangian functional. The Lagrangian consists of a least-squares objective functional and regularization
terms, augmented by the weak imposition of the governing PDE and boundary conditions of the CEM
via Lagrange multipliers. Enforcing the stationarity of the Lagrangian leads to Karush-Kuhn-Tucker
optimality conditions for the solution of the electrical conductivity within a target medium. Numerical
results show that the electrical conductivity profile of both homogeneous and heterogeneous media with
layers and inclusions could be reconstructed effectively. The proposed tomographic imaging method can
be applied to characterizing composite structures composed of various materials.
REFERENCES
[1] Pakravan, A., Kang, J.W., and Newtson, C.M. A Gauss–Newton full-waveform inversion in PMLtruncated domains using scalar probing waves. Journal of Computational Physics (2017) 350:824–
846.
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ABSTRACT
Many materials of natural and man-made origin are fibrous and a subset of these have a
network of fibers as their main structural component. The behavior of these materials is
defined by that of the individual fibers, their particular arrangement and mutual interactions
within the network and with interstitial material. Identifying the relationship between the
structure and properties of such materials is of importance for the understanding of existing
fibrous materials and for the design of new materials with custom properties, and represents
an active field of ongoing research.
This symposium is dedicated to the investigation of various aspects of the multiscale physics
of such materials, including their mechanical and transport behaviors and their functions in
biological systems. Discrete level simulations, the development of continuum models that
capture the global response while being informed by the subscales, statistical methods, and
multiphysics aspects are all of interest in this context.
Specific subjects include tissue mechanics, paper mechanics, technical textiles, fabrics and
non-wovens, polymer networks and gels, the cellular cytoskeleton, liquid and heat transport
and suspensions rheology.
Theoretical and computational contributions, as well as complementing experimental work
and numerical methods development are all welcome.
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Fiber network modeling can be used for studying mechanical properties of paper [1]. The individual
fibers and the bonds in-between constitute a detailed representation of the material. However, detailed
microscale fiber network models must be resolved with efficient numerical methods. In this work, a
numerical multiscale method for discrete network models is proposed that is based on the localized
orthogonal decomposition method [3]. The method is ideal for these network problems, because it
reduces the maximum size of the problem, it is suitable for parallelization, and it can effectively solve
fracture propagation.
The problem analyzed in this work is the nodal displacement of a fiber network given an applied load.
This problem is formulated as a linear system that is solved by using the aforementioned multiscale
method. To solve the linear system, the multiscale method constructs a low-dimensional solution space
with good approximation properties [4, 2]. The method is observed to work well for unstructured fiber
networks, with optimal rates of convergence obtainable for highly localized configurations of the method.
REFERENCES
[1] Kulachenko, A. and Uesaka., T. Direct simulations of fiber network deformation and failure, Mech. Mater.
(2012), 51:1-14.
[2] Kettil, G. Multiscale methods for simulation of paper making, PhD thesis, Chalmers University of Technology (2019).
[3] Målqvist, A. and Peterseim, D. Localization of elliptic multiscale problems, Math. Comp. (2014), 83:25832603.
[4] Kettil, G., Målqvist, A., Mark, A., Fredlund, M., Wester, K., and Edelvik, F. Numerical upscaling of discrete
network models, BIT Numer. Math. (2019), 60:67-92.
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ABSTRACT
New-age digital printing systems use ink-jet technology on plain paper sheets. The inks used
are often water-based. The consequent wetting and drying may result in instabilities and outof-plane displacements, which could affect the industrial performance of these printers.
Paper, a hydrophilic material, is notably susceptible to deformations due to variations in moisture content, which develop over time. Understanding the moisture transport through the
thickness of a paper sheet and the time-dependent mechanics allows us to study the curling
behaviour of paper.

Figure 1: a) Curl developed in a paper sheet b) 1D through-thickness moisture transport model in a
fibrous material.
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After the printing operation is completed, water penetrates the pores between the cellulose fibres
due to surface tension, and subsequently the fibres until saturation (see Figure 1). The fibres
swell on becoming wet and cause out-of-plane deformation. The objective of this study is to
capture the time-dependent factors, which are considered to play a role during the moistureinduced deformation of paper, in a 1D numerical model.
The process involves modelling water transport in a variably-saturated porous medium by the
Richards equation. The modified Richards equation also incorporates the water exchange between the pores and fibres, considering a dual-porosity type flow, under the hypothesis that the
air phase plays a trifling role in the water movement process. The model also distinguishes the
volumetric water content into a mobile and immobile parts where the fibres can exchange or
store the immobile water sacs by swelling, and contribute towards the hygro-expansion.
Taking into account the moisture dependent elastic and inelastic response of the paper, the
resulting hygroscopic strain (i.e. moisture-induced strain) is simulated. The model enables us
to study the effect of time-scale difference, introduced by the aforementioned processes, on the
predicted curling response of paper sheet to a wetting-drying cycle.
REFERENCES
[1] E. Bosco et al., On the role of moisture in triggering out-of-plane displacement in paper: From the network level to the macroscopic scale, International Journal of Solids and
Structures (2017), http://dx.doi.org/10.1016/j.ijsolstr.2017.04.005
[2] Niskanen, K., Mechanics of paper products, Walter de Gruyter (2012).
[3] Richards, L.A., Capillary conduction of liquids through porous mediums, Physics 1, 318
(1931), https://doi.org/10.1063/1.1745010
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Fracture of materials typically occurs via the nucleation and propagation of cracks. Most
polymer materials are brittle, and fracture occurs abruptly, without significant softening prior
to failure. The origin of this brittle failure lies in the strong stress concentration at defects and
crack tips. Recent simulations, however, show that mechanical failure may occur in a
completely different way in sparsely connected fiber networks [1,2]. When deformed, such
networks show a very heterogeneous stress distribution with emerging force chains (see figure).
The continuous formation and rupture of these force chains suppresses stress concentration and
can thereby prevent crack nucleation, leading to a continuous percolation-like failure. Here, we
show extensive computer simulations [2] that unveil how the failure of fiber networks depends
on connectivity, and on properties of the individual fibers.
We show that the damage is largest and most diffuse for
networks close to the mechanical rigidity point (or isostatic
point); however, for large systems we find that eventually
the network always breaks by crack nucleation, especially
when the rupture threshold of the fibers is large. This
allows us to extract a critical length scale that determines
the type of failure in these systems. We show how these
regimes can be tuned and discuss how they are relevant for
biological fiber networks, such as collagen tissue.
We then consider composite networks consisting of fibers embedded in a soft matrix [3]. The
double network structure toughens the network significantly, and leads to a transition from
brittle to ductile failure. Our simulations show different regimes of failure and allow us to
understand the microscopic mechanism for toughening of double networks and to explain
experimental findings [4].

REFERENCES
[1] L. Zhang, D. Z. Rocklin, L. M. Sander, and X. Mao, Phys. Rev. Materials 1, 052602 (2017).
[2] S. Dussi, J. Tauber, J. van der Gucht, Phys. Rev. Lett., in press (2020)
[3] F.Burla, J. Tauber, S. Dussi, J. van der Gucht, G.H. Koenderink, Nature Physics, 15, 549

(2019)
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We have postulated a new theory to describe the stress-strain behaviour of low-density random
fibre networks under compression [1]. Predictions of the theory were verified with experiments
on more than a hundred different bio-based fibre materials with varied density and raw
materials. In parallel to mechanical testing, high-speed imaging and acoustic emission
measurements revealed key mechanisms and domains in which the theory was applicable.
Material compression causes axial stress in fibres in addition to their bending. By assuming that
fibre segments longer than 𝑎𝑎0 𝑠𝑠(𝜖𝜖) (𝑎𝑎0 is the mean segment length) undergo a buckling failure
at strain 𝜖𝜖, the compressive stress σ becomes [1]
𝜎𝜎

1
[𝑠𝑠(𝜖𝜖) + 1]exp[−𝑠𝑠(𝜀𝜀)] = 𝜖𝜖.
𝜎𝜎(𝜖𝜖) = [𝑠𝑠(𝜀𝜀)]
2 , with 𝑠𝑠 satisfying

The theory was applied to fibre materials produced with laboratory foam forming process,
which uses aqueous foam as transfer medium to deposit fibres into a connected structure. The
achieved low density (20−100 kg/m3) of the dried material allowed for individual fibres to bend
without contacting the neighbouring fibres. The used raw materials in our experiments were
chemical, mechanical and regenerated cellulose fibres of varied dimensions.
The above simple mean-field theory described the experimental stress-strain behaviour
surprisingly well at moderate, from 10% to 50%, compression levels. Moreover, high-speed
imaging during compression showed abrupt local dislocations, interpreted as buckling failures
of heterogeneous fibres under axial stress. In cyclic measurements, we observed significant
acoustic emission only when the compressive strain exceeded the previous strains. This
suggested a failure source other than fibre bending. Beyond c.a. 50% compression, the number
of acoustic events grew rapidly suggesting a crossover to collective phenomena. At the same
time, the compression-stress behaviour began to deviate from the mean-field prediction.
REFERENCES
[1] J. A. Ketoja, S. Paunonen, P. Jetsu, E. Pääkkönen, Compression strength mechanisms of

low-density fibrous materials. Materials, Vol. 12, 384, 2019.
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Quantifying the relationships between the architecture of polymer networks and their mechanical properties is important for the design of soft materials with improved performance in terms of strength and
stretchability. Existing models based on rubber elasticity theory have limited capabilities in that respect,
because the topology of the network is not explicitly represented. On the other hand, molecular dynamics
simulations remain too costly to address the relevant length and time scales. The general objective of this
work is develop an alternative computational strategy at the mesoscale based on discrete networks [1].
We consider 3D random networks of nonlinear springs representing polymer chains connected at crosslinking points. The force-extension response of the springs is described by the Freely-Jointed Chain model,
which accounts for the finite extensibility of the polymer chains. The relative contributions of network
parameters to the elastic response are systematically investigated, including the density of elasticallyeffective chains, the average coordination of the crosslinks, the chain length and the fraction of secondary
loops. Scaling relations for the modulus and the maximum extensibility are found to differ from predictions of rubber elasticity theory, as a result of different assumptions regarding chain pre-stretch in the
two approaches. Our results have implications for the interpretation of experimental data for hydrogels
produced by assembling macromolecules in solution.
The model is validated by comparing numerical predictions to experimental results for 4-arm PEG gels
with controlled network structure [2, 3]. Good agreement is obtained using physically-realistic values
of the chain parameters and accounting for non-ideality of polymer chain conformations. Our results
highlight the important role of network topology and defects on the mechanical properties, and constitute
reference results against which the predictions of analytical models can be compared.
REFERENCES
[1] Alamé, G. and Brassart, L. Relative contributions of chain density and topology to the elasticity of
two-dimensional polymer networks. Soft Matter (2019) 15:5703–5713.
[2] Akagi, Y., Gong, J.P., Chung, U. and Sakai, T. Transition between Phantom and Affine network
model observed in polymer gels with controlled network structure. Macromol. (2013) 46:10351040.
[3] Akagi, T., Katashima, T., Sakurai, H., Chung, U. and Sakai, T. Ultimate elongation of polymer gels
with controlled network structure. RSC Adv. (2013) 3:13251-13258.
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Articular cartilage (AC) is a soft tissue that covers the ends of bones providing a smooth cushion at
the joints. It has very few cells, and its extracellular matrix can be primarily thought of as a double
network of stiff collagen fibers and flexible proteoglycans. As a material, AC is remarkable. It is only a
few millimeters thick, yet can withstand large forces over a few hundred million loading cycles without
fracturing. Here we investigate the structure-function properties underlying the mechanical response and
fracture toughness of AC by using a framework that combines a double network model of cartilage with
rigidity percolation theory. The results show how the stress-strain properties and crack propagation in the
double network depend on its composition and on loading conditions. Our work may help to formulate
a quantitative criterion for crack propagation and fracture in soft tissues akin to the Griffith criterion for
fracture of brittle materials.
This work was partially supported by a grant from the National Science Foundation, DMR Award Number 1808026.
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The stochastic nature of fibrous materials presents notorious difficulties in predicting their
mechanical behavior. The heterogeneity and variations in their structural properties govern to
a great extent the response under loading conditions as well as the failure initiation and
propagation. Using solely a continuum approach to investigate the response of the fibrous
material is inadequate as it assumes the material is homogeneous with neglecting the local
properties. Another, a more detailed modeling approach based on micromechanics of the fiber
network is suggested to account for the heterogeneity and the local variations of those materials.
However, the representative volume element of such materials can be prohibitively large and
approaches the macroscale [1] leading the computational cost of the detailed micromechanical
models to be formidable.
In this work, we propose an approach to close the gap between the scales. It is based on a
continuum model derived from the mechanical response of the Stochastic Volume Element
(SVE) [2] which can capture the transition from micro- to macroscale. The object here is to
establish a relationship between the structural properties and the constitutive response of the
fibrous material and more specifically for paper material. This accomplished through
numerically generating 3D fiber networks [3] and each one of those fiber networks represents
an SVE. Those SVEs will have unique structural properties, namely thickness, density and also
different degrees of anisotropy. The aforementioned SVEs (fiber networks) are loaded
uniaxially in the in-plane with the three directions, namely, along the principal fiber orientation
direction, the orthogonal direction and the 45 degree direction in-between. Then the material
parameters for the continuum model based on the plane stress and Hill plasticity are defined
based on the constitutive response of the SVEs.
The results show that the relation between the structural properties (thickness and density), and
the elastic and plastic parameters are linear, which is consistent with experimental observations.
However, these parameters vary non-linearly with the degree of anisotropy. The results also
show that the material properties are extremely sensitive to the orientation with respect to the
constrained and free drying direction, which are correspondingly aligned with the machine and
cross direction during papermaking. This means that considering the anisotropy locally is not
enough when the industrially produced paper grades are considered. It is also necessary to
consider the orientation of SVE with respect to the machine and cross direction of the paper
machine.
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Many materials of everyday use are fibrous and their strength is important in most applications.
In this work we study the dependence of the strength of random fiber networks on structural
parameters such as the network density, cross-link density, fiber tortuosity, and the strength of
the inter-fiber cross-links. The objective is to define structure-property relations that can be
used in the design of fibrous materials. We conclude that the network strength scales linearly
with the cross-link number density and with the cross-link strength, for a broad range of network
parameters [1]. The network strength is independent of fiber material properties and of fiber
tortuosity. Rendering the bond strength stochastic causes a reduction of the network strength
[2].
The effect of network heterogeneity is studied and it is concluded that, as expected,
heterogeneity retards damage localization and increases the stretch at peak stress, therefore
promoting ductility [2].
Failure under multiaxial loading is also studied and the dependence of the failure surface
on the structural parameters mentioned above is presented.
The deformation and failure of non-crosslinked fibrous mats is further discussed. Noncrosslinked networks fail by the relative sliding of fibers and their strength depends on the fiber
length and the specific type of fiber-fiber interactions. Results for adhesive interactions with
viscous-type friction at contacts are presented [4].
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ABSTRACT
preCICE is an open-source coupling library for partitioned multi-physics simulations. It enables the efficient, robust, and parallel coupling of seperate single-physics solvers. This includes, but is not restricted
to fluid-structure interaction. preCICE treats these solvers as black-boxes and, thus, only minimallyinvasive changes are necessary to prepare a solver for coupling. Thus, existing sophisticated solvers can
be used for each of the physics in a multi-physics simulation. Ready-to-use adapters for well known
commercial and open-source solvers, including OpenFOAM, SU2, CalculiX, FEniCS, and ANSYS Fluent, are available. The software offers methods for equation coupling, fully parallel communication, and
data mapping schemes.
The minisymposium brings together users and developers of the software. It enables the exchange of
academic and industrial users among themselves, which otherwise would not know much of each other.
Furthermore, the developer team an get direct feedback from the users, who they sometimes only know
from mailing list conversations. Last, the software and its capabilities can be presented to others in a full
and broad sense as not only the developers talk about their software, but also users report on experiences.
REFERENCES
[1] H-J. Bungartz, F. Lindner, B. Gatzhammer, M. Mehl, K. Scheufele, A. Shukaev and B. Uekermann,
preCICE – A Fully Parallel Library for Multi-Physics Surface Coupling. Computers and Fluids,
Vol. 141, pp. 250–258, 2016.
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preCICE[1] is a coupling library for partitioned multiphysics simulations. It runs efficiently on a wide
spectrum of systems, from low-end workstations up to complete compute clusters and has proven scalability on 10’000s of MPI ranks. The fundamental works of Gatzhammer[2] resulted in a version which
was able to handle dynamic meshes. The works of Uekermann[3] introduced a fully parallel communication back-end, a crucial step on the path to making preCICE fit for exa-scale computing, which required
the removal of dynamic meshes.
The library’s fully parallel peer-to-peer communication is based on the fundamental assumption that
all interface meshes remain unchanged during the execution of the solvers. This allows for a one-time
mesh partitioning during the initialization of the library. Based on this, the library derives the required
connection pattern between ranks of coupled participants and establishes all required communication
channels. This fundamental assumption limits preCICE’s support for dynamic meshes. Solver featuring
adaptive mesh refinement cannot take advantage and propagate the partially finer resolution at coupling
interfaces to the preCICE library. Furthermore, as the mesh is not allowed to change, handling deformation in fluid-structure interaction setups is only possible by sending additional coordinate displacements,
meaning that the fluid solver needs to be formulated in an arbitrary-Lagrangian-Eulerian framework.
In upcoming years, we aim to remove this fundamental requirement and allow coupled solvers to redefine
meshes during the simulation. As a direct consequence, solvers will be able to directly express adaptive
mesh refinement by updating the mesh using the preCICE API.
Furthermore, this allows users to work with immersed boundary methods in a fully parallel context. This
significantly simplifies mesh generation and prevents deformation and possible degeneration of mesh
elements.
In this submission, I explain the chances and challenges resulting from this significant shift in fundamental assumptions. This includes the design of a brute-force solution and potential future improvements.
Furthermore, I present how users draw notable benefits from these changes.
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[2] Efficient and Flexible Partitioned Simulation of Fluid-Structure Interactions Bernhard Gatzhammer, 2014 PhD Thesis, Institut für Informatik, Technische Universität München, 2014
[3] Partitioned Fluid-Structure Interaction on Massively Parallel Systems Benjamin Uekermann, 2016
PhD Thesis, Institut für Informatik, Technische Universität München, 2016

1011

Gerasimos
An
Introduction
Chourdakis,
to the Precice
Hans-Joachim
Coupling
Bungartz,
Library Kyle Davis, Miriam Mehl, Benjamin Rüth,
Frédéric Simonis, Amin Totounferoush and Benjamin Uekermann
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

AN INTRODUCTION TO THE PRECICE COUPLING LIBRARY
Gerasimos Chourdakis∗1 , Hans-Joachim Bungartz1 , Kyle Davis2 , Miriam Mehl2 ,
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preCICE1 is an open-source coupling library for partitioned multi-physics simulations. It enables the
efficient, robust, and parallel coupling of seperate single-physics solvers. This includes (but is not restricted to) fluid-structure interaction and conjugate heat transfer. preCICE treats the single-physics
solvers as black-boxes and, thus, only minimal changes are necessary to prepare a solver for coupling.
Thereby, existing sophisticated solvers can be used for each of the physics in a multi-physics simulation.
Ready-to-use adapters for several well-known solvers and PDE frameworks, including OpenFOAM,
SU2, CalculiX, FEniCS, and deal.II make preCICE easy to start with. The library offers methods for
equation coupling, fully parallel communication, and data mapping schemes. In this talk, we give a general introduction to preCICE and an overview of recent changes introduced in preCICE v2, opening the
minisymposium MS202: “Multiphysics simulations with the coupling library preCICE”.
REFERENCES
[1] H.-J. Bungartz, B. Gatzhammer, F. Lindner, M. Mehl, K. Scheufele, A. Shukaev, B. Uekermann,
preCICE – A fully parallel library for multi-physics surface coupling. Computers and Fluids (2016),
141:250–258.

1 Web

page: https://www.precice.org/. Source code (LGPL3): https://github.com/precice/precice
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Accurate rotor blade analysis is a complex task—requiring the consideration of the
aerodynamics, motion and deformation of the rotor blade. The current paradigm is to employ
two separate solvers, each adept at solving for a single physical phenomenon in multi-physics
problems. To address such problems, a rudimentary fluid-solid solver coupling between the
CFD solver TAU and the rotor comprehensive analysis tool CAMRAD II was developed at
the Insitute of Helicopter Technology [1]. However, the proof-of-concept coupling was highly
specialized and difficult to extend to new cases.
Hence, this work focuses on the development of a general approach that support the “plugand-play” of these new solvers using the preCICE library. The developed preCICE adapters
for the TAU and CAMRAD II solvers [2] use preCICE to establish efficient communication,
mapping, and coupling. This approach reduces code dependencies between the two solvers
and allows for modular configuration of specific pre- or post-processing steps when passing
data between solvers. Additionally, a 3D-1D data mapping method was developed, in order to
pass the 3D aerodynamic loads from TAU to CAMRAD II and include the 1D blade
deformation computed by CAMRAD II into the 3D TAU simulation. Finally, additional
challenges had to be addressed to coupled these closed-source solvers.
The loosely-coupled rotorcraft simulation was modelled after the 4-bladed Bo-105 main rotor
tested in the HART II in wind tunnel test. The simulation inputs were set to the baseline test
conditions in the HART II test [3]. In order to achieve sufficiently accurate results for
convergence in TAU, 360 time steps per revolution with 250 inner iterations per time step
were performed. Surface values for coupling were output every 15°, resulting in 24 outputs
per revolution. For this initial coupling, only rigid body motion was considered when
coupling the two solvers. The simulation converged after 4 coupling iterations. The simulation
was then extended to include elastic motion via Radial-Basis Function interpolation of the
output from CAMRAD II with results pending further investigation.
REFERENCES
[1] A. Carnefix, “Development of a framework for trimmed rotorcraft simulations using loose couplingof CFD and CSD
software”, Master’s thesis, Technical University of Munich, 2017.
[2] Q. Huang, “Loose-Coupling of CFD/CSD Rotorcraft Simulations via preCICE”, Master’s thesis, Technical University of
Munich, 2019.
[3] M. Smith, J. Lim, B. Wall, J. Baeder, R. Biedron, D. Jr, B. Jayaraman, S. Jung, and B.-Y. Min, “Thehart ii international
workshop: an assessment of the state of the art in cfd/csd prediction”, CEASAeronautical Journal, vol. 4, 12 2013 .
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EULERIAN–LAGRANGIAN MOMENTUM COUPLING BETWEEN
XDEM AND OPENFOAM USING PRECICE
Xavier Besseron, Alban Rousset∗ , Alice Peyraut, Bernhard Peters
University of Luxembourg, Faculty of Science, Technology and Medicine,
6 Avenue de la Fonte, 4364 Esch-sur-Alzette, Luxembourg
Key Words: XDEM, Multi-physics, Coupling, preCICE
Eulerian-Lagrangian couplings consider problems with a discrete phase as a particulate material that is
in contact with a fluid phase. These applications are as diverse as engineering, additive manufacturing,
biomass conversion, thermal processing or pharmaceutical industry, among many others [3] A typical
approach for this type of simulations is the coupling between Computation Fluid Dynamics (CFD) and
Discrete Element Method (DEM), which is challenging in many ways. Such CFD–DEM couplings [4, 2,
5] are usually implemented using an ad-hoc coupling layer, specific to the both DEM and CFD software,
which considerably reduces the flexibility and applicability of the proposed implementation.
In this work, we present the coupling of eXtended Discrete Element Method (XDEM) [3], with the CFD
library OpenFOAM, using the preCICE coupling library [1] on volumetric meshes. Such momentum
coupling requires the CFD side to account for the change of porosity due to the particulate phase and the
particle momentum, while the particles of the DEM will be affected by the buoyancy and drag force of
the fluid. While preCICE significantly simplifies the coupling between standalone libraries, each solver
and, its respective adapter, have to be made aware of the new data involved in the physic model.
For that, a new adapter has been implemented for XDEM and the existing adapter for OpenFOAM
has been extended to include the additional data field exchange required for the momentum coupling,
e.g porosity, particle momentum, fluid velocity and density. Our solution is tested and validated using
simple benchmarks and advanced testcases such as a dam break, and shows consistent results.
REFERENCES
[1] H.-J. Bungartz, F. Lindner, B. Gatzhammer, M. Mehl, K. Scheufele, A. Shukaev, and B. Uekermann. preCICE
– a fully parallel library for multi-physics surface coupling. Computers and Fluids, 141, 2016.
[2] P. Gopalakrishnan and D. Tafti. Development of parallel DEM for the open source code MFIX. Powder
Technology, 235, 2013.
[3] B. Peters, M. Baniasadi, M. Baniasadi, X. Besseron, A. A. Estupinan Donoso, M. Mohseni, and G. Pozzetti.
XDEM multi-physics and multi-scale simulation technology: Review of DEM–CFD coupling, methodology
and engineering applications. Particuology, 44, 2019.
[4] G. Pozzetti, H. Jasak, X. Besseron, A. Rousset, and B. Peters. A parallel dual-grid multiscale approach to
CFD–DEM couplings. Journal of Computational Physics, 378, 2019.
[5] R. Sun and H. Xiao. SediFoam: A general-purpose, open-source CFD–DEM solver for particle-laden flow
with emphasis on sediment transport. Computers & Geosciences, 89, 2016.
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Recently, with the development of space transportation systems, the demands of planetary
exploration have been increasing. A parafoil technology for Mars exploration has been
developed in JAXA and several universities in Japan. The parafoil has no ram-air inlet because
of flight in a low-density environment where sufficient dynamic pressure is not obtained. The
parafoil is composed of flexible structures which have new characteristics, such as good storage
efficiency, light weight, and high lift drag ratio.
The parafoil technology can provide several benefits for exploration, e.g., a wide range
scanning on the Martian surface and atmosphere. However, it is possible that the parafoil is
deformed in planetary exploration flight due to aerodynamic force, which can result in
aerodynamic instability. Therefore, fluid-structure interaction analysis is required for
elucidating the detailed aerodynamic stability mechanism of the deployable flexible structure
of parafoil.
 The parafoil in the present study was modeled as a flat plate for simplicity. The wing tips
were set to fixed conditions. The computational domain is shown in Fig. 1. The uniform flow
was set to12 m/s at the inlet boundary and Reynolds number based on code length is 373600.
FSI analysis using OpenFOAM for the fluid solver, CalculiX for the structure solver, and
preCICE for the coupler was carried out. The deformation of the flat wing by the aerodynamic
force was obtained. Fig. 2 shows the magnitude of displacement at the center of upper surface
of the parafoil wing. A robust FSI analysis model was constructed using open source software.

Figure 1 : Computational domain

Figure 2 : Displacement at the center of the
upper surface of the wing

REFERENCES
[1] H-J. Bungartz, F. Lindner, B. Gatzhammer, M. Mehl, K. Scheufele, A. Shukaev and B.

Uekermann, preCICE – A Fully Parallel Library for Multi-Physics Surface Coupling.
Computers and Fluids, Vol. 141, pp. 250–258, 2016.
[2] T. Moriyoshi et al., Comparison of Flight Test and Wind Tunnel Test on Parafoil-type
Vehicle, 62nd Space Sciences and Technology Conference, 2018
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Many real-world applications problems involve flow in porous media and some other medium that can be
separated into subdomains by a sharp interface. An example is the flow of water (free flow) over a river
bed (porous-medium flow). Modeling such an application involves different mathematical models in each
of the subdomains and, thus, leads to ill-conditioned systems of equations when solved monolithically.
Due to the ill-conditioning of the matrix, in the monolithic approach one has to use direct linear solvers or
has to develop specialized preconditioners [1]. Additionally, the monolithic approach can be restrictive
with respect to time and memory requirements and it prevents the reuse of already implemented solvers
that are highly specialized for one of the problems. Partitioned methods that solve the coupled problem
based on the ideas of domain decomposition techniques are a good alternative. These methods have been
especially popular for finite-element discretizations of porous media problems [3].
We use partitioned coupling methods to couple free and porous-media flow via a “black-box” approach
that has been especially popular in the field of fluid-structure interaction. The coupling does not make
any assumptions on the discretization in any of the domains. The partitioned coupling is realized via
the open-source coupling library preCICE [2]. We identify suitable coupling variants and numerically
investigate the behavior of the coupling schemes. In addition, the influence of the partitioned coupling
on the numerical solution is examined.
REFERENCES
[1]

M. Benzi, G. H. Golub, and J. Liesen. “Numerical solution of saddle point problems”. In: Acta
numerica 14 (2005), pp. 1–137.
[2] H.-J. Bungartz, F. Lindner, B. Gatzhammer, M. Mehl, K. Scheufele, A. Shukaev, and B. Uekermann. “preCICE – A fully parallel library for multi-physics surface coupling”. In: Computers and
Fluids 141 (2016). Advances in Fluid-Structure Interaction, pp. 250–258.
[3] M. Discacciati and A. Quarteroni. “Navier-Stokes/Darcy coupling: Modeling, analysis, and numerical approximation”. In: Revista Matemática Complutense 22.2 (2009).
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ABSTRACT
This symposium will provide a forum to present and debate several advanced computational
methods for studying the behaviour of materials and structures. The goal is to gather
researchers (engineers, physicists, mathematicians) specialized in computational mechanics
and numerical modelling for simulating the mechanics of solids and structures. The
computational aspects will play a central role, but papers can focus on broad range of
numerical aspects either related to the material modelling or the structural one. In this
framework, the interest and suitability of multiscale strategies will be highlighted. The focus
will be set on computational issues, while still highlighting the underlying conceptual and
theoretical basis.
With these aims in mind, contributions from all aspects of engineering applications, with
particular attention to structural engineering applications, will be considered. Topics of
applications will include (but not be limited to):
¥

Materials with micro(/nano)-structure;

¥

Complex material behaviour;

¥

Non-standard/Non-local continuous formulation;

¥

Computational Methods for non-standard continua.

For any further request, please contact the Corresponding Organizer:
Egidio Lofrano, DISG Department, Sapienza University of Rome, Italy
egidio.lofrano@uniroma1.it
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In concurrent particle-to-continuum bridging-domain simulations of solid polymers, an elastic constitutive model in the continuum might be accurate enough under small strains. However, in case of larger
loads, polymers typically exhibit viscoelastic behavior, such that a corresponding, time-dependent constitutive model is required to capture the mechanical behavior of the polymers. Since this constitutive model
is derived based on multiple molecular dynamics (MD) simulations, it shows smoother load-deformation
characteristics than the original MD model and larger time scales can be used for the continuum part
than for the particle-based domain. In this contribution, we present a partitioned-domain method for
multiscale simulations of viscoelastic amorphous polymers based on the Capriccio method [1, 2], which
couples an MD- and a Finite-Element-based domain via an overlapping region. The presented method
is applied in multiscale simulations of pure polystyrene and silica-polystyrene nanocomposites under
uniaxial deformation up to 8% strain. In the continuum, a viscoelastic constitutive model derived from
previous coarse-grained MD simulations of polystyrene [3] is employed. The results of multiscale simulations of pure polystyrene is compared to the coarse-grained MD simulations for validation.
REFERENCES
[1] Pfaller, S., Rahimi, M., Possart, G., Steinmann, P., Müller-Plathe, F. and Böhm, M.C. An Arlequinbased method to couple molecular dynamics and finite element simulations of amorphous polymers
and nanocomposites. Comput. Methods. Appl. Mech. Eng. (2013) 260: 109–129.
[2] Pfaller, S., Kergaßner, A., Steinmann, P. Optimisation of the Capriccio method to couple particleand continuum-based simulations of polymers. Multiscale Science and Engineering. (2019) 1: 318–
333.
[3] Ries, M., Possart, G., Steinmann, P., Pfaller, S. Extensive CGMD simulations of atactic PS providing pseudo experimental data to calibrate nonlinear inelastic continuum mechanical constitutive
laws. Polymers. (2019) 11:1824.
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Elastodynamic fundamental solutions (or Green’s functions) play significant role in
formulation and solution of initial boundary value problems. Besides that, fundamental
solutions are essential for the development of diverse formulations of Boundary Element
Method.
For general homogeneous anisotropic linearly elastic media full-space fundamental solutions
are not available in the explicit closed-form expressions. Laplace transformed as well as
frequency domain anisotropic fundamental solutions are represented as a sum of static
(fundamental solutions of corresponding static problem) and dynamic parts. Pan and Chen [1]
presented an excellent work dedicated to evaluation of static anisotropic fundamental
solutions. Concerning the dynamic parts of elastodynamic fundamental solutions for
anisotropic solids practically important results were provided by Wang and Achenbach [2].
They suggested using Radon transform and obtained dynamic parts of fundamental solutions
in the form of surface integrals over a half of a unit sphere. Resulting expressions have rather
complicated integrands that become rapidly oscillating for large distances between source and
observation points or high frequencies. For these specific cases we propose an extended yet
simple computational strategy based on a quadrature rule developed by Evans and
Webster [3]. This quadrature is a variation of the well-known Levin's collocation method.
Various types of computational experiments indicate significantly improved performance of
suggested procedure when compared to using the Gauss-Legendre quadrature.
The work was carried out with the financial support of the Ministry of Science and Higher
Education of the Russian Federation (task 0729-2020-0054).
REFERENCES
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Defect transport is a key process in materials science and catalysis, but as migration mechanisms
are too complex to enumerate a priori, unbiased calculation typically has no measure of
convergence and requires significant end user analysis. These two bottlenecks prevent highthroughput implementations essential to propagate model-form uncertainty from interatomic
interactions to predictive simulations. We extend a massively parallel accelerated sampling scheme,
autonomously controlled by Bayesian estimators of statewise sampling completeness, to build
atomistic kinetic Monte Carlo models on a state space irreducible under exchange and space group
symmetries.
Focusing on single isolated defects, we derive analytic expressions for defect transport tensors and
provide a convergence metric by calculating the Kullback-Leiber divergence across the ensemble of
diffusion processes consistent with the sampling uncertainty. The autonomy and efficacy of the
method is demonstrated on surface trimers in tungsten and hexa-interstitials in magnesium oxide,
both of which exhibit complex, correlated migration mechanisms.

Example of irreducible sampling state space and model state space, for surface trimer on W(110)
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Chemo-Mechanical Coupling in Solids Permeated by Fluids: Mixture
Theory Model, Stabilized FEM, and Application to Oxidation of Si and SiC.
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A new stabilized finite element method is presented for coupled chemo-mechanical problems
involving chemically reacting fluids flowing through deformable elastic solids [1]. A mixture theory
model is employed wherein kinematics is represented via independent sets of balance laws for each of
the interacting constituents. A significant feature of the mixture model is the interactive force field in
the momentum balance equations that couples the constituents implicitly at the level of the governing
system of equations. Since each constituent is not discretely modeled and that the interactive effects are
mathematically coupled at the local continuum level, the resulting system serves as a physics-based
reduced-order model for the complex microstructure of the material system.
The constitutive relations for the constituents in the mixture model are based on maximization
of the rate of entropy production [2]. When constitutive equations are substituted into the balance laws,
they give rise to a system of coupled nonlinear PDEs. Evolving nonlinearity and coupled chemomechanical effects give rise to spatially localized phenomena, such as boundary layers and steep
gradients at the reaction fronts. For large reaction rates, the balance of mass and the balance of linear
momentum of the fluid become singularly perturbed PDEs (reaction-dominated), which may exhibit
boundary and/or internal layers. Presence of these features in the solution requires stable numerical
methods, and we present Variational Multiscale (VMS) based stabilized finite element method for the
initial-boundary value problem. In this method, the unknown field is separated into coarse and fine
scales. The coarse scale problem, associated with a mixed FEM method, is augmented with a term that
captures the fine scale behavior. At the fine scale level VMS facilitates a variational problem that is
solved locally in terms of so-called bubble functions.
We apply the method to thermal oxidation of silicon (Si) and silicon carbide (SiC), which has
applications in the electronics industry for manufacture of MEMs devices, and in ceramic matrix
composites (CMCs) used in the aerospace and automotive industries. We compare numerical results
obtained with experimental and numerical data in the literature.
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Materials endowed with microstructure, such as particle composites, show a peculiar
mechanical behavior, where discontinuities and heterogeneities cannot be neglected. In detail,
aiming to depict the structural response at the macroscopic scale, a non-local description is
required to keep into account the microscopic one [1].
In this contribution materials with anisotropic microstructure are described as micropolar
(Cosserat) continua. Compared to classical (Cauchy) continua, the latter encompass more
kinematical descriptors, and then more stress and strain measures. These enriched fields can
be revealed of pivotal significance when concentrated forces and/or geometric discontinuities
are of interest [2]. As discussed in [3], non-classical and non-local continua can be deducted
through multi-scale approaches relying on eligible energy equivalence criteria. Here,
anisotropic materials with irregular hexagonal microstructure are considered. The proposed
model is able to expose the macroscopic effects of particle size and orientation [2,4]. It is a
suitable enhancement of the one recently presented by the Authors in [2], where the statics of
two dimensional bodies made of hexagonal rigid particles interacting via elastic interfaces has
been analyzed. It is shown how the dynamics at the macroscopics scale is driven by the
microstructure. The effect of material anisotropy is investigated with the help of numerical
sensitivity analyses, showing how an increasing in the level of material anisotropy alters both
frequencies and mode-shapes. Some reliability threesholds for the Cosserat- and Cauchy-like
homogenized continua are deduced and discussed in order to address further developments on
this research line.
REFERENCES
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Compressive failure in structural materials such as wood, rock and concrete emerge from the
collective evolution of a large number of micro-cracks in interaction. At an early stage, failure
events are uniformly distributed though the specimen, but then then localize into a band
spanning the system size, leading to a drop in the load bearing capacity.
Experiments of compressive failure usually display a strong acoustic activity preceding
damage localization and this activity intensifies as the specimen is driven closer to failure.
Interestingly, this acoustic emission was shown to follow remarkably robust power law
statistics that is reminiscent of critical phenomena [1]. In this work, we explore both
theoretically and experimentally the mechanisms underlying such intermittent evolution of
damage in quasi-brittle solids.
Recently, damage spreading was studied using a 1D model of disordered quasi-brittle solids
and a connection between depinning of an elastic interface driven in a disordered media and
compressive failure was proposed [2]. Here, we go one step further, and present a twodimensional mesoscopic model of disordered quasi-brittle solids that relies on the non-local
interactions at play during damage spreading [3]. This model allows us to capture the
collective evolution of the damage fields, which is characterized by avalanches, the size and
duration of which follow scaling laws. In addition, we capture the acceleration in the activity
rate of fracture events close to final failure.
These theoretical predictions are then compared with compression experiments performed on
cellular solids and shown to capture successfully all the statistical features of damage events
preceding localization. The implication of these results to predict the lifetime of materials and
structures from the statistical analysis of the precursory damage activity is finally discussed.
REFERENCES
[1] L. Girard, D. Amitrano, and J. Weiss. Failure as a critical phenomenon in a progressive

damage model. J. Stat. Mech.: Theory Exp, Vol. 01, P01013, 2010.
[2] E. Berthier, V. Demery and L. Ponson, Damage spreading in quasi-brittle heterogeneous
materials: I. Localization and failure, J. Mech. Phys. Solids, Vol. 102, 101 - 124, 2017.
[3] V. Dansereau, et al. Collective damage growth controls fault orientation in quasi-brittle
compressive failure, Phys. Rev. Lett., Vol. 122.8, 085501, 2019.
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Selective Laser Melting (SLM) process is the subject of lots of research since few decades.
Along the laser beam path, parts experience very high heating and cooling rates and witness a
large magnitude of temperatures. These high rates can lead to defects such as cracks or
distortions dues to residual stresses, and porosities due to either excessively low or high
temperatures [1]. Moreover, these defects are also influenced by the thermal history associated
with the different regions of the part, which is related to several factors, i.e. scanning strategy,
insulation due to surrounding powder, part geometry, number of parts scanned on the build
plate, recoating process, pauses, etc. All those factors need to be taken into account in order to
precisely estimate the thermal history. Many thermomechanical models have been developed
[2-5] at different scales. Unfortunately, rigorous method to transit mechanical information, such
as residual stress, from small scales through bigger scales are not yet available. To tackle this
problem, as a start, we have developed, and applied on commercial finite element code Abaqus,
a rigorous multiscale thermal model, easy to simplify or to improve. We show that most of the
aspects of the thermal history are covered by a model including five time and space scales. We
have also defined how to transit data from each scale to another, and how to compute the overall
thermal history in reasonable computational time.
REFERENCES
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The popularity of energy harvesting technologies has increased in recent decades, due to the possibility of generating the energy required by low-power electronic devices both autonomously and without
extensive cabling. Therefore, various concepts for piezoelectric energy harvesters have been developed.
In contrast to piezoelectrics, in ferroelectrics elementary cells are capable of switching, which is referred to as ferroelastic or ferroelectric domain switching. By using these non–linear effects, a higher
power density can be achieved [1]. However, problems arise due to irreversible domain wall motion
leading to self–heating associated with changes in the material properties, thermal stresses and sometimes even phase transformations, whereupon the devices finally are inoperative. In low C URIE temperature materials, such as BT, even depolarization is possible. To make predictions about the general
functionality in ferroelectric materials and in particular favourable energy harvesting cycles in connection with irreversible domain–switching, it is necessary to model mutually coupled dissipative processes
in ferroelectrics. For this purpose, the so–called condensed method (CM) is extended by non-linear
bilateral caloric–electromechanical couplings and exploited towards calculating energy harvesting efficiencies. The CM has been developed as a scale–bridging approach for polycrystalline materials based
on three-dimensional microphysical models, spacing a spatial discretization of the grain structure [2].
Consequently, a ferroelectric energy harvesting cycle, circling around depolarisation and repolarisation
caused by periodically oscillating stress and simultaneously applied electric harvesting- and bias-fields,
is investigated and discussed, taking into account the dissipation heating. For verification, the theoretical
results of dissipation heating from this work are compared to findings from FEM calculations [3], own
experiments and experiments from literature [4].
REFERENCES
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Grain boundary-dislocation interactions play a crucial role in the deformation behavior of
polycrystalline materials. We present a molecular dynamics study of more than 2 dozen
different symmetric tilt and twist grain boundaries in FCC nickel. Mechanical loading is used
to induce dislocation interactions with the grain boundaries and the resulting interactions are
examined for whether the incident dislocations transmit, are absorbed, or are reflected back.
We examine correlation of geometric descriptors with the different behaviors and also examine
the role of the resolved shear stress driving the dislocation into the grain boundary. The
interactions are complicated, and no single metric emerges as a clear predictor of what to expect
from each grain boundary-dislocation interaction. However, we do confirm the ability of
transmissivity factors to predict slip systems when dislocations do transmit through a grain
boundary. Other observed correlations are also discussed.
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A key aspect of understanding fracture involves understanding the behavior of
microstructurally small cracks (MSCs), or cracks whose lengths are on the order of the size of
the predominant microstructural features of a material. MSC behavior is highly dependent on
local microstructural features. Because of this microstructural dependence, the study of MSCs
must involve details about the arrangement of microstructural features around a crack.
However, the size of the microstructural volume that should be included in the neighborhood
of a crack when studying MSC behavior is not clear.
To address the question of how much microstructural volume should be included when studying
an MSC (whether experimentally or computationally), a framework for determining the
representative volume element for microstructurally small cracks (RVEMSC) was recently
introduced [1]. RVEMSC is defined as the minimum volume of microstructure that must be
included around an MSC to guarantee convergence of crack-front parameters with respect to
microstructural volume size. The framework involved tracking crack-front parameters (e.g. Jintegral) in finite-element (FE) simulations of heterogeneous microstructures containing MSCs.
Using the framework, RVEMSC was determined for linear-elastic, heterogeneous domains. The
FE-based framework presented in [1] was shown to be effective at determining RVEMSC for
linear-elastic cases. However, the FE-based framework was also found to be computationally
expensive, and the determination of RVEMSC was not expanded beyond the linear-elastic case.
Incorporating machine learning methods into the framework for determining RVEMSC provides
a critical reduction in computational cost. The reduction in computational cost is achieved by
replacing a portion of the FE simulations with convolutional neural network (CNN) predictions.
The CNN takes as input the arrangement of microstructural features around an MSC and
predicts rates of crack-front parameter convergence with respect to volume size. The CNN
predictions require significantly less time than the FE simulations, resulting in a massively
expedited framework for determining RVEMSC. With an expedited framework available,
guidelines for selecting the amount of microstructural volume to include in investigations of
MSC behavior can be expanded beyond the linear-elastic case that was previously considered.
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Most phenomena in plasticity, such as dislocation glide and fracture, are intrinsically stochastic
when studied at the microstructural scale. This fact poses a challenge when using
micromechanical modeling techniques like molecular dynamics (MD) and discrete dislocation
dynamics (DDD) to predict fundamental aspects of plasticity. Given a large set of noisy
simulation data, it is commonplace to simply construct histograms based on the mean or median
of the quantities of interest. Such an approach completely ignores the stochastic nature of the
dataset, however, making it impossible to construct physical models which honor the
stochasticity. In this work, we show how Gaussian Processes (GPs)—a set of machine learning
models—can capture the stochasticity of a micromechanical dataset within a simple
mathematical framework. To showcase the approach, we consider the problem of void growth
via dislocation adsorption, wherein voids grow by adsorbing dislocations from the bulk around
them [1]. MD and DDD simulations of this process reveal a wide distribution in the growth
rate. We demonstrate how a GP-based model can be fitted to the data and that the model
provides superior predictions of the void growth rate compared to a traditional curve fit. Finally,
we show how the probability distribution of the growth rate predicted by the GP model provides
a pathway for upscaling the microstructural simulation data for use in continuum models of
ductile fracture.
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Diffusion bonding of ceramics with a metallic interlayer can deliver a variety of joint
microstructures, including a seamless bond. When applied to ZrC with Ti or other transition
metal interlayer [1-3], such procedure can provide a seamless joint, depending on the
parameters of the process, of which the thickness of the interlayer is particularly relevant. The
existence of the critical interlayer thickness is indicated, below which the seamless
homogeneous joint is obtained, and above which the joint does not homogenize. The key
process is the diffusion of carbon from ZrC into the Ti interlayer, which, when the critical
carbon concentration is reached, initiates the phase transformation of bcc Ti to B1 structure
(TiC) identical to ZrC structure. We analyze the bonding process using the sharp interface
model and phase-field model. Phase diagrams of Ti-C and Zr-C, and elastic strain energies
indicate that the change in bulk free energy, resulting from small changes in carbon
concentrations in ZrC and Ti, oppose the carbon diffusion. We show that the only component
of the total system energy that decreases with carbon transfer from ZrC to Ti is the interfacial
energy. Specifically, the interfacial energy must depend on the jump in the carbon concentration
across the interface. The phase-field model corresponds to the quadratic dependence of
interfacial energy on the concentration jump. In terms of Gibbsian thermodynamics (sharp
interface, surface excess quantities), a novel thermodynamic parameter describing such
dependence is required [4]. The critical interlayer thickness predicted by both the sharp
interface model and the phase-field simulations is in good agreement with experimental results.
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The report presents a methodology of numerically analyzing nonlinear nonstationary
deformation and loss of stability of cylindrical shells of composite materials subjected to
combined quasi-static and dynamic effects.
A cylindrical shell is assumed to be formed by cross-winding a unidirectional composite
material. Components of the nonlinear strain tensor of the applied theory of cylindrical shells
are defined based on the simplest quadratic version of the nonlinear elasticity theory. Physical
relations of an elementary layer are formulated using Hooke’s law, taking into account the
hypotheses of the applied theory of shells. An energy-coordinated system of equations of
motion of the applied theory of cylindrical shells is derived from the condition of
minimization of the total energy functional of the shell. The critical load of loss of stability is
determined by a characteristic kink on the loading amplitude – maximal deflection curve. The
numerical analysis of the formulated problem is based on the explicit variational-difference
scheme [1]. The quasi-static loading regime is modeled by introducing internal pressure in the
form of a linearly growing function, reaching a stationary value during three periods of the
lowest-form oscillation of the composite cylindrical shell.
The reliability and accuracy of the present methodology are substantiated by comparing the
numerical results with experimental data. The obtained results testify to the fact that loading
rate, static pre-stressing level and reinforcing angle substantially affect both the value of the
dynamic overloading coefficient and the characteristic wave forms in the process of loss of
stability of composite cylindrical shells.
The work was carried out with the financial support of the Ministry of Science and Higher
Education of the Russian Federation (task 0729-2020-0054).
REFERENCES
[1] Аbrosimov N.А., Bazhenov V.G., Nelineinye zadachi dinamiki kompozitnyh konstruktsiy.
—

N.Novgorod: Publishing House of UNN, 2002. (in Russian)
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PLASTICITY IN THE OOF FINITE-ELEMENT SOLVER
Andrew C. E. Reid1 , Shahriyar Keshavarz2
1

2

NIST, 100 Bureau Drive, Gaithersburg MD USA, andrew.reid@nist.gov
Theiss Research, 7411 Eads Ave, La Jolla, CA, shahriyar.keshavarz@nist.gov

Key Words: Finite element analysis, crystal plasticity, structure property relations
The Object-Oriented Finite Element code (OOF) developed at NIST is a long-standing project to deliver
high-quality mathematics and computational capabilities to an audience of materials scientists. The code
features tools to easily mesh complex 3D microstructures, and a scheme for the addition of custom
constitutive rules, allowing users to conduct sophisticated structure-property explorations.
In collaboration with domain experts from the computational mechanics community, the development
team has added a crystal plasticity modeling capability to the this tool, allowing it to model systems
which acquire a permanent deformation in response to loads. Being history-dependent, this expanded
the OOF project beyond its initial scope of what were essentially divergence equations. Incorporating
the insights and algorithms of the computational mechanics experts into this general-purpose tool posed
several challenges to the OOF team.
The result is a tool which can generate microstructural meshes from images, and allow users to plug in
various crystal-plastic constitutive rules to conduct high-value virtual experiments on yielding systems.
This presentation will demonstrate the application of this capability for a number of interesting microstructures.
Going forward, we anticipate that this tool will play an important role in assessing the behavior of candidate crystal-plastic constitutive rules, performaning analyses to assess the importance of various model
parameters, and will be a useful test-bed for examining model and parameter uncertainty propagation for
this important class of problems.
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Key Words: Atomistic/Continuum Coupling, Domain Decomposition, Numerical Analysis
To overcome the computational cost of fully atomistic models, atomistic/continuum coupling methods
have been developed in order to restrict atomistic resolution to some small region containing crystalline
defects, e.g., vacancies, dislocations or cracks, surrounded by a significantly cheaper continuum model.
Among the most popular methods is the “force-based atomistic/continuum coupling” since it is presently
the only known unconditionally consistent method for general three-dimensional problems. However,
the force-based method cannot be formulated as a symmetric energy minimization problem limiting the
choice of available numerical solvers. In this talk I will discuss two of such solvers.
In the first part, I will present a domain decomposition solver which iterates between a local fully atomistic and a global continuum problem [1, 2]. This local/global splitting gives rise to tremendously improved convergence rates over classical alternating Schwarz methods which makes it even attractive as a
standalone solver. The stability properties of this splitting will be discussed, in addition to acceleration
techniques to further improve the convergence rate by tweaking the transmission conditions between
both subproblems.
The second part is devoted to a monolithic solver based on the Newton-GMRes method [2]. Thereby, a
particular focus is set on its stabilization since the plain algorithm generally converges to saddle points
of the atomistic Hessian and, therefore, does not guarantee convergence to the exact solution.
If time permits I will highlight various challenges associated with the implementation of these solvers
and present selected numerical examples of practical interest, including dislocation propagation and a
periodic bow-out of a nominally straight dislocation.
REFERENCES
[1] Hodapp, M. Analysis of a Sinclair-type domain decomposition solver for atomistic/continuum coupling. arXiv:1912.10530. (2019)
[2] Hodapp, M., Anciaux, G. and Curtin, W. A. Lattice Green function methods for atomistic/continuum coupling: Theory and data-sparse implementation. Comput. Methods in Appl.
Mech. Eng. (2019) 348:1039–1075
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SURFACE ELASTICITY FOR APPLICATIONS TO
MATERIAL MODELLING AT SMALL SCALES
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Key Words: Surface elasticity, Effective properties, Surface waves.
The aim of the lecture is to discuss the various applications of the surface elasticity to
determination of effective properties of materials and some related phenomena as surface
wave propagation. In the frame of surface elastcity in addition to the constitutive relations in
the bulk we independently introduce constitutive relations at the surface. Nowadays the most
popular models of surface elasticity relates to the models by Gurtin and Murdoch and by
Steigmann and Ogden. Some other models are also known in the literature, which can
describe surface/interface related phenomena, see, e.g., [1-4] and the reference therein.
First we discuss some useful surface elasticity models. The corresponding boundary dynamic
boundary conditions are derived at the smooth parts of the boundary as well as at edges and
corner points. Let us underline that these conditions include also dynamic terms. As a result,
we have here a dynamic generalization of the Laplace-Young equation known from the theory
of capillarity. Second, we discuss the influence of the surface stresses at the effective stiffness
parameters of layered plates and shallow shells. For small deformations we derived the exact
formulae for modified tangent and bending stiffness parameters of the plates and shells. The
influence of residual surface stresses is also discussed. Unlike to previous case where surface
stresses are slightly changing the material properties, there is another example of essential
influence of surface properties. This example relates to the propagation of anti-plane surface
waves. We discuss some peculiarities of the wave propagation.
The work was carried out with the financial support of the Ministry of Science and Higher
Education of the Russian Federation (task 0729-2020-0054).
REFERENCES
[1] H.L. Duan, J. Wang, and B.L. Karihaloo, Theory of elasticity at the nanoscale. Adv. Appl.

Mech., Vol. 42, 1-68, 2008.
[2] J. Wang, Z. Huang, H. Duan, S. Yu, X. Feng, G. Wang, W. Zhang, and T. Wang,
Surface stress effect in mechanics of nanostructured materials. Acta Mech. Solida Sin.,
Vol. 24. 52-62, 2011.
[3] V.A. Eremeyev, On effective properties of materials at the nano- and microscales
considering surface effects. Acta Mech., Vol. 227, 29-42, 2016.
[4] N. Gorbushin, V.A. Eremeyev, G. Mishuris. On stress singularity near the tip of a crack
with surface stresses. Int. J. Engng. Sci., Vol. 146, 103183, 2020.
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Key Words: Molecular dynamics, Adaptive Biasing Force, Tensor approximation
This talk will focus on the presentation of some recent developments in molecular dynamics simulations
based on tensor methods. A modification of the Adaptive Biasing Force method is introduced, in order
to circumvent the so-called metastability problem, in which the free energy is approximated by a sum
of tensor products of one-dimensional functions. This enables to handle a larger number of reaction
coordinates than the classical algorithm. We prove the algorithm is well-defined and prove the long-time
convergence toward a regularized version of the free energy for an idealized version of the algorithm.
Numerical experiments demonstrate that the method is able to capture correlations between reaction
coordinates.
REFERENCES
[1] Ehrlacher, V., Lelièvre, T. and Monmarché, P. Adaptive force biasing algorithms: new convergence results and tensor approximations of the bias. https://hal.archives-ouvertes.fr/hal02314426/document
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TWO-PHASE MODELING OF PHASE-SPECIFIC RESIDUAL
STRESSES IN DUPLEX STEELS
Maximilian Krause*1 , Jonathan Hofinger1 , Hannes Erdle1 and Thomas Böhlke1
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Key Words: residual stresses, two-scale simulation, mean-field homogenization, large deformations
In this talk, the mechanism-based modeling of residual stresses of first and second kind is discussed for
the case of duplex steels. A two-scale approach based on classical mean field homogenization [1] is
used. In comparison to full field approaches, the computation time is reduced significantly, which allows
for the model to be applied at the integration point level of finite element simulations.
At every integration point, the macroscopic stress, strain, and stiffness data are used to derive a system
of equations for the macroscopic residual stresses of first kind and the microscopic residual stresses
of second kind, i.e. the phase averages of the residual stresses on the microscopic scale. Methods
to calculate residual stresses of third kind, which describe intra-phase fluctuations on the microscopic
scale, are discussed. The approach is made applicable to large deformations by the use of incrementally
objective strain increments in the formulation of the local constitutive equations. Both elastic and plastic
phase-specific anisotropy can be modeled.
The method is applied to bending and deep-drawing simulations of the duplex steel X2CrNiN23-4. The
results are compared to data on phase-specific residual stresses acquired via diffraction-based analysis of
bending [2] and deep-drawing [3] experiments.
REFERENCES
[1] P. P. Castaeda, P. Suquet. Nonlinear Composites. Adv. Appl. Mech., 34, 171-302. (1997)
[2] S. Pulvermacher, J. Gibmeier, J. Šaroun, J.R. Kornmeier, F. Vollert, T. Pirling. Neutron Strain
Scanning of Duplex Steel Subjected to 4-Point-Bending with Particular Regard to the Strain Free
Lattice Parameter D0. Residual Stresses, 15-20. (2018)
[3] N. Simon, H. Erdle, S. Walzer, J. Gibmeier, T, Böhlke, M. Liewald. Phase-specific Residual Stresses
Induced by Deep Drawing of Lean Duplex Steel - Measurement vs. Simulation. Production Engineering, 1-11. (2019)
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ABSTRACT
Multiscale computational homogenization methods refer to a class of numerical
homogenization techniques for determining the effective behavior of complex and highly
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heterogeneous materials, and for computing the response of structures composed of these
materials. The main added value of computational homogenization consists in surpassing
limitations of analytical approaches, e.g. incorporating realistic multi-phase morphologies and
complex nonlinear material behavior.
This minisymposium focuses on the developments and applications of either multiscale
computational homogenization methods, including all pending challenges in this area, or on
modeling and simulation methods at the scale of heterogeneous microstructures with an
implicit or explicit connection to another scale. Particular emphasis is given on complex
models to incorporate particular phenomena at a given scale and related simulation challenges
(complex morphologies, large models, lack of deterministic description of constituents,
presence of interfaces…) and emergent behaviors (effective behaviors not described by
individual constituents).
The topics covered include (but not limited to):
 FE2 methods and alternatives (e.g. FE-FFT);
 Advanced algorithms for reduction of computational costs associated with multiscale
algorithms (model reduction, parallel computing…)
 Numerical or virtual material testing across the scales;
 Emergent behaviors
 Scientific Computing and Large Data in Multiscale Materials Modeling
 Coarse-graining
 Numerical modeling of materials based on realistic microstructures, e.g. provided by
high resolution 3D imaging techniques;
 Computational homogenization of heterogeneous, linear, time-dependent and
nonlinear heterogeneous materials, including material dynamics and metamaterials;
 Heterogeneous materials with coupled multi-physics behavior (phase change, chemomechanics, nonlinear thermo-mechanics...), including extended homogenization
schemes;
 Multiscale damage modeling, capturing the transition from homogenization to
localization;
 Computational homogenization including size effects, higher-order gradients or lack
of scale separation;
 Numerical modelling of the macroscopic behaviour of microstructures with complex
interfaces, microcracking, instabilities or shear bands;
 Integration of stochastic microscopic models and its multiscale treatment

2
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A coupled thermo-chemo-mechanical reduced-order
multiscale model for predicting process-induced
distortions, residual stresses and strength
Zifeng Yuan (presenter), Venkat Aitharaju, Jacob Fish
Abstract
We study residual stresses and part distortion induced by a manufacturing process of a
polymer matrix composite and its effect on the component strength. Unlike most of the
thermo-chemo-mechanical models in the literature where governing multiphysics
equations are directly formulated on the macroscale, we present a multiscale-multiphysics
approach. To address the enormous computational complexity involved, a reduced-order
homogenization (ROH) originally developed for a single physics problem is employed. The
proposed reduced-order two-scale thermo-chemo-mechanical model is validated for
predicting part distortion. It is shown that while macroscopic stresses are relatively low,
and therefore often ignored in practice, stresses at the scale of microconstituents are
significant and may have a significant effect on the composite component strength.
Keyword: multiscale, multiphysics, reduced-order-homogenization, resin transfer molding
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A HIERARCHICAL COUPLED MULTI-SCALE MODEL FOR SHORT
FIBER COMPOSITES
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averaging
Short Fiber Reinforced Composites (SFRCs) are being increasingly used in a variety of applications due
to their interesting mechanical properties and ease of processing. For SFRCs, different micro-structural
parameters (in addition to the constitutive behaviour of the matrix and reinforcement fibers), such as fiber
volume fraction, fiber orientation distribution, fiber length distribution, fiber aspect ratios and fiber/matrix
interface strength play important roles in the macroscopic mechanical behaviour. Hence, to have an
accurate and reliable modelling approach, using multi-scale models is a natural choice.
In this study, a recently proposed micro-mechanical model based on an orientation averaging scheme [1]
is further developed. The model, developed by Mirkhalaf et al. [2], uses Finite Element Analyses to
obtain the homogenized properties of a Unit Cell (UC) including a single fiber. Using the homogenized
UC properties and the orientation averaging method, the homogenized properties of the composite are
obtained. To extend the model, we herein calibrate an elasto-plastic surrogate model against the UC
Finite Element results. The calibrated surrogate model is then used within the orientation averaging [1]
scheme to obtain the homogenized properties of a SFRC.
Injection moulded parts from SFRCs have different distribution of fibers at different locations. Therefore,
in order to be able to perform full-scale analysis, accounting for predicted fiber orientations, a coupled
multi-scale model is developed. To do so, the micro-mechanical model developed in the first phase
is incorporated in an FE code. Coupled multi-scale analyses are performed and the effect of microstructural orientation distribution on the macro-mechanical response of SFRCs is analysed.
REFERENCES
[1] Advani, S.G. and Tucker, C.L. The Use of Tensors to Describe and Predict Fiber Orientation in
Short Fiber Composites. J. Rheol. (1987) 31:751–784.
[2] Mirkhalaf, S.M., Eggels, E.H. van Beurden, T.J.H., Larsson, F. and Fagerström, M. Micromechanical modelling of short fiber composites via combined unit cell FEA/Orientation Averaging.
Submitted.
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Abstract:
Severe plastic deformation (SPD) processes are widely used to improve the mechanical properties
of metals, such as their strength or ductility. In particular, said improvements are achieved through
the formation of ultra-fine grains, resulting from the combination of thermal and mechanical
processing. We present a multiscale framework capable of modeling SPD processes and
representing the underlying physical processes across the relevant scales. The macroscale boundary
value problem is solved by a meshless enhanced local maximum-entropy method. It offers an
updated-Lagrangian framework that overcomes the issues typically arising from mesh distortions
due to large deformations and the stability issues existing in many competing meshless techniques.
The mesoscale is represented through a mean-field Taylor model, which captures the dynamic
recrystallization process through nucleation and growth of grain nuclei. On the microscale, each
grain is represented by a finite-strain crystal plasticity model. We demonstrate the capabilities of our
model bt the example of an equal-channel angular extrusion (ECAE) simulation of pure copper. We
show the evolution of the stress and strain distributions on the macroscale and the texture evolution
and grain refinement on the lower scales. Although we focus on ECAE, the numerical framework
has a more general validity, allowing it to be extended to other applications such as various SPD
processes (e.g. high-pressure torsion) and thermo-mechanical processes (e.g. hot rolling). Finally,
one can extend the framework to multiple materials by adapting the utilized material model.
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AN INCREMENTAL VARIATIONAL PROCEDURE FOR
ELASTOPLASTIC COMPOSITES WITH HARDENING:
FORMULATION AND NUMERICAL VALIDATION
Antoine Lucchetta1 , François Auslender2 , Michel Bornert3 , Djimédo Kondo1
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In this study, we investigate the nonlinear behavior of elastoplastic composites with isotropic and kinematic hardening. To this end, we rely on the incremental variational principles introduced by Lahellec
and Suquet [2]. We also take advantage of a recent study by Agoras et al. [1] which consists in a double
application of the variational procedure (VP) of Ponte Castañeda (1991). These two applications of the
VP lead to a thermo-elastic Linear Comparison Composite (LCC) with homogeneous polarization inside
the phase. Then, we applied the model to the case of a composite comprised of an elasto-plastic matrix
with both hardenings and reinforced by elastic spherical particles. Both phases are supposed isotropic.
Hashin-Shtrikman lower bound is considered to homogenize the composite. The predictions of the new
model are compared to theoretical and numerical results available in the literature for cyclic loadings,
e.g. [3]. New results for elastoplastic composites with isotropic hardening submitted to a loading of 10
cycles are also provided and are, at both local and macroscopic scales, in good agreement with the numerical computations we carried out. Finally, results for composites with linear (or nonlinear) kinematic
hardening are provided and validated, e.g. [4].
REFERENCES
[1] Agoras M., Avazmohammadi R., Ponte Castañeda P. Incremental variational procedure for elastoviscoplastic composites and application to polymer- and metal-matrix composites reinforced by
spheroidal elastic particles, Int. J. Solids Struct. (2016) 97-98: 668-686
[2] Lahellec N., Suquet P., On the effective behaviour of nonlinear inelastic composite: I. incremental
variational principles, J. Mech. Phys. Solids (2007) 55: 1932-1963
[3] Lahellec N., Suquet P., Effective response and field statistic in elasto-plastic and elasto-viscoplastic
composites under radial and non-radial loading Int. J. Plast. (2013) 42: 1-30
[4] Lucchetta A., Homogénéisation des composites élasto-viscoplastiques écrouissables par une double
procédure variationnelle incrémental Ph.D. thesis
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Analytical and computational homogenization of heterogeneous
microstructures with imperfect interfaces
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Effective response and microstructural evolution of granular materials (e.g. polycrystals,
energetic materials etc.) are affected by the properties of the interfaces between the grains. In
addition, properties of the interfaces usually deteriorate during deformation, causing an increase
in their importance. We present an elastic self-consistent homogenization method for granular
materials with imperfect interfaces based on the approach of [1]. The problem of an ellipsoidal
elastic inhomogeneity imperfectly bonded to the infinite matrix is solved using the Green’s
function technique recently proposed in [2]. Furthermore, we show that the Green’s function
solution for imperfectly bonded inhomogeneity proposed in [2] is equivalent to the classical
Eshelby solution for the perfectly bonded inhomogeneity with weakened elastic properties. In
addition to the mean stress and strain values within the grains, we calculate the second moments
of intragranular stress and strain fluctuations influenced by the interface effects [3]. The
predictions of the self-consistent model are compared to the full-field calculations obtained with
an FFT-based (spectral) micromechanical model [4]. The elastic spectral model was modified
to take into account imperfect interfaces following the approach of [5]. Mean stress and strain
values within the imperfect-interface grains agree reasonably well with the full-field predictions
for the test cases. The cross-validation of intragranular fluctuations is more challenging, and
the differences between the predictions of both homogenization models are discussed in detail.
REFERENCES
[1] K. C. Bennett, D. J. Luscher, M. A. Buechler and J. D. Yeager, A micromechanical

[2]
[3]
[4]
[5]

framework and modified self-consistent homogenization scheme for the thermoelasticity
of porous bonded-particle assemblies. International Journal of Solids and Structures, Vol.
139, pp. 224-237, 2018.
F. Dinzart and H. Sabar, New micromechanical modeling of the elastic behavior of
composite materials with ellipsoidal reinforcements and imperfect interfaces. International
Journal of Solids and Structures, Vol. 108, pp. 254-262, 2017.
R.A. Lebensohn, Y. Liu and P. Ponte Castaneda, On the accuracy of the self-consistent
approximation for polycrystals: comparison with full-field numerical simulations. Acta
Materialia, Vol. 52.18, pp. 5347-5361, 2004.
R. A. Lebensohn, A. K. Kanjarla, and P. Eisenlohr, An elasto-viscoplastic formulation
based on fast Fourier transforms for the prediction of micromechanical fields in
polycrystalline materials. International Journal of Plasticity, Vol. 32, pp. 59-69, 2012.
L. Gélébart and F. Ouaki, Filtering material properties to improve FFT-based methods for
numerical homogenization. Journal of Computational Physics, Vol. 294, pp. 90-95, 2015.
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FOR FULL-FIELD SIMULATION OF NONLINEAR HETEROGENEOUS
STRUCTURES
Minh Vuong Le1,2,∗ , Julien Yvonnet1 , Nicolas Feld2 and Fabrice Detrez1
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Composite materials are broadly used in several industrial domains such as automotive or aeronautical
engineering. They have many advantages in comparison with other materials. For example in aeronautical applications, components made by composite materials have high specific properties. In particular,
3D woven ceramic matrix composites have an excellent behavior at high temperature. However, from
a numerical point of view, modeling and simulation of composite materials is still a challenge due to
their very complex microstructures. One major difficulty when dealing with these materials is that when
using numerical methods such that finite elements to explicitly model their microstructure, the number
of degrees of freedom can be up to billions or even more. One possibility to take into account the microstructure in finite element calculations consists in using homogenized properties of the continuum.
However the characteristic size of the heterogeneities in 3D woven composites prevents usual direct
simulations due to the lack of scale separation.
In order to overcome these difficulties, a strategy namaed Coarse Mesh Condensation Multiscale (CMCM)
method has been introduced in [1], which allows solving full-field heterogeneous structure problems.
The method is based on multiscale calculations, where the effects of the microstructures are computed in
parallel at the microscale through a series of local problems on subdomains decomposed from the fully
meshed structure. The micro effects of the microstructure are then transmitted to a coarse mesh at the
macro scale to minimize the distance between micro and macro strains. The proposed method has been
applied to large (up to 1.3 billion dof) linear structures in [1]. In this work, we extend the approach to
nonlinear problems, by repeating the parallel condensation procedure and the related coarse mesh solving
for each linearized problem solving within a Newton algorithm. Some numerical examples of nonlinear
structures are presented to validate the proposed approach.
REFERENCES
[1] M.V. Le, J. Yvonnet, N. Feld, F. Detrez, ”The Coarse Mesh Condensation Multiscale Method for
parallel computation of heterogeneous linear structures without scale separation”, submitted for
publication, 2019.
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DAMAGE MODEL FOR MULTISCALE FATIGUE SIMULATION OF
FIBER-REINFORCED THERMOPLASTICS
N. Magino∗1 , J. Köbler1 , H. Andrä1 , M. Schneider2 , F. Welschinger3
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Key Words: Fatigue, Fiber-reinforced composites, Phase field fracture, Damage, Multiscale method
Measurements for characterizing fatigue strength of short fiber-reinforced thermoplastics are extremely
costly. This is due to the inherent anisotropy, complex operational loads in industrial applications and
the strong dependence of local fiber orientations on the injection molding process. To reduce this effort,
complementary simulation methods can be deployed.
Our approach consists of multiscale potential-based formulations to model the effective fatigue behavior
of fiber-reinforced polymers. The overall goal is the implementation of model order reduction techniques
to be able to simulate failure mechanisms on component scale.
The first step of multiscale modeling is the identification of a micro-scale model, that is able to reproduce
the effective properties of micro-experiments. In this talk we discuss simple damage models for the thermoplastic matrix material in the context of material degradation upon high-cycle loading. The models
are formulated in cycle space. Fourier transform-based computational solution techniques are applied.
Stiffness decrease and S/N-curves obtained from simulations on the microscopic scale for different
micro-structural configurations are compared to S/N-curves obtained experimentally from microscopic
fatigue tests.
We report on recent progress and present numerical tests.
REFERENCES
[1] Köbler, J. and Schneider, M. and Ospald, F. and Andrä, H. and Müller, R. Fiber orientation interpolation for the multiscale analysis of short fiber reinforced composite parts. Computational
Mechanics 61 (2018), No. 6, pp. 729-750
[2] Spahn, J. and Andrä, H. and Kabel, M. and Müller, R. and Linder, C. Multiscale modeling of
damage in elasto-plastic composite materials. Proceedings 11th World Congress on Computational
Mechanics, Barcelona, Spain (2014)
[3] Carrara, P. and Ambati, R. and Alessi, R. and De Lorenzis, L. A novel framework to model the
fatigue behavior of brittle materials based on a variational phase-field approach. arXiv (2018)
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Direct FE2 – Concurrent multiscale modelling in a single finite element
simulation
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Key Words: FE2 method, Multi-scale computation, Representative volume element, Multipoint constraints, Heterogeneous materials.
FE2 methods can be used for the analysis of heterogeneous materials at the continuum
macroscale while simultaneously accounting for the microstructural details. FE2 analyses
typically comprise two levels of Finite Element (FE) simulations that are performed
concurrently. At the macroscale level, the entire heterogeneous material or structure is
discretized into homogenized continuum finite elements. Homogenized constitutive relations
are not required for the macroscale calculations. Instead they are obtained from microscale level
FE simulations on representative volume elements (RVE) of the material where the different
phases of the heterogeneous material are explicitly modelled. We show how the two levels of
simulations can be collapsed into one by combining the equations governing both levels of FE
analyses. The result is a single system of equations in terms of only the microscale level degrees
̃ 𝐝𝐝̃ = 𝐟𝐟̃. It is shown that 𝐊𝐊
̃ comprises
of freedom, 𝐝𝐝̃. The equations take the familiar form of 𝐊𝐊
the stiffness contributions from the RVE meshes scaled by an amount that is dependent on the
relative sizes of the macroscale finite element and the RVE mesh, and the geometry of and
choice of shape functions for the macroscale finite element. The derived force vector, 𝐟𝐟̃, is a
direct outcome of the usual kinematic relations used to bridge the nodal displacements across
the macroscale and microscale. We also show how this Direct FE2 can be carried out as a single
simulation on any commercial FE software that supports multipoint constraints (MPC). The
Direct FE2 models are shown to give similar results to full FE meshes of heterogeneities
throughout the entire domain with significantly less degrees of freedom. We further
demonstrate that in-built capabilities of the commercial codes are naturally available with
Direct FE2 through examples involving large deformation, plasticity and viscoelasticity.
REFERENCES
[1] V.B.C. Tan, K. Raju and H.P. Lee, Direct FE2 for concurrent multilevel modelling of

heterogeneous structures. Comput. Methods Appl. Mech. Engrg., Vol. 360, 112694, 2020.

[2] J.A. Hernández, J. Oliver, A.E. Huespe, M.A. Caicedo, J.C. Cante, High-performance

model reduction techniques in computational multiscale homogenization, Comput.
Methods Appl. Mech. Engrg. Vol. 276, p149–189, 2014
[3] R.J.M. Smit, W.A.M. Brekelmans, H.E.H. Meijer, Prediction of the mechanical behaviour
of nonlinear heterogeneous systems by multi-level finite element modelling, Comput.
Methods Appl. Mech. Engrg. Vol. 155, p181–192, 1998.
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EFFECTIVE ELASTIC PROPERTIES OF HETEROGENEOUS MEDIA
WITH SUPERSPHEROIDAL PORES AND TRANSVERSELY
ISOTROPIC MATRIX
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The present work deals with the numerical estimation of the effective elastic properties for the pore inclusions embedded in a transversely isotropic matrix. We consider the materials containing different
superspherical pores described by equation
|x|2p + |y|2p + |z|2p = 1 as well as axisymmetrical super
p
spheroidal ones represented by x2 + y2 + |z|2p = 1 . The overall properties are expressed in terms of
their concentration and contribution tensors that are calculated in view of pore space morphology with
different concavity parameter such that 0.2 ≤ p ≤ 5. To this end, the numerical homogenization approach based on the Finite Element Method (FEM) is adopted in the present work. Moreover, in order to
accelerate the computation convegence without sacrificing its accuracy, a boundary condition
ξ(x) = E∞ · x +VI gradG(x) : P

(1)

as that initially proposed by [1] allowing to reformulate the classical Eshelby’s problem in a bounded
domain is applied to the numerical homogenization procedure. In Eq.(1), the first term on the r.h.s. is the
classical Hashin-type boundary condition expressed in function of the remote strain E∞ and the position
vector x and the second term defines a correction based on the polarization tensor P and the second
order Green tensor G(x). It is worthy to emphasize that G(x) depends on the matrix elasticity and was
considered in [1] only in the case of isotropic matrix. Whereas its analytical solution in transversely
isotropic case and that of its gradient tensor (i.e. the third order tensor gradG(x)) (see for instance [2])
are implemented and carried out in the numerical computations of the present work. Note also that the
proposed approach can be applied to any class of anisotropy but is not further pursued here.
The reliability of the proposed numerical model is well assessed and validated by comparing its predictions with the corresponding analytical solutions specifically in the case of spherical and ellipsoidal
pores. Approximate semi analytical formula for compliance contribution tensors of superspheroidal
pores are established. It extends to transverse isotropy previous work of the authors in the isotropic case.
[3]. Applications may be found for a large class of natural and man-made materials, as an example
geomaterials, wood, composites, etc.
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EFFECTS OF FIBER AND RESIN PROPERTIES ON COMPOSITE
WING DESIGN USING MULTISCALE FRAMEWORK
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Key Words: Multiscale Modeling, Multiphysics Problems, Composite, Aircraft Wing.
In recent years, carbon fiber reinforced plastics (CFRPs) have been remarkably adopted to
aircraft structures. It is still challenging task to design aircrafts considering the complex
mechanical properties and fracture mechanism. Recent years, computational approach to solve
this problem have been proposed [1]. In this study, we developed a multiscale framework,
which contains three different scales with three analyses, and investigated effects of fiber and
resin properties on composite wings. The series of analyses is as follows: (1) molecular/atoms
to microscale: quantum chemistry calculations and atomic-level molecular dynamics (MD)
simulations to predict physical properties of resin; (2) microscale to macroscale:
Homogenization approach to estimate mechanical properties and strength of composite
materials consisting fiber and resin; (3) macroscale: fluid-structure coupled simulations of
aircraft wings, which includes aeroelastic analysis, failure analysis and sizing process. The
multiscale framework are applied to various CFRPs consisting of a combination of different
fibers and resins. Figure 1 shows dominant failure modes for upper and lower surface of the
wings. Over the upper surface, there is a transition of failure modes between compressive and
buckling strength, on the other hand, over the lower surface, only tensile strength is dominant.
Figure 2 shows the effects of fiber properties on wing weight. It is found that changing fibers
reduced the weight by 23%. In this study, the effect of resin properties is also estimated.

Fig. 1 The distribution of dominant failure modes.

Fig. 2 The effect of fiber properties on wing
weights

REFERENCES
[1] J. LLorca, C. Gonzalez, J. M. Molina-Aldareguia, J. Segurado, R. Seltzer, F. Sket, M.

Rodriguez, S. Sadaba, R. Munoz, and L. P. Canal, Multiscale Modeling of Composite
Materials: a Roadmap Towards Virtual Testing, Adv. Mater., Vol. 23, pp.5130–5147, 2011.
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Efficient Numerical Homogenization by Virtual Clustering Analysis
Shaoqiang Tang*, Lei Zhang, Xi Zhu, Yang Yang
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Key Words: Numerical homogenization, Virtual Clustering Analysis.
Virtual clustering analysis (VCA) has been developed for numerical homogenization of
heterogeneous material to improve the efficiency of material property prediction and
multiscale modeling.
First, based on surrounding ficititious homogeneous linear elasticity with boundary conditions
at infinity, the governing equations are reformulated as an integral Lippmann-Schwinger
equation. Then, under the hypothesis “Once respond similarly, always similarly”, we
decompose the domain into a selected number of clusters by Self-Organizing Map with stress
concentration tensors obtained from a few direct numerical simulations. Finally, the integral
equation is then discretized according to the clusters. This substantially reduces the degrees of
freedom, hence the computing load, while the accuracy is maintained in predicting the
averaged behaviour for the material under consideration.

In this talk, we shall discuss some recent developments along this line. More precisely, in the VCA
simulations, calculation of the interaction tensors consumes much of the time. We develop a fast
algorithm with regular coarse mesh and volume fraction, hence further improved the efficiency.
Secondly, we propose a stress reconstruction strategy to improve resolution beyond the clusters.
Finally, the selected ficticious material property may influence the boundary conditions (loading)
around the material under consideration. This turns out to be not important for homogenize an elastic
material. But in case of superelasticity, elasticity-plasticity and under finite strain, it may not be
negligible. We propose a critirion and strategy to adapt the fictitious material moduli, and to guranttee
the homogenization accuracy.
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HOMOGENIZED TOUGHNESS PROPERTIES OF LARGE-SCALE
DISORDERED BRITTLE SOLIDS
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Homogenization theory constitutes nowadays a well-established theoretical framework to estimate the
overall response of composite materials for a broad range of mechanical behaviors. However, such a
framework is still lacking for brittle fracture. In this work, we propose a comprehensive theoretical
framework to predict the intrinsic effective toughness of large-scale disordered brittle composites, taking
into account the decisive influence of both the material disorder and the dissipative mechanisms localized
at the crack tip.
First, we stress out the scale-separation condition under which an intrinsic effective toughness can be
defined by decoupling the structural problem from the material one. Second, we predict this intrinsic
toughness property from a three-step homogenization procedure inspired by both micromechanics and
statistical physics that takes into account the collective behavior of crack propagation accross scales.
Third, the theoretical predictions of the homogenization framework are successfully compared to the results of large-scale simulations of a crack interacting with millions of tough inclusions that are performed
with an innovative computational method based on the perturbative approach of Linear Elastic Fracture
Mechanics [2]
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Figure 1: (a) Perturbative LEFM approach for crack propagation in disordered material displaying spatial variations of toughness properties that can be either crossed or by-passed. (b) Homogenization procedure that predicts
the impact of microstructural features on the overall toughness of the brittle composite. (c) Application to the
influence of the inclusion toughness on the effective toughness.
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IMAGE-BASED MULTISCALE MODELING FRAMEWORK FOR
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Ceramic matrix composites (CMC) exhibit impressive thermo-mechanical properties, even at high temperature. These remarkable properties make them very suitable to be used in hot parts of aircraft engine
for example. Yet, their intricate internal structure and their inherent variability bring many challenges
concerning their modeling and simulation. Accurate prediction of their thermo-mechanical behavior
necessitates a sound knowledge of their inner structure and requires realistic models of their internal
geometry.
Here, we propose an image-based modeling framework bridging the micro-scale up to the scale of CMC
components. Realistic models are constructed at each scale using image-based information: at the microscale, representative cells are generated from micrographs of yarns; at the mesoscale, digital twins of the
woven fabric are derived from X-ray micro-tomography thanks to an original variational segmentation
procedure [1]. Elementary damage mechanisms are introduced at the micro-scale and virtual tests are
then performed to derive the effective behavior of the yarns, including the effect of their variability. This
stochastic damage behavior are then latter used to perform damage simulations at the mesoscale using the
digital twins. The results were validated with respect to in situ tests on small specimens [2] and flexural
tests on woven CMC junctions. The simulations demonstrate that the intra-yarn variability evidently
influences the initiation of the very first damage events, but that ultimately, the damage localization is
mainly governed by the mesoscale architecture of the composite.
In addition, to overcome the significant computational resources required by direct mesoscale simualtions, we have also proposed a meso-macro filtering approach where the behavior of the macro-elements
is derived from the knowledge of the underlying digital twin and approximated using an equivalent
lamina model. This simplified description allows a large reduction of the model size while comparing
favorably with the direct mesoscale simulations, as long as the filtering size doesn’t exceed the size of a
yarn.
REFERENCES
[1] Bénézech, J. and Couégnat, G. Variational segmentation of textile composite preforms from x-ray
computed tomography. Composite Structures (2019) 230:111496.
[2] Mazars, V., et al.. Damage investigation and modeling of 3d woven ceramic matrix composites
from x-ray tomography in-situ tensile tests. Acta Materialia (2017). 140:130–139.
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In this paper we deal with instability problems of structures under either conservative or nonconservative loading. It is proven that instability problems under nonconservative loads should
be analyzed in dynamics framework, while for conservative the static framework is given. Here,
we give the analytic solutions for various basic problems, and we also introduce the numerical
solutions by using the finite element method, which can be used for instability analysis of more
complex structures. The Euler-Bernoulli beam finite element that includes the von Karman
strain is used to obtain the numerical solution. In this manner we are able to analyse linearized
instabilities. Next to the instability analysis of Euler-Bernoulli beam that neglects shear
deformations, we also introduce the numerical solution for instability of a beam that includes
shear deformation, by using the Timoshenko beam element. Further, we give the corresponding
numerical solutions for instability analysis under conservative and nonconservative loading by
using the geometrically exact finite element beam models capable of describing finite rotations.
In this case we use both: the Kirchhoff beam that excludes shear and the Reissner beam that
includes shear deformation, with restrictions on neither pre-buckling displacements nor
rotations.
The numerical examples of instability analysis submitted in this work are given for simple
structures such as cantilever beam, as well as more complex frame structure. The obtained
results indicate that our models can be used in solving instability problems of complex
structures, either under conservative or under nonconservative loading. The proposed numerical
beam models are validated against the corresponding analytic solutions, and all obtained results
are in agreement with available analytic solution.
REFERENCES
[1] V.V. Bolotin, Nonconservative Problems of Theory of Elastic Stability, Pergamon
Press, Pergamon Press, (1963)
[2] A. Ibrahimbegovic, Nonlinear Solid Mechanics: theoretical formulations and _nite element solution methods, Spriger, (2009)
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Additive manufacturing (abbreviated as AM, also colloquially known as 3D printing) is an
advanced fabrication process which has demonstrated its advantageous capability over
traditional fabrication, such as easy implementation of design with complex geometries and
ability of handling wide ranges of materials. As known, AM processes heat or melt the raw
materials, which are then deposited, sintered or bonded in a layer-by-layer manner and
eventually cooled down to form the final products. The whole fabrication itself is a thermal
process, introducing internal defects (such as voids and pores) in the products which are highly
dependent on the process parameters and therefore affecting the mechanical properties and
fatigue life of the products [1].
As reported in literature, X-ray computed tomography (XCT) is considered for the time being
the most powerful non-destructive approach to inspect internal structures of 3D printed parts.
Especially, XCT is able to provide information of defect details, such as pore density (porosity),
pore morphology and distribution. There are researchers reconstructing numerical models using
XCT inspection results (see, for example, [2]). The present study moves further step to extend
the application of XCT to developing a micromechanical model for predicting mechanical
behaviors of 3D printed parts by taking into account the real pore details. More specifically, the
micromechanical model correlates the AM process parameters, pore characteristics of the
product and macroscopic mechanical properties. The numerical predictions are validated by
analytical and experimental results. The proposed model benefits the audience with a new
potential application of XCT analysis in predicting the mechanical performance. Also, it
provides a bridge between the microscopic and macroscopic worlds of 3D printed parts such
that the predictions of material properties may be conducted by saving the expensive
experimental test and future XCT scanning.
REFERENCES
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Effect of manufacturing parameters on mechanical properties of 316L stainless steel parts
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Since the 90’s and more recently with the development of functionalized materials, considerable worldwide research in the field of nanocomposites has been carried out. The main difficulty with nanostructured materials stands in the prediction of their behavior, in particular, the mechanical one, accounting
for the size effect induced by the nano-fillers, this size effect being generally explained by an increase of
the ratio (interface matrix-inclusions)/(volume). Analytical approaches and Molecular Dynamics simulations are often considered to predict the mechanical behavior of nanoreinforced materials. Nevertheless,
analytical approaches are limited to simple shapes of inclusion while MD simulations are costly. To
overcome these limitations, few numerical approaches based on FEM have been developped: interface
element approach and XFEM/level set strategy. These developments relate nanoscopic phenomena and
macroscopic behavior while remaining in the framework of continuum mechanics in order to estimate
macroscopic behavior of nanostructured materials. The evaluation of the efficiency of these numerical
approaches has been performed in our previous work [1]. Nevertheless, the incorporation of the nonlinear
behavior of the constituents has not been fully considered.
In the present study, we focus on the development of a numerical strategy based on the Embedded Finite
Element Method to predict the mechanical behavior of nano-reinforced materials. The coherent interface
model with a surface elasticity on the matrix/inclusion interface has been added in the framework of
three-fields variational formulation, leading to the introduction of interface terms in both global and local
equilibrium equations. Instead of the traction continuity condition, at the matrix/inclusion interface, the
generalized Young-Laplace equation is introduced at the element level. Due to the use of the ”operator
split method” and the ”static condensation” at the element level, the global size of the problem does not
depend on the number of inclusions and interfaces. In terms of numerical resources, the memory space
needed only depends on the mesh size. The validation and exploitation of the proposed approach with
elastic behavior have been presented in [2]. The newest results on nonlinear behaviors of nano-reinforced
materials will be presented and discussed at the conference.
REFERENCES
[1] D.P. Bach, D. Brancherie, L. Cauvin. Size effect in nanocomposites: XFEM/level set approach and
interface element approach. Finite Elements in Analysis and Design. (2019) 165:41–51.
[2] D.P. Bach, D. Brancherie, L. Cauvin. An EFEM approach to model size effect in Nano composites.
YIC2019 ECCOMAS Young Investigators Conference (2019).
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Abstract

Multi-scale simulations on component scale
using deep material networks
Sebastian Gajek, Matti Schneider, Thomas Böhlke
Institute of Engineering Mechanics, Karlsruhe Institute for Technology (KIT), Germany

Deep material networks (DMNs) [1,2] are a novel data-driven method for homogenizing inelastic material laws on heterogeneous microstructures, offering a significant
speed-up compared to full-field simulations on the micro-scale.
For a fixed microstructure, DMNs are solely trained on linear elastic data, but applied
to nonlinear and inelastic problems with good accuracy. The offline training phase is
independent of the online evaluation, such that a pre-trained DMN may be applied for
varying material behavior of the constituents. Recently, DMNs were investigated from
the micromechanical point of view [3].
To use DMNs as material routines in concurrent multiscale simulations, further
improvements of computational efficiency are necessary. In this talk, we introduce
techniques for increasing the computational efficiency of DMNs and discuss their
implementation as user-defined material subroutines in Abaqus. We apply our
modifications to component-scale structures for heterogeneous materials of industrial
complexity.
[1] Z. Liu, C. T. Wu, and M. Koishi, "A deep material network for multiscale topology
learning and accelerated nonlinear modeling of heterogeneous materials," Computer
Methods in Applied Mechanics and Engineering, vol. 345, pp. 1138–1168, 2019.
[2] Z. Liu and C. Wu, "Exploring the 3D architectures of deep material network in
data-driven multiscale mechanics," Journal of the Mechanics and Physics of Solids, vol.
127, pp. 20–46, 2019.
[3] S. Gajek, and M. Schneider and T. Böhlke, "On the micromechanics of deep material
networks," Journal of the Mechanics and Physics of Solids, submitted, 2019
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One of the most important and long-standing challenges in the community of mechanics of
materials is the development of accurate and efficient descriptions of the macroscopic
behavior of materials with complex microstructures. Of utmost importance to the
development of materials with enhanced properties is the understanding that these are
hierarchical in nature, being necessary not only to characterize the underlying constituents and
mechanisms at each scale, but also to comprehend the interactions between these scales – this
raises the paradigm of multi-scale modeling.
On the one hand, despite the quantitative reliability and completeness of the FE 2 multi-scale
method based on computational homogenization [1], this method is severely limited in terms
of applicability due to the high computational costs that result from the nested coupled
solution between different scales. On the other hand, in order to take full advantage of datadriven frameworks to design new materials [2], it is necessary to compute large material
microstructure response databases for the associated machine learning process. The core
challenge is thus to conduct high-fidelity microscale simulations (capture the fine topological,
physical and statistical microstructure details) at low computational expense (perform
efficient simulations where the demanded computational time and resources are compatible
with engineering applicability). Among a myriad of the so-called reduced order models, the
Self-Consistent Clustering Analysis (SCA) [3] emerged as an effective tool to tackle such
challenge as shown in both [2] and [3]. This is achieved by performing a cluster-based domain
decomposition (offline stage) followed by the solution of a clusterwise discrete LippmannSchwinger system of nonlinear equations (online stage).
In the present contribution, the accuracy and computational performance of the SCA are
investigated in the prediction of the constitutive behavior of different polymer blends in both
linear and nonlinear regimes. In particular, the numerical dependency of the solution on the
reference material elastic properties is explored and the balance between the compression
ratio (problem dimension reduction) and the prediction accuracy is studied against full-field
FE multi-scale analyses based on computational homogenization.
REFERENCES
[1]

F.J.P. Reis and F.M. Andrade Pires, An Adaptive Sub-incremental Strategy for the Solution of
Homogenization-based Multi-scale Problems, Comp Methods Appl M, Vol. 257, pp. 164-182, 2013.
[2] M.A. Bessa et al. A framework for data-driven analysis of materials under uncertainty: Countering the
curse of dimensionality, Comp Methods Appl M, Vol. 320, pp. 633-667, 2017.
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Multi-scale modelling based on computational homogenisation provides a valuable tool to determine the
constitutive response of materials with complex microstructures. The basic idea is to attach a Representative Volume Element (RVE) model to each infinitesimal point at the macro-scale continuum and to apply
the macro-deformation gradient to the RVE model. After the solution of the resulting micro-equilibrium
problem, the macro-stresses are obtained by a homogenisation procedure. The efficiency of the finite
element solution of this problem is critical for FE2 models, the offline stage of reduced-order models
and the training dataset construction in data-driven frameworks, where a large amount of micro-scale
simulations is required. Among the classical conditions usually employed in first-order homogenisation
schemes, the uniform traction and periodic conditions for non-conform meshes result in linear multipoint constraints [1]. The usage of the Lagrange multiplier method has been avoided to enforce this kind
of constraints, under the argument that it leads to higher computing times due to the increased number of
unknowns in the linear system of equations and the changed stiffness matrix structure [2, 3]. Nevertheless, a comparative study between the Lagrange multiplier method and the condensation method for this
type of boundary conditions arising in first-order computational homogenisation lacks in the literature.
In the present contribution, these two methods are compared in terms of computing time and memory
requirements for micro-scale simulations involving 2D and 3D RVEs, different types of constitutive
laws describing the micro-constituents, and for the uniform traction and mortar periodic [1] boundary
conditions. It is shown that the computational performance of the RVE equilibrium problem solution is
improved when the Lagrange multiplier method is employed.
REFERENCES
[1] F. Reis, F. Pires, A mortar based approach for the enforcement of periodic boundary conditions on
arbitrarily generated meshes, Comput. Methods Appl. Mech. Engrg. 274 (2014) 168–191.
[2] L. Kaczmarczyk, C. J. Pearce, N. Biani, Scale transition and enforcement of RVE boundary conditions in second-order computational homogenization, Int. J. Numer. Meth. Engng. 74 (3) (2008)
506–522.
[3] V.-D. Nguyen, L. Wu, L. Noels, Unified treatment of microscopic boundary conditions and efficient
algorithms for estimating tangent operators of the homogenized behavior in the computational homogenization method, Comput. Mech. 59 (3) (2017) 483–505.
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It has been demonstrated that carbon ﬁbers, that are mostly used as structural reinforcement materials, can also serve as high capacity Li-ion battery negative electrodes. By utilizing the carbon
ﬁber’s intrinsic ability to carry load and to intercalate lithium ions, a new type of multi-functional
material called the structural battery composite can be realized.[1]
The focus of this presentation is on the multi-scale and multi-physics Finite Element Analysis of
the structural battery composite. We are particularly interested in predicting the macro-scale ionic
conductivity of Structural Battery Electrolytes (SBE) by utilizing computational homogenization,[2]
and numerical model reduction.
We aim to use a two-scale modeling approach, where we numerically generate sub-scale Representative Volume Elements (RVE) representing the stochastic bicontinuous microstructure of an
SBE (porous polymer skeleton ﬁlled with liquid electrolyte), see Figure 1.

(a)

(b)

(c)

(d)

Figure 1: Numerically generated 3D RVEs with various microstructures and porosities.
We impose boundary conditions on the RVE according to ﬁrst order homogenization on the electrical and the chemical potential, and then solve the fully coupled electro-chemical problem to obtain
the macroscopic (homogenized) transient material response via volume averaging. By exploiting
numerical model reduction based on a snapshot Proper Orthogonal Decomposition, we will be
able to simulate the SBE’s electro-chemical performance during charging-discharging cycles on
the macro-scale.
REFERENCES
[1] Asp, L. E. and Greenhalgh, E. Structural Power Composites. Compos. Sci. Technol. (2014)
101:41–61.
[2] Larsson, F., Runesson, K., Saroukhani, S. and Vafadari, R. Computational homogenization
based on a weak format micro-periodicity for RVE-problems. Comp. Meth. Appl. Mech. Eng.
(2011) 200:11–26.
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Mixed OXide (MOX) fuel is a nuclear fuel used in French Power Water Reactors (PWR). MIcronized
MASter blend (MIMAS) MOX are composed of two or three phases depending on their fabrication process. During irradiation, bubbles develop strongly inside the Pu-rich clusters with pressure due to fission
gaz generation during irradiation [1]. These pressurized bubbles have a non-negligible impact on the fuel
thermomechanical behavior that needs to be known in order to assess the safety of PWR under Reactivity
Initiated Accident (RIA) conditions. Boittin et al. [2] showed that intra and inter-granular bubbles have
a strong impact on the plastic behavior of UO2 fuel. Wojtacki et al. [3] showed that porosities distributed
in the Pu-rich clusters have also a strong impact on the overall viscoplastic behavior of MOX fuel. In
the case where bubbles are larger than the grain size, they assumed that the local viscoplastic behavior is
purely isotropic.
Here we statuate on the impact of porosities of the size of the surrounding grains on the overall viscoplastic behavior. Therefore, a single crystal viscoplastic model recently developped by Portelette et al. [4], is
used in each grain of the polycrystalline matrix surrounding the pores describing the anisotropic behavior
with dislocation glide mechanisms. The full-field simulations are performed with the FFT-based code
CraFT to compare the dense material behavior with the porous material one.
REFERENCES
[1] Noirot, J., Desgranges, L., and Lamontagne, J. Journal of Nuclear Materials (2008) 372:318 - 339
[2] Boittin, G., Vincent, P-G., Moulinec, H. and Gărăjeu, M. Computer Methods in Applied Mechanics
and Engineering (2017) 323:174 - 201.
[3] Wojtacki, K., Vincent, P-G., Suquet, P., Moulinec, H. and Boittin, G. International Journal of
Solids and Structures (2020) 184:99 - 113.
[4] Portelette, L., Jonathan, A., Madec, R., Soulacroix, J. and Helfer, T. Journal of Nuclear Materials
(2018) 510:635 - 643.
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The size of filler particles indeed has a profound effect on the overall mechanical behavior of a composite
material. In the case of polymer composites, i.e. the representative heterogeneous material considered
in the current study, this fact has been validated extensively through experimental investigations, see [2]
for instance. Smaller particle size, particularly in the nano-metric range, leads to much higher specific
surface area (SSA), i.e surface area per unit volume of the filler material, as compared to micro-sized
inclusions. Consequently, the possibility of surface based interactions between the particle and the matrix
material increases manyfolds. This in turn influences the formation of an interphase layer around the
filler particle which has been found to be dominating the overall macroscopic behavior in case of nanocomposites [3].
The Standard first computational homogenization approach usually employed to model the overall mechanical behavior of heterogeneous materials, due to the absence of an inherent length scale, cannot
model the aforementioned size-effects and hence appropriate enhancements are indispensable.
In this work, we consider two such approaches, namely Interface-Energetics-Enhanced Computational
Homogenization (IECH) [1] and Graded-Interphase-Enhanced Computational Homogenization (GICH),
and present a detailed evaluation of these approaches by means of systematic numerical experimentation.
As suggested by the respective names, the IECH approach is based on the idea of energetic interfaces, i.e.
the interphase region is approximated through endowment of the lower-dimensional material interface
with its own thermodynamics, while GICH involves explicit modelling of the continuous variation of
material properties within the interphase region.
REFERENCES
[1] Kumar P., Mergheim J., Size effects in computational homogenization of polymer nano-composites.
Proceedings in Applied Mathematics and Mechanics Submitted:2020.
[2] Cho J., Joshi M.S., Effect of inclusion size on mechanical properties of polymeric composites with
micro and nano particles. Composites Science and Technology 66:1941-1952, 2006.
[3] Schmidt D., Shah D., Giannelis E. P. New advances in polymer/layered silicate nanocomposites.
Current Opinion in Solid State and Materials Science 6:205-212, 2002.
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Intermetallics such as γ-Titanium Aluminide (γ-TiAl) alloys are widely recognized as excellent replacements for denser superalloys such as conventional Titanium alloys or Nickel based super alloys due to
its superior mechanical and thermal properties [1]. However, successful implementation of γ-TiAl alloys
within aero engine would require significant improvement in the understanding of complex micromechanical attributes such as grain morphology and distribution of constituent phase and its effects on the
macro properties such as stiffness, ductility, thermal conductivity, oxidation and corrosion resistance.
The present work features some of our research efforts to improve the understanding of γ-TiAl alloys
across multiple length scales. At the microscale, development of a statistical representative unit cell
(SRUC) of the γ-TiAl microstructure is proposed that inherits all the necessary features in a statistically
optimal sense. Microstructure images obtained through Electron Back Scatter Diffraction (EBSD) is
utilized to obtain statistical properties of certain morphological attributes (phase volume fraction, interface surface area, grain size etc.) [2]. Therefore, an optimized SRUC can statistically represent the
microstructure under consideration, which in turn leads to highly efficient and accurate computational
homogenization.
Three-point bending test and compact tension test are undertaken for γ-TiAl alloy coupon-level specimens. Experimental campaign is accompanied with full three-dimensional finite element solution to reproduce the macroscale response of the specimens. The stochastic nature of variability observed within
the various material parameters for these tests are investigated. Additional efforts are directed towards
correlating these macro mechanical response to the complex microstructure attributes observed in the
specimen.
REFERENCES
[1] F. Appel and R. Wagner, Microstructure and deformation of two-phase -titanium aluminides, Materials Science and Engineering, R22, 187-268 (1998).
[2] S. Torquato. Random Heterogenous Materials. Springer, New York, 2001
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In this paper we deal with constructing best possible scale bridging when passing the
detailed information on failure mechanics provided by the meso-scale plasticity model
towards the corresponding reduced model at macro-scale. This is accomplished by using
Bayesian inference resulting with the probability distribution of reduced model parameters
represented as random fields. Such a technique, normally used to find an optimal scheme
for data compression in a dynamic analysis of sequence of data, is here recast as the
optimal scheme for scale bridging in order to provide reduced model that is capable of
providing the best representation for the quantity of interest. The procedure is first
developed for concrete meso-scale model (see [1]), for the case when response is not only
governed by elasticity, but also by plasticity with hardening typical of fracture process zone
and by plasticity with softening typical of localized failure mode. We show that the optimal
macro-scale model is not necessarily the same for each phase of inelastic response. Yet, we
also show how to combine them all together at the level of a particular finite element with
enhanced predictive properties.
We discuss in detail the model reduction for a macro-scale concrete model that will
have the local (point-wise) plasticity criterion for fracture process zone with parameters
defined as random variables, along with the embedded-discontinuity finite element
localized failure criterion with parameters also defined as random variables. The
reinforced bars or short fibers can also be included within an enriched version of the
proposed framework for localized failure (see [2]).
Acknowledgements: This work is funded by ANR and DFG (project SELF-TUM).
References
[1] E. Karavelic, M. Nikolic, A. Ibrahimbegovic, A. Kurtovic, ‘Concrete meso-scale model
with full set of 3D failure modes with random distribution of aggregate and cement
phase. Part I: Formulation and numerical implementation’, Comp. Methods Appl.
Mech. Eng., 344, 1050-1072, (2019)
[2] T. Rukavina, A. Ibrahimbegovic, I. Kozar, ‘Fiber reinforced brittle material fracture
models capable of capturing complete set of failure modes including complete fiber
pull-out’, Comp. Methods Appl. Mech. Eng., 355, 157–192, (2019)
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This study presents the incremental variational formulation (IVF) for thermo-mechanically
coupled analysis of thermoset resin in consideration of its curing process. With the aim to
evaluate the viscoelastic material behavior in a thermodynamically consistent manner, we
employ the IVF, which enables us to obtain the solution for the initial-boundary value problem
by determining the stationary values of the corresponding rate of change of the total energy.
Although the framework of IVF for thermo-mechanical problems was already established in
Reference [1], the incorporation of the viscoelastic behavior with the curing process has not been
reported in the literature. Thus, the new contribution of this study is to derive function forms of
the dual dissipation potential associated with the degree of cure (DOC) and the relevant free
energy to realize the thermo-mechanical coupling analysis incorporated with the cure evolution.
The generalized Maxwell model is employed to represent the viscoelastic behavior that is
accompanied with thermal and cure-induced deformations. The material properties such as the
elastic moduli, glass-transition temperature, coefficients of thermal expansion (CTE) and cureinduced shrinkage (CCS) are supposed to depend on both temperature and DOC. The function
forms of free energies and heat conduction phenomena can be borrowed from the preceding
studies [1]. Nevertheless, to incorporate them with the chemical reaction for curing, we introduce
the relationship between mechanical/non-mechanical deformations and thermo-chemical state in
consideration of the dependence of material properties on the temperature and DOC that is
determined by the Kamal’s evolution equation. Then, the established framework is applied to the
numerical material testing for decoupled computational homogenization to characterize the
macroscopic thermo-mechanical behavior of composite materials.
Several numerical examples are presented to verify the fundamental performance realized by
the present formulation and to demonstrate the capability in simulating typical thermomechanically coupled phenomena at the micro-scale revealed by the thermoset resin during the
curing process.
REFERENCES
[1] M. Canadija and J. Mosler: On the thermomechanical coupling in finite strain plasticity

theory with non-linear kinematic hardening by means of incremental energy minimization,
Internat. J. Solids Struct., Vol.48, pp.1120-1129, 2011.
[2] Risa Saito, Yuya Yamaguchi, Seishiro Matsubara, Shuji Moriguchi, Yasuko Mihara,
Takaya Kobayashi, Kenjiro Terada: Decoupled two-scale analysis of FRP in consideration
of dependence of resin's properties on degree of cure, Internat. J. Solids Struct., Vol. 190,
pp.199-215, 2019 (10.1016/j.ijsolstr.2019.11.010)
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We propose a method of thermo-chemo-viscoelastic decoupled two-scale analysis of ﬁber reinforced
plastics (FRP) subjected to the curing process, which causes residual stresses and deformations not only
on the macro-scale but also on the micro-scale. The work is a direct extension of the previous work [1]
to the ﬁnite strain framework along with the heat conduction problem, in which the cure-induced heat
generation contribute toward the source term. First, the thermo-mechanical coupled constitutive model
involving the curing reaction is developed for the macroscopic material behavior depending both the
temperature and degree of cure in consideration of the consistency with thermodynamics at ﬁnite strain.
Second, to characterize both the macroscopic thermal and mechanical behavior, numerical material tests
are carried out on a periodic microstructure (unit cell) composed of matrix resin and carbon ﬁbers, whose
matrix is assumed to exhibit a viscoelastic response with thermal and cure-induced deformations. The
generalized Maxwell model is employed for the microscopic material behavior of resin and its orthotropic
version is assumed for the macroscopic mechanical behavior of FRP. Third, a series of numerical material
tests are carried out to identify the viscoeelastic parameters with a view to application of the decoupled
two-scale analyses[2]. Finally, we originally propose a method to determine the macroscopic material
parameters relevant to the thermal expansion/contraction and cure-induced shrinkage and validate their
reproducibility of the material behavior. Several numerical examples are presented to demonstrate the
capability of the proposed method in simulating macroscopic residual stress and deformation process of
composite structures subjected to the curing process.
REFERENCES
[1] Risa Saito, Yuya Yamaguchi, Shuji Moriguchi, Yasuko Mihara, Takaya Kobayashi, Kenjiro Terada,
Decoupled two-scale analysis of FRP in consideration of dependence of resin’s properties on degree
of cure. International Journal of Solids and Structures, DOI: 10.1016/j.ijsolstr.2019.11.010
[2] K. Terada, J. Kato, N. Hirayama, T. Inugai and K. Yamamoto: A method of two-scale analysis with
micro-macro decoupling scheme: application to hyperelastic composite materials. Computational
Mechanics (2013) 52:1199-1219.
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The parameter retrieval method based on scattering data is used to derive dynamic
constitutive parameters of solids with periodic structure. There are inherent ambiguities in the
real part of the retrieved wavenumber and the sign of impedance. Moreover, for lossless
structures there can be multiple solution branches that satisfy passivity and continuity of the
wavenumber as a function of frequency. The continuity of wavenumber for lossy unit cells is
used to unambiguously determine their constitutive parameters and by taking the limit when
loss approaches zero, one can determine the stable solution branches of lossless microstructures. The two loss models of nonzero damping and complex stiffness modulus are
compared in terms of their energy loss characteristics and retrieved parameters. These models
are employed in both time and frequency domain calculations. The lossy solutions
demonstrate that from double-negative and double-positive solutions, only the latter is the
stable solution branch in a pass-band of a lossless 1D unit cell. A 2D photonic crystal
example is used to demonstrate that the wavenumber appears to jump, discontinuously, at the
transition point between two consecutive stop-bands. Unlike existing methods that are based
on the continuity of wavenumber, the proposed approach based on using lossy solutions can
successfully characterize this unit cell. Finally, a zero limit for transition coefficient and other
solution features of this transition point, and certain features of half- and full-cycle stop-bands
are discussed.
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The objective of this work is to estimate damping at different temperatures of engine fan blades
made of 3D woven composites. The target composite are formed by woven carbon yarns that
count thousands of filaments, impregnated with an epoxy resin. The source of dissipation is
assumed to be the linear viscoelastic behaviour of the resin, while carbon fibres are assumed to
be purely elastic. Matrix linear viscoelastic behaviour is thus defined with a complex Young’s
modulus whose real and imaginary parts are the storage and loss modulus. Both have properties
dependent on frequency and temperature. It is worth pointing out that, due to manufacturing
specificities, local fibre volume fraction can vary along each yarn and so their mechanical
properties.
In order to compute homogenized properties, a numerical tool based on the finite element
method has been developed. The first step is to do a classical two-level (yarn and unit woven
cell) homogenization assuming scale separation on a representative volume element (RVE). For
correct results, the volumes must be represented with great accuracy. An initial strategy with
voxels required too many elements, thus an alternative remeshing tool using level-set function
to split and locally refine a coarse mesh was developed. The RVE obtained with this tool are
then employed to compute effective properties at each scale via standard homogenization
techniques [1] applying kinematic uniform boundary conditions at the boundary of the RVE. The
Hill-Mandel lemma is used to determine a linear transverse isotropic viscoelastic behaviour for
yarns and a linear orthotropic viscoelastic one for the woven.

Figure 1 :3D Woven RVE homogenized and loss factor homogenized in warp direction

1072

Florian Conejos, Etienne Balmes, Eric Monteiro and Bastien Tranquart.

However, due to weaving pattern length compared to structure one, scale separation assumption
is not necessarily satisfied. To determine the validity domain of both scale separation hypothesis
and homogenized model, periodic computations [2,3,4] involving a deformation gradient inside
the RVE are used.

Figure 2 : Displacement u for a propagated wave in w and ratio of elastic strain energies at the microscopic scale.

This deformation gradient is obtained using an inertia volume force built from a harmonic
acceleration in space, dependent on the wavelength. The problem is solved in the frequency and
wavenumber domain in which periodic boundary conditions are applied to both heterogeneous
and previously homogenized RVE. By comparing the strain deformation energy of the
heterogeneous and homogenized medium, an objective limit can be provided for both storage
moduli and damping properties using respectively elastic and dissipated strain energy.
Finally, numerical predictions are compared to experimental results obtained by modified
Oberst tests. The test setup consist in a cantilever beam, excited by a piezoelectric actuator,
with an added mass on the top to set the first mode at approximatively the same frequency of
the fan blade. A good agreement between the experimental modal damping and the numerical
loss factor is observed.
REFERENCES
[1] M. Bornert, T. Bretheau, and P. Gilormini. Homogénéisation En Mécanique Des Matériaux 1 :

Matériaux Aléatoires Elastiques et Milieux Périodiques. Hermes, 2001.
[2] W.X.Zhong, F.W.Williams, On the direct solution of wave propagation for repetitive
structures, Journal of Sound and Vibration, Vol. 181, pp485-501, 1995.
[3] B. Mace, R.D. Duhamel, M. Brennan, J.L. Hinke. Finite element prediction of wave motion
in structural waveguides, The Journal of the Acoustical Society of America, Vol. 117, pp.
2835-2843, 2005.
[4] H.Pinault, E.Arlaud, E.Balmes, A general superelement generation strategy for piecewise
periodic media, Journal of Sound and Vibration, 2019
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ABSTRACT
Polymers and their composites feature many physical mechanisms that operate over an immense range
of length and time scales, which are very often coupled. The integration of these mechanisms poses
significant challenges to the scientific community that requires sophisticated multiscale models and experiments.
This mini-symposium will highlight the recent theoretical, computational, experimental, and combined
approaches that address (a) structure-property relations as well as (b) the multi-physics coupling of mechanics with, e.g., chemical reactions, phase transformation, biological processes, and electromagnetic
fields, or quantification of uncertainties across scales and physics.
Possible topics include (not exclusive list):
• Materials: (3D) bulk polymers, e.g. thermosets, thermoplastics, elastomers, gels, liquid crystal elastomers, composites, nanocomposites, bioinspired materials; (2D) polymer membranes,
graphene; (1D) fibres, muscle fibres, carbon nanotubes.
• State and its evolution during processing: molten state or solid state (both semi-crystalline or
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glassy amorphous polymers), and the effects of processing including polymerization, curing and
crystallization.
• Properties: viscoelasticity, plasticity, damage, creep, fracture, adhesion, instability.

• Multi-physics coupling: piezo-elasticity, electro-elasticity, magneto elasticity, flexo-elasticity, photoelasticity, magneto rheology, crystallization, effect of physical aging and chemical degradation on
mechanical behaviour.
• Interfacial phenomena: surface effects, interfaces, interphases, confinement effects.

• Simulation techniques: ab initio, molecular dynamics, FEM, FFT, numerical homogenization,
atomistic-continuum coupling methods (sequential, coupling, hierarchical methods, domain-decomposition
methods), phase field methods, data-driven methods, topology optimization.
With regard to engineering applications, the following fields are of interest, but are not limited to:
• Additive manufacturing, 3D-printing

• Composites and nanocomposites for the aviation, aerospace, automotive, and pneumatic industries

• In-situ sensors for e.g. damage detection, moisture measurement, matrix-filler delamination detection
• Smart materials and sensors

• Energy storage, e.g. membrane lithium ion batteries
• Long-term performance in engineering applications

• Influence of processing conditions and production methods
• Design of biomimetic materials

• Soft-matter design for food and cosmetics

• Recycling of polymers, sustainable polymers
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Abstract: Silicone polymers have enormous applications, especially in the areas of biomedical engineering [1]. Ecoflex, a commercially available room temperature cured silicone polymer, has attracted
considerable attention due to its wide range of applications as medical-grade silicones and as matrix
materials in producing nano-filled stretchable sensors and dielectric elastomers for soft robotics. In this
contribution, we have conducted a wide range of experiments under thermo-mechanical loadings. These
experiments consist of loading-unloading cyclic tests, single-step relaxation tests, Mullins effects tests at
different strain rates and stretches, stress recovery tests at different rest time, etc [2]. In order to assess
the temperature influences on Ecoflex, a number of viscoelastic tests are performed in a thermal chamber
with temperature ranging from -40◦ C to 140◦ C. Extensive experimental findings illustrate that Ecoflex
experiences a significant stress softening in the first cycles and such a softening recovers gradually with
respect to time. It also shows a significant amount of cyclic dissipations at various stretch levels as well
as a considerable stress relaxation only for virgin samples. Cyclic dissipations and stress relaxation almost disappear for the case of pre-stretched samples. Furthermore, the material is more or less sensitive
under a wide range of temperature differences [3].
*Corresponding author: mokarram.hossain@swansea.ac.uk

REFERENCES
[1] Bernardi, L., Hopf, R., Ferrari, A., Ehret, A., Mazza, E. On the large strain deformation behavior
of silicone-based elastomers for biomedical applications. Polymer Testing, (2017) 58:189-198
[2] Hossain, M., Vu, D. K., Steinmann, P., Experimental study and numerical modelling of VHB 4910
polymer. Computational Materials Science, (2012), 59:65-74.
[3] Liao, Z., Hossain, M., Yao, X., Navaratne, R., Chagnon, G., A comprehensive thermo-viscoelastic
experimental investigation of Ecoflex polymer, Polymer Testing, (2020), In Review.
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Semi-cristalline poymers (SCPs) such as High-Density-Poly-Ethylenes (HDPE) present
a spherulitic microstructure. During mechanical loading micro-mechanisms of deformation in
spherulites and their effect on the macroscopic response have to be clarified. We intend to use
the AMITEX code [1] developed at CEA Saclay, firstly to solve the local mechanical equations
on such a complex microstructure, and secondly, to couple it with a modelling approach of
phase transformation type to explore the thereby opened simulation paths allowing for a better
understanding of the damaging processes which explain the macroscale behaviour.
The AMITEX code is based on an FFT method [2] and takes into account behaviour
laws in UMAT format. To describe mechanical behaviour of crystal-amorphous two-phase
spherulite structure we created a UMAT with a transversal isotropic law based on a DLR model
[3]. This model allows predicting the local and overall behaviour between amorphous isotropic
viscoelastic regions and orthotropic elastic crystallites accounting for their radial arrangement
from spherulites centers.
A phase field model was developed in AMTEX source code to describe phase changes
in crystal-amorphous two-phase arrangements during loading. First computations of behaviour
using the mechanical model coupled with the phase field method reveal a deterioration of
crystal phases and crystal/amorphous interactions occurring during strain which can now be
investigated more deeply with respect to the model parameters.

REFERENCES
[1] http://www.maisondelasimulation.fr/projects/amitex/html/
[2] H. Moulinec, P. Suquet, A numerical method for computing the overall response of

nonlinear composites with complex microstructure, Computers Methods in Applied
Mechanics and Engineering, Vol. 157 pp. 6994, 1998
[3] S. Andre, Y. Mashaka, C. Cunat, Rheological constitutive equation of solids: a link
between models based on irreversible thermodynamics and on fractional order derivative
equations, Rheol. Acta, Vol. 42 pp. 500515, 2003
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Polymers exhibit linear viscoelasticity during processing of composites[1]. The viscoelastic
homogenization problem in the time-domain play a vital role in development of the virtual
process chain. The incremental variational based mean-field homogenization (MFH) as
proposed by Lahellec and Suquet [2] involves the second-order statistical moments of internal
strain. This method is extended and applied here to the viscoelastic phases modelled with the
generalized Maxwell model. Hashin Shtrikmann lower bounds [3] based elastic
homogenization methods are coupled with the homogenization scheme. The full-field
simulations are carried out using finite element (FE) for spherical and UD short fiber-reinforced
polymer (FRP) composite [4]. A staggered arrangement of elastic ellipsoidal, cylinder with flat
and hemispherical end is considered in the unit cell for simulating the relaxation tests. Similarly,
different arrangements of spherical particles such as simple cubic, face-centered cubic (FCC)
and body centered cubic in the unit cell are considered for analysis. The results obtained from
the incremental variational based MFH scheme are compared with the full-field solution. It is
observed that MFH solution compares well with staggered arrangement of ellipsoids and FCC
arrangement of spheres. The statistical distribution of the local strains in the matrix from the
full-field analysis indicated a normal distribution type and it is compared with MFH.
REFERENCES
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Grande Voie des Vignes, 92290 Châtenay Malabry, France Email: jinbo.bai@ecp.fr
Key Words: Atomistic to continuum, Interface, Interphase, Graphene, Polymer nanocomposites
Interface and interphase play important roles in the mechanical behavior of graphene-polymer nanocomposites. Based on Murdoch-Hardy procedure [1], we presented a methodology which uses the results of
atomistic simulations relying on molecular mechanics (MM), to construct the continuum parameters of
the interphase in graphene/polymer nanocomposites such as the local density distribution, polymer chain
orientation, Cauchy stress tensor and fourth-order stiffness tensor. The results show the existence of 2
nm thick interphase between graphene and polyethylene matrix where there is a gradient characteristics
of the density as well as a special polymer chain orientration paralleled to graphene surface. It is estimated that the interphase is anisotropic and almost 1.5 times stiffer stiffer than the bulk polymer region.
Moreover, the elastic parameters of the imperfect interface are also identified via MM simulations. Two
continuum models of interface are introduced: Model I consits of both interface and interphase layers,
while in Model II both graphene sheets, interface and interphase are embedded into an imperfect interface model. Both models were compared with the MM results for different sizes of systems. Note that
both models are able to capture the size effects. Model II, which is simpler than Model I, was used in
the finite element calculations of a representative 3D volume element with randomly dispersed graphene
sheets.
REFERENCES
[1] Tadmor, E.B., Miller, R.E. Modeling materials: continuum, atomistic and multiscale techniques.
Cambridge University Press (2011)
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Polyamide exhibits hygroscopic nature and can absorb up to 10% of moisture relative to its
weight. The absorbed moisture increases the mobility of the molecular chains and causes a
reduction in the glass transition temperature [1]. Thus, depending on the moisture distribution,
a polyamide component can show different stiffness and relaxation times.
In this work, the distribution of the absorbed moisture is defined by a non-linear diffusion
model. It is coupled with the viscoelastic behaviour of PA6. The mechanical response of the
material depends on the moisture distribution, as well as on the swelling caused by the absorbed
moisture. The stiffness of the viscoelastic model changes and the relaxation time reduces with
increasing moisture concentration [2].
The moisture distribution also depends on the mechanical loading of the component. However,
it was noticed that the diffusion process remains unaffected when the process is compared for
a loaded and an unloaded sample. It is postulated that the moisture redistribution due to an
external force takes place as a result of the pressure acting on the moisture. The diffusion
process is unaffected by preloading of the sample as the pressure is applied purely on the
material and not on the absorbed moisture. However, when a saturated specimen is loaded, the
pressure is exerted on the moisture too which causes its redistribution. Thus, coupling of
diffusion to mechanical loading is achieved with the help of the gradient of the volumetric part
of the strain which acts as pressure on the moisture inside the component. This strongly coupled
model has been implemented using the finite element method. The model results are compared
to experiments to determine the parameters, which were found with the help of relaxation tests
and diffusion experiments. A strongly coupled model was thus created which could reproduce
the experimental results with reasonable accuracy.
REFERENCES
[1] Sambale, A., Kurkowski, M., & Stommel, M. (2019). Determination of moisture gradients

in polyamide 6 using StepScan DSC. Thermochimica Acta, 672, 150-156.
[2] Sharma, P., Sambale, A., Stommel, M., Maisl, M., Herrmann, H. G., & Diebels, S. (2019).
Moisture transport in PA6 and its influence on the mechanical properties. Continuum
Mechanics and Thermodynamics, 1-19, https://doi.org/10.1007/s00161-019-00815-w.
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Although amorphous polymers are used in a large variety of applications, there are still aspects of their
mechanical behavior and their underlying molecular mechanisms which are, from a continuum mechanical point of view, not well understood yet. Studying phenomena such as fracture of polymers or the impact of nano-sized filler particles within composites requires nano-scale experiments that are often either
prohibitively expensive or simply impossible. Moreover, for specific fields of application well established
numerical methods cannot provide a solution either: On the one hand, classical continuum approaches
rely on a precise constitutive model that cannot fully capture molecular mechanisms. Particle-based simulation methods, on the other hand, are computationally too expensive and thus prohibit the examination
of sufficiently large models. Instead, the advantages of both are combined in concurrent multiscale approaches such as the Capriccio method [1]: The regions in which the effects to be investigated occur, e.g.
filler particles and their surrounding, are modeled in full detail with Molecular Dynamics, while areas of
less interest are resolved computationally efficiently with the Finite Element Method. This setup already
allowed for a detailed study of the interphases of nanocomposites [2] and has been optimized recently
[3]. In spite of already showing promising results, we want to thoroughly revise the underlying coupling
scheme and e.g. avoid the currently used cutting of chains at the boundary layer. In this contribution we
want to present the updated Capriccio method with numerical examples.
REFERENCES
[1] S. Pfaller, M. Rahimi, G. Possart, P. Steinmann, F. Müller-Plathe, M. Böhm CMAME, 2013, 260,
109-129.
[2] S. Pfaller, G. Possart, P. Steinmann, M. Rahimi, F. Müller-Plathe, M. Böhm Physical Review E,
APS, 2016, 93, 052505.
[3] S. Pfaller, A. Kergaßner, P. Steinmann, Multiscale Sci. Eng., 2018, in press
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The failure of adhesion between two polymers is a complex process that not only involves surface adhesion through Van der Waals interactions and the pulling out of interconnecting molecular chains, but
often also involves bulk dissipation through shear yielding, cavitation and/or crazing. When, at the end
of a multiscaling modeling procedure, one wants to capture this in a cohesive law for application in a
continuum fracture model, it is of key importance to be able to distinguish between surface and bulk
contributions to the total work of separation.
For this purpose, coarse-grained molecular dynamics (MD) simulations have been performed that account for all mentioned phenomena in the case of two immiscible polymers ‘glued’ together via connector chains. We study a separation process by tension perpendicular to the interface (the two other
directions being kept fixed) using non-equilibrium MD simulations [1]. This allows to efficiently treat
the dynamics of surface as well as bulk dissipation.
The contributions to the separation energy from the dissipation in the bulk and at the surface are studied,
in dependence of the prescribed remote separation rate at constant temperature (in the glassy regime)
and at fixed basic molecular parameters like areal density of the connectors and their chain length. It is
shown that the finite strain response of the bulk regions is captured very well by a rate dependent
continuum model inspired from the amorphous polymeric materials model proposed by Anand
and Gurtin [2], where, as an indication, the kinematic hardening was removed.
By tracing the density profile inside the materials during the separation process, we extract the evolution
of the cohesive opening and propose a new rate dependent traction–separation law. In conjunction with
an Anand–Gurtin representation of a bulk polymer, this cohesive surface model can be used to study
crack growth in bonded polymer systems.
REFERENCES
[1] M. Solar, E. Van der Giessen, Computational Materials Science, 64, 187-191, 2012.
[2] L. Anand, M.E. Gurtin, International Journal of Solids and Structures, 40, 1465-1487, 2003.
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The interest for the behavior of polymers under shock loading is increasing because of applications such
as car equipment, sport gear and plastic-bonded explosives. Molecular dynamics (MD) simulations are
a powerful tool to explore the molecular and mechanical properties of polymers under shock loading [1,
2, 3] but they require long simulation times to relax the polymer chains and large simulation boxes to
study the stationary state of the shock wave propagation. The Hugoniostat [4] method has been widely
used on atomic and molecular crystals to reproduce the shocked state of materials far from the shock
front using much smaller simulation boxes. In this work, we show that the Hugoniot curve of the cis1,4-polybutadiene melt is correctly predicted by the Hugoniostat method and compare well with direct
shock simulations and previous results [2]. The radius of gyration of the chains appears also close in
Hugoniostat and direct shock simulations. However, the normal stress differences are very different in
direct shock simulations, where they are large and decrease slowly away from the shock front, and in
the Hugoniostat method where they are nearly zero. In order to account for this difference, we use a
Prony series model, usual for viscoelastic liquids, which reproduces the slow decay of the normal stress
differences with several relaxation times.
REFERENCES
[1] Mattsson, T. R. and Matthew, J. and Lane, D. and Cochrane, K. R. and Desjarlais, M. P. and
Thompson, A. P. and Pierce, F. and Grest, G. S. First-principles and classical molecular dynamics
simulation of shocked polymers Phys. Rev. B (2010) 81:054103.
[2] Fröhlich, M. G. and Sewell, T. D. and Thompson, D. L. Molecular dynamics simulations of shock
waves in hydroxyl-terminated polybutadiene melts: Mechanical and structural responses J. Chem.
Phys. (2014) 140:024902.
[3] O’Connor, T. C. and Elder, R. M. and Sliozberg, Y. R. and Sirk, T. W. and Andzelm, J. W. and
Robbins, M. O. Molecular origins of anisotropic shock propagation in crystalline and amorphous
polyethylene Phys. Rev. Mater. (2018) 2:035601.
[4] Maillet, J.-B. and Mareschal, M. and Soulard, L. and Ravelo, R. and Lomdahl, P. S. and Germann,
T. C. and Holian, B. L. Uniaxial Hugoniostat: A method for atomistic simulations of shocked
materials Phys. Rev. E (2000) 63:016121.
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Due to the amorphous structure of the material, scale bridging simulations for polymers is still a challenging field of research. For crystalline materials, in contrast, such multiscale techniques are meanwhile
well established numerical tools. In our contribution, we present the foundations of multiscale modelling
techniques and address the difficulties arising in case of amorphous structures. In particular, we introduce the theoretical basis and the main features of our Capriccio method, which has been developed in
recent years [2] to couple molecular dynamics (MD) with finite elements (FE) for polymer materials.
With such a technique at hand, the specific atomistic or molecular structure of the material can be taken
into account in distinguished regions of a specimen, for instance in the vicinity of crack tips or in the
immediate region enclosing filler particles in polymer nanocomposites. An appropriate numerical technique for such domains is molecular dynamics, which is a particle-based approach that considers matter
as a set of beads interacting via force fields. By doing so, we are able to capture effects originating from
the atomistic and molecular level. Such a treatment, however, is numerically very expensive and thus
prohibitive for system sizes relevant in engineering.
In our approach, we confine this very fine point of view only to specific regions. The remaining parts of
the system, which are typically much less stressed or strained, can be modelled using classical continuum
mechanics and solved by the Finite Element Method. Hence, by separating the computationally demanding fine resolution from the less expensive coarse description, it is possible to increase the system size
and to keep atomistic accuracy where needed. To realise the coupling, the Capriccio method introduces
a bridging domain where the continuum and the particle-based region overlap. There, an energy-based
coupling together with an appropriate kinematic constraint ensures the proper information transfer between both regions. A crucial aspect to set up the coupled system is to calibrate appropriate continuum
mechanical constitutive laws for the regions to be considered as a continuum. To this end, the mechanical
behaviour of the atomistic systems has to be invesigated thoroughly [1]. In our recent publications, we
have shown the suitability of the Capriccio method to capture the complex behaviour of nano-fillers in a
polymer matrix. There, specific attention is required for the interphase surrounding the filler particles.
REFERENCES
[1] Ries, M. and Possart, G. and Steinmann, P. and Pfaller, S. Extensive CGMD Simulations of Atactic
PS Providing Pseudo Experimental Data to Calibrate Nonlinear Inelastic Continuum Mechanical
Constitutive Laws. Polymers (2019) 11:1824.
[2] Pfaller, S. and Kergaßner, A. and Steinmann, P. Optimisation of the Capriccio Method to Couple
Particle- and Continuum-Based Simulations of Polymers. Multiscale Sci. Eng. (2019) in press.

1087

Towards Bauer
Christof
Adaptive
andDiscrete-to-Continuum
Sebastian Pfaller
Modelling of Thermoplastics

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

TOWARDS ADAPTIVE DISCRETE-TO-CONTINUUM MODELLING OF
THERMOPLASTICS
C. Bauer1 * and S. Pfaller2
1

Chair of Applied Mechanics, Friedrich-Alexander-Universität Erlangen-Nürnberg, Germany,
Egerlandstr. 5, 91058 Erlangen, christof.bauer@fau.de, www.ltm.tf.fau.eu
2
Chair of Applied Mechanics, Friedrich-Alexander-Universität Erlangen-Nürnberg, Germany,
Egerlandstr. 5, 91058 Erlangen, sebastian.pfaller@fau.de, www.ltm.tf.fau.eu
Key Words: Particle-Continuum Coupling, Multiscale Modelling, Simulation of Polymers
Multiscale methods offer great potential for investigating polymer fracture and for understanding its
mechanisms across the scales. With the Capriccio method, Pfaller et al. [1] developed a novel partitioneddomain method coupling a continuum, treated by the Finite Element Method (FEM), to a particle-based
region employing Molecular Dynamics (MD). There, also complex MD descriptions may be considered
which extends the applicability of this technique and makes it a promising tool also for users in the
classical MD community.
Our project aims to extend the Capriccio method to adaptive particle-based regions moving within the
continuum. This is an essential precondition for our long-term research on multiscale fracture simulation.
There, only the vicinity of a crack tip propagating through the material has to be fully described by MD,
whereas the remaining parts can be modelled with significantly less computational effort by continuum
mechanics.
Re-meshing of the FE domain and re-initialisation of the MD domain in the specific parts of the entire
region have to be defined and realised efficiently, among others avoiding extensive re-computations particularly in the MD domain. Important issues to be considered here are reliable criteria for adaptively
switching from FE to MD and vise versa.
In this contribution, we address the peculiarities arising from the instantaneous switching between MD
and continuum descriptions and focus on our ongoing investigations of the particle domain under different load cases. In particular, we discuss how and to what extend the deformation of the continuum can
be related to the according movements of the particles in the polymer bulk: Due to the amorphous nature
of polymers, this relation cannot be obtained straightforwardly and requires thorough consideration of
the material behavior under various kinds of loading. The correlation of the particle displacements and
the continuum deformation is an important precondition for an appropriate description at different levels
of resolution. Thus, this is essential for our development of adaptive discrete-to-continuum modelling of
polymers.
REFERENCES
[1] Pfaller, S., Rahimi, M., Possart, G., Steinmann, P., Müller-Plathe, F. and Böhm, M., An Arlequinbased method to couple molecular dynamics and finite element simulations of amorphous polymers
and nanocomposites. Comp. Meth. Appl. Mech. Eng. (2013) 260:109–129.
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ABSTRACT
Topics of this Minisymposium include, but are not restricted to,
*) New homogenization methods or extensions of existing homogenization methods
*) Application of multiscale analysis to advanced types of concrete
*) Applicability/limitations of multiscale analysis of fracture and damage of concrete
*) Combined multiscale and multiphysics analysis in the framework of constitutive modeling
of concrete.
*) Multiscale analysis applied to static and dynamic investigations of concrete structures
*) Advanced experimental techniques to validate results from multiscale analysis of concrete
and concrete structures.
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Modern architecture has demand for the alteration from conventional concrete construction with bulky
cross-section, shape and supports to more slender, possible free-form geometrical design without compromising
the purpose of build. That urges the need for concrete which provides high strength, flexibility in forming and
long-life span. High strength concrete compared to normal strength concrete has a denser micro-structure, i.e.
tight packaging or bonding between glued aggregates and cement paste, which increases strength and durability. The optimized cementitious materials, water to cement ratio and binding agent used as ingredients of high
strenght concrete are subjected to self-desiccation during the hydration process which leads to shrinkage [2].
The shrinkage process has the tendency to cause mirco-cracks inside the cement paste domain as well as on the
interface between aggregates and cemenet paste (ITZ - Interfacial Transition Zone), which is already accounted
as "weak-link" component of concrete [3], which ultimately makes the structure unhealthy for service. In order
to investigate that phenomenon, a computational model for the formation and propagation of cracks within the
micro-structure is developed in this work. In order to match reality, the microstructural geometry used for the
simulation model is obtained by means of computer tomography (micro-CT) scans of concrete samples.
In order to simulate discrete cracks and its propagation within the micro-structure, the eXtended Finite Element
Method(XFEM) is employed in combination with inertia effects and level set techniques up to this end. The
level set method is the technique to model the geometry of the crack and track its movement. The need for a
crack propagation criterion for the XFEM is filled by a coupled damage model. To overcome the limitation of
a local damage model like spurious mesh dependency, a gradient enhanced damage model is coupled and also
simulated using XFEM. Once the propagation criterion is met along the discrete crack front, the crack surface
geometry is updated using an advanced algorithm for the level sets [1].

References
[1] S. Beese, S. Loehnert, and P. Wriggers. Modeling of fracture in polycrystalline materials. In Advances in
Discretization Methods, pages 79–102. Springer, 2016.
[2] I. Maruyama, S. Kameta, M. Suzuki, and R. Sato. Cracking of high strength concrete around deformed
reinforcing bar due to shrinkage. In Int. RILEM-JCI Seminar on Concrete Durability and Service Life
Planning, pages 104–111. RILEM Publications SAR L Ein-Bokek, Israel, 2006.
[3] J. Ollivier, J. Maso, and B. Bourdette. Interfacial transition zone in concrete. Advanced cement based
materials, 2(1):30–38, 1995.
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Concrete splitting failure due to tension load may occur when fastening systems are located
close to an edge or corner of concrete member, especially in thin members. Various types of
anchors failing in the splitting failure have been studied by Asmus [1] and Hüer [2]. However,
the splitting failure of anchor channels has not been extensively investigated. Moreover,
significantly different design rules in the United States (AC 232) and Europe (EN 1992-4)
indicate that the harmonization between codes is needed.
The main goal of the presented research is to investigate the behaviour of anchor channels
close to an edge or a corner and subjected to tension load. Experimental tests and extensive
numerical parametric study were carried out to evaluate the influence of member thickness,
edge distance, anchor spacing and corner distance on the capacity of anchor channels in uncracked and unreinforced concrete members. In the numerical study the 3D nonlinear FE code
based on the microplane model was employed. The numerical results show that the influence
of the member thickness on the capacity can be well approximated by the corresponding
influencing factor from design code (EN 1992-4). Furthermore, according to design code the
characteristic edge distance is constant and equal to 3hef (hef = embedment depth). However,
the study shows that the characteristic edge distance depends on the member thickness and in
the case of thin members can be different than 3hef. Therefore, based on the numerical results,
modifications of design recommendations for the splitting failure mode are proposed. In order
to confirm numerical results and proposed modifications, an experimental program was
carried out. Experimental results are compared to the modified design recommendations and
conclusions are drawn.
REFERENCES
[1] J. Asmus, Bemessung von zugbeanspruchten Befestigungen bei der Versagensart Spalten

des Betons (Design of tension loaded anchorages for the splitting failure mode),
Dissertation, University of Stuttgart (in German), 1999.
[2] T. Hüer, Tragverhalten von randnahen zugbeanspruchten Befestigungen bei der
Versagensart „Spalten des Betons“, (Behaviour of tension loaded fasteners near the edge
for the concrete splitting failure mode), Dissertation, University of Stuttgart (in German),
2014.
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Post installed fastening systems can assure the connection between different concrete elements and various equipment. The main role of fasteners is to ensure efficient transmission of forces between the
equipment on one hand and its supporting structure on the other. In the case of seismic loading, such
systems can provide adequate connection for the equipment with sufficient durability and efficiency.
However, results showed that anchors are sensible to earthquakes, and thus can threaten the safety of
the installations especially if they were inappropriately chosen or installed. Add to that, and except only
newly installed anchors, most fasteners used in nuclear power plants have not been specifically qualified
to demonstrate their capacity when it comes to supporting seismic loading [1].
The behavior of anchoring technologies in concrete is mainly done through experimental campaigns or
with simulations based on continuum mechanics using the finite element method. While the results obtained from experimental studies are often limited by the number of achievable loading paths, continuous
numerical studies lack representativeness with regard to the mechanisms involved. It is therefore proposed to use a discrete beam-particle model [2] to study the behavior of the anchors. Indeed, discrete
models are able to explicitly reproduce cracking by taking into account kinematic discontinuities.
This work presents numerical developments to predict the anchor’s behavior under various loads. Special
attention is paid to how to take into account the frictional contact at the steel-concrete interface and
within the concrete as it controls the behavior under seismic loading. A meshing procedure is proposed
as well as conditions for contact detection and computation of the contact forces are proposed to reach
an accurate and efficient way of simulating the anchor’s behavior. Those simulations are carried out in
3D on a cast-in headed stud.
REFERENCES
[1] P. Mahrenholtz and R Eligehausen, Post-installed concrete anchors in nuclear power plants: Performance and qualification. Nuclear Engineering and Design (2015) 287: 48-56
[2] M. Vassaux, C. Oliver-Leblond, B. Richard, F. Ragueneau, Beam-particle approach to model cracking and energy dissipation in concrete: Identification strategy and validation. Cement and Concrete
Composites (2016) 70:1–14.
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Concrete anchor performance plays a significant role in the safety and serviceability of
connections between concrete and steel in the interior and the exterior of a structure. Depending
on the desired outcome or the specifications of each case a wide variety of products can be
applied. The mechanism that transfers the loads to the structure is an important aspect for the
correct application. Fastening products are extensively applied in all kinds of structures.
Therefore, the need for safe design of fixings is high, and a good insight in the mechanism of the
transferring forces is needed.
The behavior of concrete is significantly influenced by various factors, such us loading type or
material properties. A particularly critical situation is whether a connection needs to convey
loads in a damaged state concrete. Although the influence of post-peak concrete behavior on the
load carrying capacity of an anchor is significant, the factors that influence this mechanism are
still of extensive research potential, and there is no solution for such cases in the design
standards. This paper focuses on the numerical investigation of the influence of damaged state
constitutive models for anchors. For the purposes of this study, a concrete block with an anchor
specimen is simulated, and damage is artificially induced on the model. The results can be
implemented on actual applications, such as the ones presented in [2]. This approach provides
deeper understanding of the load transfer in realistic design situations.
From this numerical study it is evident that implementation of detailed FE models for a more
accurate calculation of the influence of damage on the load carrying capacity of anchors is
feasible. The results aligned well with theoretical considerations and the design fundamentals
based on the concrete capacity method. Parametric studies with such models are to identify
important factors that can affect the safety and reliability of a fastening.

REFERENCES
[1] R. Eligehausen, R. Mallée and J. F. Silva, 1st Edition, Ernst & Sohn, 2006.
[1] N. Mellios, P. Spyridis, and T. Rousakis, Resilient system modelling of anchorage

connection for seismic strengthening applications. In: M. Papadrakakis, M. Fragiadakis
(eds.), COMPDYN 2019 - 7th ECCOMAS Thematic Conference on Computational Methods
in Structural Dynamics and Earthquake Engineering, 24-26 June 2019, Crete, Greece.
ECCOMAS Proceedia, pp. 3073-3088, 2019
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The composite beams constitute a high-performance system for constructions that demand great
requirements, whether structural, economic, or architectural. The shear connectors are arranged
at the steel-concrete interface to ensure a sufficient connection that guarantees the necessary
resistance and rigidity for the composite beam. Head stud connectors are the most used in the
composite construction, this because their practicability on construction sites. However, their
installation demands several requirements to satisfy, which makes them difficult to be used. In
this work, a new type of connector in shape of OMEGA is proposed as an alternative to the
headed stud one, where its design and installation are easier. Nonlinear finite element analysis
(FEA) of push out test is performed in order to study the capacity of the proposed OMEGA
connectors.
A parametric study is highlighted in this research to assess the behaviour of the new connecter
(OMEGA) according to their dispositions and the variation of the concrete strength. Eventually,
a comparison between the two connectors (OMEGA and headed stud) is conducted to validate
the new one.
REFERENCES
[1] I.M. Viest, C.P. Siess, J.H. Appleton, N.M. Newmar, Studies of slab and beam highway

bridges – part IV: full-scale tests of channel shear connectors and composite T-beams,
University of Illinois Engineering Experimental Station bulletin series 46, 1952.

[2] D. Lam, E. Ellobody, Behavior of headed stud shear connectors in composite beam, Journal of
Structural Engineering, ASCE; 131(1):96_107, 2005
[3] Nguyen, S.E. Kim, Finite element modeling of push-out tests for large stud shear connectors,
Journal of Constructional Steel Research;65:1909_1920, 2009.
[4] N. Gattesco, E. Giuriani, Experimental study on stud shear connectors subjected to cyclic
loading, Journal of Constructional Steel Research ;38(1):1_21, 1996.
[5] ABAQUS version 6.14-1, Dassault Systèmes Simulia Corp, Providence, RI, USA, 2014.
[6] Eurocode 4, Design of composite steel and concrete structures. Part 1: General rules and rules
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Non-uniform corrosion of reinforced concrete structures reduces their lifetime and increases
highly their maintenance cost over the years. Non-uniform corrosion leads to the deterioration
of the bond between the concrete and steel and causes cracks to propagate inside the concrete
cover. In order to study the effect of corrosion on RC structures, we present a numerical model
of a beam with a single reinforcement that can simulate both the evolution of the bond strength
between concrete and steel and also the propagation of cracks inside the concrete cover. The
non-uniform distribution of rust around the reinforcement follows the Melchers & Val’s model
that associate corrosion to a single pit on the top of the reinforcement. To simulate the volume
expansion of rust at the location of the pit, we used a radial displacement boundary condition.
Next, we modelled the interaction between steel and concrete by adopting a normal contact to
model the volume expansion of the reinforcement into the concrete and a tangential contact to
model the bond strength at the interface. Finally, the Concrete Damage Plasticity model has
been adopted for the concrete, wich associates a plastic strain, in compression and tension, to a
damage parameter. This allows us to identify crack patterns on the concrete cover. The
evolution of bond strength from the numerical model is validated in comparison to experimental
and analytical studies on non-uniform pitting corrosion. The Concrete Damage Plasticity model
parameters are identified from experimental studies on the material properties of concrete. The
crack paths obtained are validated in comparison to numerical studies of non-uniform corrosion
of RC structures.
REFERENCES
[1] Melchers & Val. (1997). Reliability of deteriorating RC Slab bridge. (1993), 1638–1644.
[2] Zhu, W., Dai, J. G., & Poon, C. S. (2018). Prediction of the bond strength between non-

uniformly corroded steel reinforcement and deteriorated concrete. Construction and
Building Materials, 187, 1267–1276.
[3] Zhang, J., Ling, X., & Guan, Z. (2017). Finite element modeling of concrete cover crack
propagation due to non-uniform corrosion of reinforcement. Construction and Building
Materials, 132, 487–499.
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In the recent decades great research effort has been carried out which results to new innovative concrete
types such as high performance concrete (HPC). The incorporation of steel fibers in HPC is obligatory
to provide sufficient ductility. During fracture the stresses in concrete are transmitted from matrix to
the fibers. These fibers restrain the further growth of the crack and contribute to the energy absorption capacity of the concrete, compare [1]. The steel fibers affect the deterioration characteristics in
cyclic compression, see [2]. The effects of fibers are even more pronounced in cyclic flexural tests. An
effective macroscopic material model is necessary to study the overall material behavior of steel fiber
reinforced HPCs. In this contribution, an ellipsoidal RVE (representative volume element) is constructed
which characterizes the material behavior of HPC along a preferred fiber direction. A numerical analysis
of an ellipsoidal RVE is performed for a better understanding of the processes between a single steel
fiber and the surrounding matrix on the mesoscale. A continuum phase-field model based on the variational formulation of fracture in elasto-plastic material is implemented in view of the description of the
aforementioned phenomena. For the description of crack propagation based on brittle to ductile failure
criteria, the model proposed by [3] is followed. The analysis of pull-out tests of fibers is performed using
experimental results to calibrate the numerical model, see [4, 5].
REFERENCES
[1] J. Zhang. Fatigue Fracture of Fibre Reinforced Concrete. Technische Universität von Dänemark,
Dissertation, 1998.
[2] K. Elsmeier, J. Hümme, N. Oneschkow and L. Lohaus. Prüftechnische Einflüsse auf das
Ermüdungsverhalten hochfester feinkörninger Vergussbetone. Beton- und Stahlbetonbau, 111:233240, 2016.
[3] C. Miehe, F. Aldakheel, and A. Raina. Phase-field modeling of ductile fracture at finite strains: A
variational gradient-extended plasticity-damage theory. Int. J. Plast., 84:1-32, 2016.
[4] M. Pise, D. Brands, M. Sarhil, J. Schröder, G. Gebuhr and S. Anders. Numerical calibration of
elasto-plastic phase-field modeling of fracture for experimental pullout tests of single steel fibres
embedded in high-performance concrete. In Advances in Engineering Materials, Structures and
Systems: Innovations, Mechanics and Applications, Taylor & Francis Group, 2019.
[5] G. Gebuhr, M. Pise, M. Sarhil, S. Anders, D. Brands and J. Schröder. Analysis and evaluation of
single fibre pull-out behaviour of hooked steel fibres embedded in high performance concrete for
calibration of numerical models. Structural Concrete, 20:1254-1264, 2019.

1098

Multiscale
Hui
Wang, Thermal
Yong Yuan,
Response
HerbertofMang
Concrete
and Structures
Bernhard Pichler
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Multiscale thermal response of concrete structures
Hui Wang¹, Yong Yuan², Herbert Mang², ³, and Bernhard Pichler³
School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiao Tong University,
200240 Shanghai, China, Hui.Wang@sjtu.edu.cn
2
College of Civil Engineering, Tongji University, 200092 Shanghai, China, Yuany@tongji.edu.cn
3
Institute for Mechanics of Materials and Structures, Vienna University of Technology,
1040 Vienna, Austria, {Herbert.Mang, Bernhard.Pichler}@tuwien.ac.at
1

Key Words: thermal response, cementitious materials, multiscale, hygrothermic coefficients.
In their service life, concrete structures are frequently subjected to temperature cycles,
eventually also to extreme weather events such as hail showers, and occasionally to exceptional
load cases such as fires. The resulting thermomechanical loading may lead to damage of the
structures and, thus, is a threat to their long-term durability and safety. This topic is considered
in the context of multiscale analysis. It is organized in three steps. The first step refers to bottomup quantification of material properties of concrete as input for structural analysis. The
thermomechanical status of the microstructural constituents of concrete are described when
subjected to temperature variations. By means of a multiscale thermoporoelastic model [1], the
stiffness and thermal expansion coefficient of concrete are homogenized, starting from the
thermo-hygro-mechanical processes on the nanoscopic scale of cement hydrates. The second
step refers to macroscopic structural analysis. It is based on the homogenized thermoelastic
properties, together with macroscopic temperature fields resulting from the solution of the heat
conduction problem. Structural analysis delivers the macroscopic stress and strain states of
concrete. The third step refers to top-down scale transitions. They are used to quantify the
stresses and strains of the cement paste, the aggregates, and the interfacial transition zones [2,3].

REFERENCES
[1] H. Wang, C. Hellmich, Y. Yuan, H. Mang, and B. Pichler. May reversible water

uptake/release by hydrates explain the thermal expansion of cement paste? – Arguments
from an inverse multiscale analysis. Cement and Concrete Research, 113:13–26, 2018.
[2] H. Wang, E. Binder, H. Mang, Y. Yuan, and B. Pichler. Multiscale structural analysis
inspired by exceptional load cases concerning the immersed tunnel of the Hong KongZhuhai-Macao Bridge. Underground Space, 3(4):252–267, 2018.
[3] H. Wang, R. Höller, M. Aminbaghai, C. Hellmich, Y. Yuan, H. Mang, and B. Pichler.
Concrete pavements subjected to hail showers: a semi-analytical thermoelastic multiscale
analysis. Engineering Structures, 200: 109677, 2019.
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Fastening is an economic technology to connect steel structures and concrete members. They
are applied in buildings and constructions worldwide. The safety connection consists of
fastening elements e.g. bolts or anchors and base plates. EN 1992-4 [1] provides the calculation
method to determine the anchor forces and the characteristic resistance of fastening group.
However, this design model is based on the assumption of a significantly rigid base plate. The
stiffness of the base plate inevitably influences the bearing capacity of fastenings.
Unfortunately, there is no satisfactory approach to determine the stiffness of the base plate. In
this study the bearing capacities of group fastenings are simulated by means of a non-linear
spring model for anchor load behaviour. Then the applications of structures and different anchor
types are investigated using the stochastic finite element method. Thereby, simplified, practical
criteria for stiff base plates are proposed for the range of validity of the current anchorage design
model.
REFERENCES
[1] EN 1992-4: Eurocode 2 – Design of concrete structures -Part 4: Design of fastenings for

use in concrete; 2019-04
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Strength, stiffness and durability requirement for civil engineering constructions are steadily
increasing. To fulfil these new needs, studies are launched to develop new structural materials
with higher specifications. Steel-concrete-steel (SCS) composite structures are one of them ([1],
[2] and [3]). They are based on a concrete core that is caught between two steel plates. The
efficiency of this type of structure comes from the connexion system, generally performed
through steel dowels and/or ties. It provides a bond between the steel plates and the concrete
core and is responsible for the overall behaviour of the SCS structure. The connexion system is
generally designed to obtain a full composite action and is influenced by the shear resistance of
the dowels, which is experimentally obtained through push-out tests [4]. This study focuses on
the simulation of these push-out tests. A simulation methodology with 3D finite elements is
first presented and validated on experimental results [5], as a reference model. A zerodimensional simplified model is then proposed to decrease the computational cost for
applications to structural test cases. It supposes the definition of a constitutive law between the
shear stress and the slip between the steel plates and the concrete core, which is obtained from
[6]. It includes in the same element the shear behaviour of the connectors but also the crushing
of the concrete and the yielding of the plates around the connection system. This model allows
to reproduce the experimental results with a lower computation cost compared to the 3D
reference model.
REFERENCES
[1] M Leekitwattana, S. W. Boyd and R. A. Shenoi, 2010, An alternative design of steel
concrete steel sandwich beam, 9th International Conference on Sandwich Structures,
ICSS 9
[2] Y.-B. Leng, and X.-B. Song, 2016, Experimental study on shear performance of steelconcrete-steel Sandwich Beams, Journal of Constructional Steel Research 38, 257279
[3] A.H. Varma, S.R. Malushte and Z. Lai, 2015, Modularity & Innovation using steelconcrete-steel composite (SC) walls for nuclear and commercial construction, 11th
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connectors, Engineering Structures 26, 1853-1860
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Resistance to cyclic loading is essential issue for economic, efficient and reliable design of concrete
structures. Relevant examples of structures which have to resist up to millions of loading cycles are road
and railway bridges, as well as onshore and offshore wind turbine towers. A deeper insight into the
fatigue behavior of concrete is needed to significantly reduce the material consumption, to enhance the
service life and to increase the reliability of engineering structures.
The aim of this work is the development of advanced numerical models reflecting the underlying microstructural dissipative mechanisms that govern the development and propagation of concrete fatigue
damage. The fundamental idea is to bind the fatigue damage growth with cumulative shear/sliding strain
of a representative interface within the aggregate material structure.
A thermodynamically formulated interface model introducing a cumulative measure of shear/sliding
strain as the damage driving variable will be applied in two idealizations of concrete material structure:
lattice discrete model and the microplane model.
The mesoscale lattice discrete model is able to reflect interactions between individual aggregates during
the fatigue damage propagation and to reproduce the local stress redistribution phenomena at subcritical
fatigue loading. The results of the discrete model will be compared with the continuum microplane
model based on the same fatigue damage hypothesis with the goal to assess its ability of reproducing the
fatigue phenomena such as the development of the experimentally observed fatigue-creep strain and the
changing shape of hysteretic loops.
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ABSTRACT
The presence of solid walls, encountered in many flow systems, strongly influences the flow,
heat and mass transfer in the adjacent fluid layer; this is especially the case when phase
changes and chemical reactions take place. Development of relevant computational methods
(including both theoretical models and numerical approaches) and experimental techniques
for model validation is fostered primarily by the demands of engineering practice and
advances in various application systems, which necessitate better understanding of underlying
multiscale and multiphysics near wall processes.
Besides, high-temperature material synthesis and processing, engine heat transfer and
combustion, as well as chemical process technology (chemical vapour deposition and
infiltration, catalytic processes, etc.), represent just a few representative examples.
Accordingly, the processes like material deposition, film growth and material etching, surface
reactions and their coupling with chemically reacting flows, wall-flame interaction - all
together with the presence of conjugated processes of heat and mass transfer - have to be
addressed.
This mini-symposium is intended to highlight some achievements accomplished within the
relevant topicality. Since both the modeling approaches and validation measurements near the
wall are challenging, the mini-symposium will help by providing the state of the art with
respect to (a) reliable modelling approaches for the simulation of multiscale and multiphysics
near-wall processes in combustion systems, (b) appropriate experimental data required for a
comprehensive model validation, and (c) validation/uncertainty quantification issues for LES
in near-wall regions. The mini-symposium will give to participants the possibility to present
their most recent results while offering, in addition, an opportunity to develop and initiate new
collaborations in this field.
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ABSTRACT
Three-way catalytic converters (TWC) are nowadays standard in modern gasoline-powered vehicles,
likewise in the off-road vehicle Lada Niva 21214-30 produced by AvtoVAZ. The TWC is an exhaust
emission control device that converts harmful gases and pollutants in the exhaust gas into harmless
pollutants by catalyzing a redox reaction. Thereby, common TWCs require high temperatures to work
fully effective, which is the reason why many vehicles fitted with TWCs emit most of their pollution
during the first five minutes of engine operation. Therefore, as the performance of TWCs is
substantially affected by the flow and temperature distribution in the catalytic substrate, a detailed
understanding of the heat and fluid flow dynamics inside the TWC is very important in order to
improve the efficiency of such devices.
In this work, direct numerical simulation technique is employed in order to analyze heat and fluid flow
phenomena in a commercial TWC of a AvtoVAZ Lada Niva 21214-30. Emphasis is also placed on the
interaction between heat and momentum transport processes in adjacent ceramic monolith channels.
For this purpose, the transient fluid flow inside the converter assembly including the fine channels
running through the ceramic monolith substrate are fully-resolved in the simulation. Furthermore, the
heat conduction in the solid ceramic monolith substrate as well as inside the steel casing is calculated
and coupled with the fluid region. To solve the conjugate heat transfer problem the C++ toolbox
OpenFOAM v1906 is employed. A snapshot of the instantaneous velocity magnitude and mechanical
pressure field inside the TWC is shown in the following pictures.

Figure 1: Instantaneous velocity magnitude (left) and mechanical pressure (right) inside a three-way catalyst of
a Lada Niva 21214.
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The transient processes inside an internal combustion (IC) engine result in a strong variation of
the thermo-physical properties of the working fluid as well as of the fluid-dynamics
characteristics. The flow is highly turbulent and is featured by a strong straining originating
from some simultaneously occurring phenomena such as swirl, squish and tumble. Both, the
bulk motion and the turbulent fluctuations underlying the smaller scales are of great interest in
engine studies.
The computational methods for solving such a complex turbulent flow configuration based on
solving the Navier-Stokes equations become non-affordable in terms of CPU and memory costs
if no turbulence modelling is utilized. The goal of the present investigation is to appropriately
reduce the computational effort of an LES (Large-Eddy Simulation) while maintaining its
accuracy and scale-resolving properties by using a RANS-based eddy-resolving turbulence
model. The considered model is the Instability-Sensitive Reynolds Stress Model (IIS-RSM)
proposed by Jakirlic and Maduta [1, 2]. The corresponding results of these scale-resolving
RANS simulations of an IC-engine intake are compared to the LES and experimentally obtained
velocity fields; the latter results are obtained by the Magnetic Resonance Velocimetry (MRV)
measurement technique [3]. The MRV delivers a detailed three dimensional velocity field
inside the entire IC engine geometry. The computational results exhibit a high level of
coherence with the experimental MRV data.

REFERENCES
[1] S. Jakirlic and R. Maduta. Extending the bounds of ‘steady’RANS closures: toward an
instability-sensitive Reynolds stress model. International Journal of Heat and fluid flow 51:175–

194, 2015.
[2] S. Jakirlic and R. Maduta. Sensitized-RANS modelling of turbulence: Resolving
turbulence unsteadiness by a (near-wall) Reynolds stress model. In Progress in Wall Turbulence
2, pp 17–35. Springer, 2016.
[3] D. Freudenhammer, E. Baum, B. Peterson, B. Böhm, B. Jung, and S. Grundmann.
Volumetric intake flow measurements of an IC-engine using magnetic resonance velocimetry.
Experiments in Fluids 55(5):1724, 2014.
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Direct numerical simulations (DNS) employing the GRI-3.0 reaction mechanism and mixture-averaged
molecular transport have been applied to study flame dynamics of laminar premixed methane/air flames
during flame-wall interaction (FWI). A multiple plane-jet flame configuration (2D) has been considered
under atmospheric condition, where free flame (FF) and side-wall quenching (SWQ) have been accomplished by defining one lateral boundary as either a symmetry plane for FF or a cold wall with fixed
temperature (20o C) for the SWQ case. An equidistant grid length of 20 µm is used to resolve the flame
front and FWI zone. Different components of flame stretch and Markstein number regarding tangential
Kas , normal (due to curvature) Kac and total stretch Katot = Kas + Kac , as well as the local flame consumption speed SL determined from integration of the reaction rates of fuel along local flame normals
have been evaluated based on the DNS results. The findings are summarized below:
• FWI is dominated by negative flame stretch. The flame is tangentially compressed when approaching the cold wall, and elongated in the free flame case, causing an inversion of the sign of
the tangential strain rate Kas and a decrease of the total stretch rate Katot for the SWQ flame.
• SL decreases with decreasing normal stretch due to curvature Kac while approaching the cold wall.
However, SL increases with decreasing Kac while approaching a symmetry plane for the free flame
case, leading to an inversion of the Markstein number Matot based on Katot from positive in the
free flame case to negative in the SWQ case.
• The quenching distance evaluated based on wall-normal profiles of SL has been found to be approximately equal to the unstretched laminar flame thickness, which compares quantitatively well
with measured data from literature.
The results reveal a distinct correlation of local flame dynamics during transition between FWI and
freely propagating flames, which brings a new perspective for modeling FWI phenomena by means of
flame stretch and Markstein number. To do this, the quenching effect of the wall may be reproduced
by an inversion of the Markstein number from positive to negative in the FWI zone and by applying the
general linear Markstein correlation (SL /SL,0 = 1 − Ma · Ka) for the flame consumption speed, leading
to a decrease of the reaction rate in the near-wall region due to large negative flame stretch.
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To fulfil strict environmental regulations concerning emissions of nitrogen oxides (NOX) from
automotive engines, selective catalytic reduction (SCR) with urea-water-solution (UWS) as
source for the reduction agent ammonia is often used. Several technical difficulties can reduce
the performance of a SCR system. Solid residuals can form on the walls of the exhaust gas
system, which are often very difficult to remove. Furthermore, the complete decomposition of
urea and a good distribution of the resulting ammonia in front of the SCR catalyst are required
for a high efficiency.
A way to address these issues is to use detailed modelling of the SCR system, which includes
multiphase processes at largely differing time scales and spatial scales. This requires a large
amount of computational time. A typical approach for the urea decomposition is to model it as
an evaporation process [1]. In addition, reduced models using fewer system parameters to
reduce the computational requirements have been developed for the relevant processes [2].
Recently more detailed chemical mechanisms for the decomposition of urea have become
available [3]. Using such a mechanism, the formation of residuals can be also described. In
this work, the existing evaporation model for a urea/water solution (including heat and mass
transfer in liquid and gas phase, and detailed chemistry in the gas phase) is extended by
adding chemical reactions in the liquid phase including the formation solid products. This
model is validated for simple reference cases by one-dimensional simulations of droplets and
films of UWS under typical SCR conditions. Furthermore, the chemical time scales are
analysed in preparation for the development of a reduced model.
It is shown that such a model is not only able to describe the same processes as the original
evaporation model but it can also describe the formation of solid residuals in wall films.
Moreover, it can also explain experimental results difficult to reproduce with an evaporation
models only, for example the increase of droplet diameter due to gas formation.
REFERENCES
[1] F. Birkhold, U. Meingast, P. Wassermann and O. Deutschmann, Modeling and

simulation of the injection of urea-water-solution for automotive SCR DeNOx-systems,
App. Catal. B: Environmental, Vol. 70, pp. 119127, 2007.
[2] M. Stein, V. Bykov, A. B. Abai, C. Janzer and U. Maas, O. Deutschmann, M. Olzmann,
A reduced model for the evaporation and decomposition of urea–water solution droplets,
Int J Heat Fluid Fl., Vol. 70, pp. 216–225, 2018.
[3] S. Tischer, M. Börnhorst, J. Amsler, G. Schoch and O. Deutschmann, Thermodynamics
and reaction mechanism of urea decomposition, Phys. Chem. Chem. Phys., Vol. 21, pp.
16785-16797, 2019.
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Modelling urea deposit formation and decomposition on SCR catalysts
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Selective Catalytic Reduction (SCR) with urea-water-solution (UWS) is a widely applied
technique in automotive applications for removal of nitrogen oxides (NOx). To meet future
emission legislation, it is preferred to move the catalysts further upstream, closer to the engine,
to achieve higher temperatures and thus higher NOx conversion. Therefore, the mixing section
is reduced. Injected UWS droplets can reach the catalyst inlet and form film and deposits in the
catalyst which can block the channels. The formation and decomposition of urea deposits have
been studied by thermogravimetric analysis (TGA), differential scanning calorimetry (DSC)
and mass spectroscopy (MS) of pure deposit components and mixtures with catalytic material.
A multiphase tank reactor model (DETCHEMMPTR) from Tischer et al. [1] is extended by
methods to calculate the reactions on the interface to the catalytic surface. For this, the
interaction with liquid phases (UWS film, melting of deposits, condensation of gas species),
solid phases (urea deposits), the gas phase (especially isocyanic acid hydrolysis and a
NH3/NOx/SCR mechanism [2]), gas diffusion through liquid film, transport limitations in the
catalyst, storage effects and catalyst ageing is taken into account.
The interaction of UWS with the catalytic surface was implemented into the DETCHEMMPTR
code and the model was calibrated for the beginning of urea decomposition by adding new
reactions occurring on the catalytic surface. These results were compared with experimental
data from TGA, DSC and MS.
Deposit interaction with catalytic material is a promising way for deposit removal or even for
prevention of deposit formation. In addition, gas phase interaction with the catalytic surface, in
particular isocyanic acid hydrolysis and subsequent ammonia formation, is enhanced, resulting
in better NOx conversion at the inlet of the catalyst.
REFERENCES
[1] S. Tischer, M. Börnhorst, J. Amsler, G. Schoch, O. Deutschmann. Phys. Chem. Chem.

Phys., Vol. 21, pp. 1678516797, 2019.
[2] E. Tronconi, I. Nova, C. Cardelli, D. Chatterjee, M. Weibel. J. Catal., Vol. 245, pp. 110,
2007.
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NUMERICAL MODELLING OF SUPERSONIC HYDROGEN-AIR
MIXING AND COMBUSTION IN NEAR-WALL REGION
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FSC Scientific Research Institute for System Analysis RAS,
117218, Moscow, Nakhimovskiy avenue, 36/1, solomatin@niisi.ras.ru
2
FSC Scientific Research Institute for System Analysis RAS,
117218, Moscow, Nakhimovskiy avenue, 36/1, ivsemenov@niisi.ras.ru
1
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Current research is devoted to development of physical-mathematical model and computational
algorithms of mixing and combustion processes in supersonic flows in high-speed propulsion
devices.
RANS and hybrid DES approaches for turbulence simulation, supplemented with diffusion
model, are used. Classical Spalart-Allmaras turbulence model (SA) and SACC modification are
applied for equation system closure. In RANS and LES zones of DES the same model is used
(as subgrid model in LES) with switch via hybrid characteristic scale. Detailed hydrogen-air
kinetics mechanism consists of 22 reversible reactions between 9 components. Three reactions
from kinetics set are also pressure-dependent. Averaged Navier-Stokes equation system for
compressible multicomponent gas is solved. For equation system solution parallel realization
of hybrid GMRES-LU-SGS method is developed. Time integration is carried out with explicitimplicit method. Chemical kinetics equation system is solved with using Gear’s method.
Parallel hydrogen injection in vitiated air supersonic flow with Mach 2.44, mixing and ignition
in model Burrows-Kurkov combustor are investigated for algorithms validation and
comparative analysis of approaches and model modifications. Combustor geometry and flow
parameters are given in [1]. Boundary conditions statement is taken from [2]. Problem was
solved in 2D and 3D cases with usage of RANS and DES approaches. Also, compressibility
corrections influence was studied. Results were compared with experimental [1] and
computational [2] data. Basic flow characteristics such as Pitot pressure, total and static
temperature, and component fractions profiles were investigated. Results, obtained in 3D case
better correspond experimental data because the influence of sidewall boundary layers taken
into account. Applying detailed kinetics mechanism allowed authors to achieve better
agreement with experimental data than calculations from [2] for temperature profiles and
component fractions profiles.
REFERENCES
1. Burrows M.C., Kurkov A.P. Analytical and Experimental Study of Supersonic Combustion
of Hydrogen in a Vitiated Airstream // NASA-TM-X-2828, September 1973.
2. Edwards, J.R., J.A. Boles, and R.A. Baurle. 2012. Large-eddy/ Reynolds-averaged NavierStokes simulation of a supersonic reacting wall jet. Combustion and Flame 159: 1127–1138.
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PREDICTION OF NUSSELT NUMBERS IN MOTORED IC-ENGINES
BASED ON REYNOLDS ANALOGY ASSUMPTIONS
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Characterized by inherent unsteadiness and strong flow/wall interaction processes, the turbulent flow
and heat transfer inside internal combustion (IC) engines features very complex mixing dynamics. From
an engineering point of view, these complex heat and fluid flow phenomena make a description of ICengines very challenging and require valuable and viable correlation functions for the practical design.
Focusing on the thermal design of IC-engines, usually empirical correlations are used to estimate the
heat transfer rate between the working fluid and the sourrounding walls. For instance, Annand (W. J. D.
Annand, 1963) developed a Nusselt number correlation based on mean piston speed and two empirical
coefficients. Woschni (G. Woschni, 1967) provided an extended empirical correlation function of the heat
transfer coefficient for a 4-stroke engine with respect to in-cylinder pressure, temperature and averaged
in-cylinder gas velocity. However, in both correlations, among others available in the literature, numereous assumptions are made regarding the engine geometry, inner flow conditions and thermodynamics.
Furthermore, no distinction is made in the correlations regarding the location within the IC-engine e.g.
heat loss across the cylinder head, cylinder wall etc.. It therefore seems to be of value to provide a more
general and localized approach to calculate heat transfer rates in IC-engines.
In this work, scale-resolved simulation and laser diagnostic techniques are applied complementarily in
order to analyze the analogy of heat and momentum transfer in motored IC-engines. This is known as
the Reynolds analogy and is extremely useful in obtaining approximations for local heat transfer rates in
situations in which the shear stress is known, can be estimated or measured. On the numerical modeling
side, large eddy simulation technique with near wall modeling is employed (CFD code KIVA-4mpi). For
validation purpose, high resolution particle image velocimetry (PIV) and particle tracking velocimetry
(PTV) was used to resolve the boundary layer flow above the piston within an optically accessible spark
ignition IC engine. The primarily objective of the study is to evaluate the potential of the Reynolds
analogy assumptions for the calculation of local Nusselt numbers in motored IC-engines flows.
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QUANTITATIVE MULTI-PARAMETER MEASUREMENTS USING
LASER DIAGNOSTICS IN A SIDE-WALL QUENCHING BURNER
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Quenching of flames and flame-wall-interaction (FWI) are important phenomena in applied combustion
systems, involving wall heat loss and incomplete combustion. As those processes are not yet fully
explored, both a phenomenological understanding of FWI and data for validation of mathematical models
in numerical simulations are required. As FWI is governed by non-adiabatic boundary conditions, the
quantification of reaction progress needs both temperature and species information. So far, this was
done by using the gas temperature T and carbon monoxide mole fraction XCO [1]. The aim of this study
is to further include the carbon dioxide mole fraction XCO2 . Dual-pump coherent anti-Stokes Raman
spectroscopy [2] is applied to simultaneously measure T and XCO2 and is combined with two-photon
laser-induced fluorescence to measure XCO . Experiments are performed in a side-wall quenching burner
[1] on a laminar premixed methane/air flame. Thermochemical states are analyzed in terms of CO/T and
CO2 /T correlations, within the wall-bounded reaction zone, 100 µm displaced from the quenching wall.
Here, the chemical progress is significantly affected compared to an adiabatic flame simulation. For
CO both the production and oxidation processes are shifted towards lower temperatures, as previously
discussed in [1]. As a new finding, the CO2 /T correlation is observed to strongly deviate from the
adiabatic case. It’s likely that CO2 in the wall-bounded region downstream of the quenching location
is dominated by diffusive transport rather than chemical reactions. In zones upstream and nearby the
quenching location, CO2 /T matches well to the adiabatic case. This indicates that, during FWI, reaction
products such as CO2 are less affected by non-adiabatic boundary conditions. Financial support of
Deutsche Forschungsgemeinschaft (DFG) − Projektnummer 237267381 − TRR 150 is acknowledged.
REFERENCES
[1] Kosaka, H., Zentgraf, F., Scholtissek, A., Bischoff, L., Häber, T., Suntz, R., Albert, B., Hasse, C.
and Dreizler, A. Wall heat fluxes and CO formation/oxidation during laminar and turbulent sidewall quenching of methane and DME flames. Int J Heat Fluid Fl (2018) 70:181–192.
[2] Lucht, R. P., Velur, V. N., Carter, C. D., Grinstead, K. D., Gord, J. R., Danehy, P. M., Fiechtner,
G. J. and Farrow, R. L. Dual-pump coherent anti-stokes Raman scattering temperature and CO2
concentration measurements. AIAA Journal (2003) 41(4): 679–686.
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ABSTRACT
The heat transfer and related turbulence properties in the stagnation region of an impinging jet
flow are investigated by means of direct numerical simulation (DNS) with the spectral element
solver NEK5000. The jet Reynolds number based on nozzle diameter and bulk velocity is
Re=10000 while the nozzle-to-plate-distance is fixed at two jet diameters. A constant heat flux
condition is prescribed at the wall while a constant pressure is specified at the radial outlets.
This set-up is similar to the one reported by Dairay et al (J. Fluid Mech., vol. 764, pp. 362-394,
2015).
In addition to a fully developed turbulent pipe flow as inflow condition for the jet (based on a
precursor simulation), different turbulent inflow conditions are generated using the synthetic
eddy method (SEM) as suggested by Poletto (Flow, Turbulence and Combustion, vol. 91, pp.
519-539, 2013) and alternatively the turbulent spot method (TSM) suggested by Kroeger and
Kornev (Computers and Fluids, vol.165, pp. 78-88, 2018).
It is shown that heat transfer in terms of Nusselt number distribution and near-wall turbulence
properties strongly depend on the inflow conditions. This influence is compared for three
different Prandtl numbers, specifically, Pr=0,71 for air and two very low Prandtl numbers
representing liquid metals. The two very low Prandtl numbers correspond to lead-bismuth
eutectic (LBE) with Pr=0.025 and sodium with Pr=0.01.
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STOCHASTIC MODELING OF A LIFTED METHANE/AIR JET FLAME
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The One-Dimensional Turbulence (ODT) model [1] is applied to a reactive flow in an open system represented by a lifted methane/air jet flame in a vitiated coflow. In the considered configuration, the Cabra
burner, a jet flame issues from a central nozzle into a vitiated coflow of hot combustion products from
lean premixed H2/air flames. ODT represents a map-based model for turbulent flow simulations, which
uses a stochastic formulation to represent the effects of turbulent advection. Reaction and diffusion
effects along the ODT domain are considered by deterministic evolution equations. This work is an effort to verify the applicability and efficiency of the model for a round lifted jet flame in a hot coflow.
ODT simulations are performed with a temporal and a spatial formulation of the model using cylindrical
coordinates [3]. In the talk, we will show radial profiles and centerline profiles compared against experimental results detailed in the work of Cabra et al. [2]. Additionally, two-dimensional renderings and
scatter plots of the jet flame will be presented. The temporal ODT formulation gives a better match with
the experimental results for the centerline profiles and the spatial formulation for the radial profiles. Although the simulation of reactive jet configurations by means of ODT is not novel, the representation of
the subtle interactions between the hot coflow and cold unburnt jet represents a challenge for the model
and is vital for the entire reaction process. Considering the reduced order of the model, ODT is able to
predict the flow characteristics and is an efficient model for simulations of jet flames.
REFERENCES
[1] Kerstein, A.R. One-dimensional turbulence: model formulation and application to homogeneous
turbulence, shear flows, and buoyant stratified flows, Journal of Fluid Mechanics (1999) 392:227–
332.
[2] Cabra, R., Chen, J.-Y., Dibble, R.W., Karpetis, R.W. and Barlow, R.S. Lifted methane-air jet flames
in a vitiated coflow, Combustion and Flame (2005) 143:491–506.
[3] Lignell, D.O., Lansinger, V.B., Medina, J., Klein, M., Kerstein, A.R., Schmidt, H., Fistler, M., and
Oevermann M. One-dimensional turbulence modeling for cylindrical and spherical flows: model
formulation and application, Theoretical and Computational Fluid Dynamics (2018) 32:495–520.
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ABSTRACT
Composites materials are becoming more and more popular in many fields of engineering due to their
high performance properties such as lightweight and high resistance. A composite is a material obtained
combining two or more constituents with significantly different physical or chemical properties. A large
class of composite materials is characterized by different types of nonlinearities depending on the nature
of the constituents; in fact, their mechanical response can be influenced by damage, fracture, plastic,
viscous phenomena, phase transformation, etc. that have to be properly modeled. Furthermore,
composite materials often present internal complex microstructures; therefore, they require specific
formulations to be developed in order to take into account the mechanical behavior of each component
and its topological distribution.
Analytical and computational homogenization approaches aim to determine the effective behavior of
complex and highly heterogeneous materials, taking into account the nonlinear processes occurring at
the microstructural level.
The minisymposium focuses on the new trends in the homogenization of nonlinear materials. The
goal is to provide a forum for communications and interactions on (but not limited to) the following
topics: constitutive modeling of heterogeneous materials at the microscale; modeling of heterogeneous
materials with coupled multi-physics behavior (e.g. phase change, nonlinear thermo-mechanics...);
micromechanics of materials characterized by complex microstructures; computational homogenization
of heterogeneous, linear, nonlinear and time-dependent materials; reduced order approaches aimed to
limit the computational costs in the framework of multiscale analysis; computational homogenization
including higher-order continuum models; domain decomposition approaches.
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Masonry structures, constituting most of the architectural heritage of many countries, exhibit high seismic vulnerability. If the crumbling phenomenon is properly prevented, it is proved that the out-of-plane
collapse mechanisms are the most likely to occur. For this reason, several computational tools, based on
different approaches and scale of analysis [1], have been proposed to predict the out-of-plane behavior
of masonry constructions. Among the Finite Element (FE) formulations, multiscale models appear as an
attractive choice, as these provide accurate results with a reasonable computational cost [2, 3].
In this study, a novel two-scale FE model, linking different structural models at macro- and micro-level,
is proposed to describe both the in-plane and out-of-plane response of periodic masonry walls. At the
macroscale, the real heterogeneous material is modeled as a homogenized medium, considering a shell
formulation based on the Mindlin-Reissner theory. At the microscale, a representative masonry Unit
Cell (UC), accounting for the actual geometry, arrangement and nonlinear behavior of the constituent
materials, is analyzed in detail by resorting to a classical 3D Cauchy model. The micro-macro information transition is performed via a homogenization procedure based on the Transformation Field Analysis
(TFA), properly extended to the case of interfaces are adopted to model masonry joints [4]. Indeed, at
the micro-level, the UC is considered as assembly the of elastic bricks and inelastic zero-thickness interfaces, representing both mortar and mortar-units interaction. Numerical applications are performed to
prove the model efficiency both at material and structural scale, by comparing the obtained results with
those recovered by detailed micromechanical analyses and experimental evidences.
REFERENCES
[1] D’Altri, A.M. et al. Modeling strategies for the computational analysis of unreinforced masonry
structures: Review and classification. Arch. Comput. Methods Eng. (2019): 1-33.
[2] Petracca, M. et al. Multiscale computational first order homogenization of thick shells for the analysis of out-of-plane loaded masonry walls. Comput. Methods Appl. Mech. Eng. (2017) 315:273-301.
[3] Addessi, D. et al. A micro-macro homogenization for modeling the masonry out-of-plane response.
XXIII AIMETA, Salerno, (2017).
[4] Addessi, D. et al. Multiscale analysis of in-plane masonry walls accounting for degradation and
frictional effects. Int. J. Multiscale Comput. Eng. Accepted.
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Non-uniform transformation field analysis (NTFA) [1] has recently emerged as a computationally effective homogenization approach able to account for the non-linear response of heterogeneous materials.
The method aims at reducing the number of macroscopic variables by partitioning the microstructure into
sub-domains and approximating the inelastic fields within each sub-domain with a linear combination of
spatially varying inelastic modes. The objective of this work is to adapt the NTFA-based homogenization
technique proposed in [2] to study the cracking behaviour of brittle materials with complex microstructures.
A representative volume element (RVE) is selected and the non-linear behaviour related to cracking,
unilateral contact and friction is allowed only along pre-defined paths represented using cohesive interfaces, while the matrix and inclusion material is assumed to be linear elastic. The cohesive interfaces are
partitioned into sub-interfaces and the inelastic relative displacements within each sub-interface are approximated by piecewise functions. Since the zone in which failure occurs is highly localized, snap-back
phenomena are observed very commonly, and call for specific techniques, such as the arc-length method.
A consistent tangent stiffness matrix is introduced for the homogenization scheme, which allows to set
up an arc-length scheme using Crisfield’s formulation [3]. Numerical tests on different RVEs demonstrate that the proposed approach leads to a significant reduction of the computational time compared to
non-linear finite element analyses, while retaining satisfactory accuracy.
REFERENCES
[1] Michel, J.C. and Suquet, P. Computational analysis of nonlinear composite structures using the
nonuniform transformation field analysis. Comput. Methods Appl. Mech. Engrg.(2003) 193:5447–
5502.
[2] Marfia, S. and Sacco, E. Computational homogenization of composites experiencing plasticity,
cracking and debonding phenomena. Comput. Methods Appl. Mech. Engrg.(2016) 304:319–341.
[3] Crisfield M.A. A fast incremental / iterative solution procedure that handles snap-through. Comput.
Struct.(1983) 13:55–62.

1123

Damian Sokolowski
Computational
Determination
and MarcinofKaminski
Stochastic Interface Defects in Hyperelastic Particulate Composites
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

COMPUTATIONAL DETERMINATION OF STOCHASTIC
INTERFACE DEFECTS IN HYPERELASTIC PARTICULATE
COMPOSITES
Damian Sokołowski¹ and Marcin Kamiński²
1

Chair of Structural Reliability, Lodz University of Technology, Al. Politechniki 6, Łódź 90-924,
sokolowski.dmn@gmail.com, https://www.researchgate.net/profile/Damian_Sokolowski
2
Chair of Structural Reliability, Lodz University of Technology, Al. Politechniki 6, Łódź 90-924,
Marcin.Kaminski@p.lodz.pl, http://www.kmk.p.lodz.pl/pracownicy/kaminski/index.htm

Key Words: Homogenization, interface defects, particulate composites, hyperelastic.
The principle aim of this study is proposition of an approach for computational determination
of the stochastic interface defects volume fraction in hyperelastic particulate composites.
Determined are volume fraction of interface defects together with its coefficient of variation.
This is done on the basis of uniaxial tension laboratory tests for (a) the pure matrix made of
Laripur LPR 5020 and (b) a composite with 5% Carbon Black F60 fullerenes and the same
matrix. They are used in the homogenization method computations based on a cubic singleparticle Representative Volume Element (RVE) of such a composite and solved with the
Finite Element Method. The interphase defects are represented as semi-spherical voids placed
on the outer surface of the particle. An interphase is a thin layer adjacent to each particle,
whose thickness comes from statistical smearing of the defects. A reinforcing particle is
spherical, located centrally in the RVE and remains in elastic reversible regime opposite to the
matrix and interphase, which are hyperelastic. A constitutive relation of the matrix is
recovered experimentally by its uniaxial stretch and by further computational Least Squares
Method (LSM) fitting to some hyperelastic material model. A 3D homogenization problem
solution is based upon numerical determination of strain energy density in the given RVE
under specific uniaxial stretch. The RVE meshing is done with use of more than 50000 20noded brick or 10-noded tetrahedral finite elements. Analytical relation of the effective
composite stress to the input uncertain parameter is recovered via the Response Function
Method with polynomial basis and determined with the LSM. Probabilistic characteristics of
the effective constitutive response of the composite include expected values, coefficients of
variation, skewness and kurtosis. They are computed with use of stochastic perturbation,
Monte Carlo and semi-analytical method. Further SFEM computational studies will concern
numerical simulation of hysteresis of such a composite in the probabilistic context.
Acknowledgements: The first Author would like to acknowledge financial support of the
grant 2016/21/N/ST8/01224 from the National Science Center in Cracow, Poland.
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Nonlinear mechanical properties of heterogeneous material are the basic and important data for
analysis and design of structure made of composite material. Highly efficient numerical
prediction methods of nonlinear mechanical properties of heterogeneous material provide basic
tools for two scale material and structural analysis and optimum design, data-driven material
design and direct application in various engineering fields. A huge body of literatures and
various approaches have been seen in the area of micromechanics. Recent developments
include the model reduced order methods based on data-clustering such as Self-consistent
Clustering Analysis (SCA) by Liu [1], Hashin–Shtrikman type finite element (HSFE) method
by Reese [2] and FEM Cluster based Analysis (FCA) method by the present authors [3,4].
The FCA method is formulated and implemented in a consistent framework of finite element
method. It makes no use of reference material and the fundamental solution by Eshelby and is
different from many approaches in the field of micromechanics. The basic model of FCA is a
Representative Unit Cell (RUC) subjected to the periodic boundary conditions and a set of
eigenstrain vectors, which play the role of the external load. The Hill-Mandel condition and
compatibility condition of the RUC model are derived. The clustering of RUC, interaction
matrix between clusters and the reduced order model of RUC are constructed by the direct
numerical simulation of the finite element RUC model subjected to different forms of
eigenstrains at offline phase. The online phase executes the incremental elasto-plastic analysis
for predicting the nonlinear effective properties by the use of the cluster-based reduced order
model and rigorous clustered minimum complementary energy principle.
Since the interaction in RUC is a matter of great concern in micromechanics, we present more
studies on the interaction matrix. The self-equilibrium cluster stress state generated by the
interaction matrix and arbitrarily eigenstrains is justified by the cluster-based minimum
structural potential energy principle. The completeness and singularity of the interaction matrix
are discussed and illustrated by numerical examples, the basic conclusion from which is
applicable to other cluster based model reduction method. The relations between the interaction
matrix of FCA, SCA and the FFT-method for Green function are revealed and discussed.
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All above study aims to improve the efficiency and accuracy of the cluster-based reduced order
model method.
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Composite materials are used in several fields of structural engineering. Their heterogeneous
microstructure have to be considered in order to predict the macroscopic response of the
composite material, taking into account the possible nonlinear response of the components. The

evaluation of the nonlinear overall constitutive law of the composite might require expensive
computations, due to the large number of history variables and micromechanical unknowns. Thus,
efficient design tools able to determine the overall response of the material, taking into account its
microstructure and the nonlinear phenomena occurring, are needed. For this reason, model order
reduction techniques have been proposed in the literature.

The aim of this work is to study and compare two reduced order models in order to underline
advantages and disadvantages of these techniques. In particular, the study investigates the
performances of the Hashin-Shtrikmann (HS) homogenization scheme, proposed in [1] and
based on the Hashin and Shtrikman approach [2], and of the Piecewise Uniform Transformation
Field Analysis homogenization technique, presented in [3] and based on Transformation Field
Analysis proposed by Dvorak [4]. In particular, the HS technique is herein extended to plasticity
with isotropic hardening adopting the Von Mises yield criterion.
Different numerical applications are carried out in order to study the convergence of the two
approaches and the efficiency in evaluating the mechanical response of composites
characterized by plastic matrix and elastic inclusions. The results obtained by the
homogenization techniques are compared with the one recovered solving the micromechanical
problem by nonlinear finite element analysis.
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ABSTRACT
The Minisymposium focuses on non-conventional techniques for solid mechanics, including
experimental, theoretical and computational aspects. The attention is focused on
heterogeneous/multiscale/multiphase/multifunctional materials, and their behaviour especially
in the framework of coupled field problems.
Topics:
 Non-conventional theoretical techniques for description of
heterogeneous/multiscale/multiphase/multifunctional materials:
o fractional continuum mechanics,
o tolerance and non-asymptotic modelling,
o peridynamics,
o fractal media,
o nonlocal continuum,
o relativistic continuum mechanics, etc.
 Non-conventional techniques for solving coupled field problems for
heterogeneous/multiscale/multiphase/multifunctional materials (computational aspects
including implementation and hardware/software point of views).
 new set-ups for experimental testing of
heterogeneous/multiscale/multiphase/multifunctional materials (miniaturised
equipment, digital imaging, etc.)
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A large deformation thermodynamically consistent reduced micromorphic and reduced strain
gradient crystal plasticity model for adiabatic processes are presented. The reduced strain
gradient plasticity contains only one additional degree of freedom and involves the gradient of
a single scalar variable instead of the full dislocation density tensor (9 variables) which
reduces the computational cost drastically [1]. The strain gradient plasticity approach based
on decomposition-cordination method, consists of duplicating the hardening variable. Among
two, one instance of the variable is dedicated to nonlocality and other to nonlinearity [2]. The
thermomechanical softening results in a narrow band of intense shearing called adiabatic
shear band (ASB). When we consider it using conventional crystal plasticity the plastic strain
distribution inside the shear band and its width in the finite element are highly dependent on
the mesh size or density. The loss of ellipticity of partial differential equations in strain
softening material results in an ill-posed boundary value problem. The shear band dependency
on the mesh size or density can be overcome by introducing an intrinsic material length scale
in conventional plasticity. In the present study, reduced micromorphic and reduced strain
gradient plasticity models are used for the regularization of numerical simulations of ASB
formation due to thermal softening. The numerical comparison of the presented models are
carried out using a polycrystal compression test. The material parameters used in numerical
simulations are calibrated from the experimental compression tests performed at different
temperatures and strain rates using the Split-Hopkinson pressure bar (SHPB) test. The
numerical simulations are performed with iso-volumetric and Voronoi polycrystals. The
effect of different values of intrinsic material length scale on the regularization and shear band
width is investigated. Finally, a numerically efficient strain gradient plasticity model is used
to investigate size effects and obtained numerical results are compared with results from
reduced micromorphic model.
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A new method to build the dynamic stiffness matrix of locally-resonant metamaterial composite
thin plates [1-2] is presented. Modelling the system as a continuous Kirchhoff plate [3-4]
coupled with discrete mass-spring subsystems representing the resonators, the method provides
a dynamic stiffness matrix whose size depends only on the number of generalized coordinates
used to represent the plate response via a modified Fourier series approach [3-4], while is
independent of the number of degrees of freedom (DOFs) within the resonators. This is possible
upon reverting the resonators to equivalent external constraints, with a proper frequencydependent stiffness obtained from the resonator motion equations [5]. For validation, the
dynamic stiffness matrix is compared with the corresponding one obtained including the
resonator DOFs and, for this purpose, a suitable method is also introduced. The derived
dynamic stiffness matrix allows the frequency response of the locally-resonant metamaterial
composite plate to be computed for arbitrary loads, in efficient and accurate manner.
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This paper is motivated by the increasing application of 3D fiber-reinforced composites in rotating systems [1]. In 2D fiber-reinforced composites, single fibers with a diameter in the range of micrometers
are embedded in a matrix material. But, these composites are prone to delamination damage, wherefore
the development of 3D composites has been undertaken. Here, fiber bundles are woven, knitted, braided
or stitched, in order to fix the fibers before they are surrounded by a matrix material. From a material
modelling point of view, these two kind of composites make a huge difference, because a fiber bundle
has to be considered as a beam-like structure with curvature-twist (bending as well as twisting) stiffness,
in addition to the usual stretching stiffness (cf. [2]). The former is then responsible for the increasing
strength-to-weight ratio of 3D fiber-reinforced composites for thin-walled lightweight structures. Therefore, 3D fiber-reinforced composites demand for a bespoke simulation technique.
We have to consider a representative volume element, in which secondary effects as a micro inertia
and a curvature-twist stiffness must be taken into account. We introduce these secondary effects in a
continuum formulation by means of independent drilling degrees of freedom (cf. [3]). The resulting nonisothermal constrained micropolar continuum is derived by a mixed principle of virtual power (cf. [4]).
This variational principle simultaneously generates in the discrete setting a mixed B-bar method and
a Galerkin-based energy-momentum scheme of higher order. We also take into account viscoelastic
material behaviour, which arises from a mixture of organic and inorganic fibers in a polymeric matrix
material. Representative numerical examples demonstrate the twisting and bending stiffness of fibers.
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Unstable response related to material, geometrical or thermal softening often leads to localized deformation that can be stationary, for example a shear band or a neck, or propagative, like Lueders bands or
Portevin–Le Châtelier effect, cf. [1, 7]. This paper is focused on simulations of Lueders bands in shear
using large strain plasticity models.
Two regularization effects are introduced: viscosity in the visco-plastic model and higher-order gradients
in the gradients-enhanced model. The regularization is needed to mitigate the pathological mesh sensitivity resulting from softening response, in which deformation is accumulated in the smallest possible
volume, e.g. one row of elements. The visco-plastic and gradient-enhanced models are described for
instance in [6, 5]. Lueders-type bands are observed for example in mild steel and some aluminium and
shape memory alloys, cf. [2]. Although the bands can propagate in room temperature, the problem is
analyzed here in a thermomechanical context, including heat conduction and thermal softening. Thereby
the heat conduction provides an additional regularizing factor [6].
Lueders bands in shear were previously examined in [4, 5]. Here, the numerical simulations are performed using the models implemented in AceGen and AceFEM numerical packages for Wolfram Mathematica [3]. Different values of viscosity, internal length and conductivity were examined. The study
shows that the gradient-enhanced thermo-plasticity model provides more reliable simulation results than
the thermo-visco-plastic model. Moreover, the issue of interaction of regularization effects is discussed.
Acknowledgment: Discussions with Prof. T. Jankowiak from Poznań University of Technology are gratefully acknowledged. The research is supported by the National Science Centre of Poland, grant no. 2018/31/N/ST8/03573.
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Nitric oxide (NO) is a free radical gas that facilitates neuro-glial-vascular signals and controls cerebral blood flow. NO is produced by chemical reactions taking place in neurons, vascular endothelium
and choroid plexus, and red blood cells. The endothelial NO can also be produced through mechanotransduction initiated by the shear stress at the endothelium-blood interface [1]. NO is removed by
blood’s hemoglobin and through diffusion and other chemical processes. The majority of the mathematical models of NO biotransport existing in the literature are reaction-diffusion equations describing NO
production and loss either inside or outside the blood vessels. The shear-induced production of the endothelial NO and the coupling of the NO contributions from the inside and outside of the vasculature are
usually represented as known boundary conditions. However, these models do not incorporate mechanical properties of cells and their interactions, and thus they cannot accurately predict the NO effects on,
for instance, cerebral blood flow. A mathematical model that couples the NO spatio-temporal dynamics
and the blood flow could contribute to the development of NO-based therapies for clinical conditions
associated with disturbances in NO production and/or signaling.
We propose a mathematical model for the steady-state behavior of NO in brain. The one-dimensional,
steady-state reaction-diffusion equation for the concentration of NO includes a production term that models the NO production in the endothelium through shear-induced mechanotransduction. The production
rate is assumed to be proportional to the viscous dissipation at the endothelium-blood interface. The
dissipation is calculated from a mathematical model of blood flow. The blood is assumed to be a nonlocal non-Newtonian fluid in a Poiseuille flow through an axi-symmetric circular cylinder whose walls
are rigid and permeable only to NO [2]. Spatial fractional derivatives are used to represent long-range
chemo-mechanical interactions of the red blood cells in vivo. This non-local model of blood is chosen
since its predictions match experimental data better than other blood models [3]. Numerical simulations
show the effects of blood’s non-locality on the NO concentration.
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Nonlinear viscoelastic behavior of fractional systems with variable time-dependent fractional order is
investigated. In this case, the main drawback is that the Boltzmann linear superposition principle, i.e.
the theoretical basis on which linear viscoelastic fractional operators are formulated, does not apply in
standard form because the fractional order is not constant with time and hence the system is nonlinear.
For this reason, a novel approach where the system response is derived by a consistent application of
the Boltzmann principle to an equivalent linear system is proposed. The equivalent system is built at
every time instant based on the fractional order at that instant and the response at all the previous ones.
Since the equivalent system is linear from the initial time instant up to the considered time instant, the
Boltzmann superposition principle is valid for it and the response may be evaluated with a standard
integration scheme for linear fractional viscoelastic systems. The approach is readily implementable in
numerical form, to calculate either stress or strain responses of any fractional system where fractional
order may change with time.
REFERENCES
[1] Alotta G, Colinas-Armijo N. 2017 Analysis of fractional viscoelastic material with mechanical
parameters dependent on random temperature. ASCE-ASME Journal of Risk and Uncertainty in
Engineering Systems, Part B: Mechanical Engineering 3(3), 030906.
[2] Coimbra CFM. 2003 Mechanics with variable-order differential operators. Annalen der Physik
(Leipzig) 12(11-12), 692–703.
[3] Colinas-Armijo N, Di Paola M, Di Matteo A. 2018 Fractional viscoelastic behaviour under stochastic temperature process. Prob. Eng. Mech. 54, 37–43.
[4] Podlubny I. Fractional differential equation. San Diego: Academic Press; 1999.
[5] Sun HG, Chen W, Wei H, Chen YQ. 2011 A comparative study of constant-order and variable-order
fractional models in characterizing memory property of systems. The European Physical Journal
Special Topics 193, 185–192.
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REMARKS ON BAND-GAP CONTROL FOR BODIES WITH STRONG
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SPACE-FRACTIONAL CONTINUUM MODEL
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Strong trend of miniaturizing caused that nano- micro-structures has gained much attention in recent
years. The potential application of such structures frequently depends to its dynamical response, especially vibration attenuation. Therefore the talk is devoted to design band-gap structure by modifying the
microstructure.
Due to physical scale of nano-devices the non-local effects are necessary to be considered. It raises the
problem of reliable mathematical modelling. Among many phenomenological non-local models which
are able to capture the scale effect: integral-type theories, general non-local theories, strain-gradient
theories, micropolar theories, theories of material surfaces/surface elasticity theory, in the present study,
the space-Fractional Continuum Mechanical (S-FCM) model [1] is used. In S-FCM [1], the non-local
behaviour of the material is described by two parameters, order of continua and length scale. In view of
the band-gap structures design two important observations concerning S-FCM can be formulated. Firstly,
the dynamic behaviour is sensitive to S-FCM model parameters [2], thus, microstructure they represent.
Secondly, it was proven that for S-FCM 1D model, an adequate microstructure (spring-mass chain) can
be found [3], therefore, the design of microstructure based on S-FCM model is justified.
The band-gap structure which mitigates the vibration for single excitation frequency is obtained by optimization. The problem is formulated as maximization of a gap between the reference natural frequency
and the closest one. It is fundamental, that the S-FCM model length scale is varied along the body within
the given range.
This work is supported by the National Science Centre, Poland under Grant No. 2017/27/B/ST8/00351.
REFERENCES
[1] Sumelka W. Thermoelasticity in the framework of the fractional continuum mechanics. Journal of
Thermal Stresses, 37(6):678–706, 2014.
[2] Szajek, K., Sumelka W. Identification of mechanical properties of 1D deteriorated non-local bodies.
W. Struct Multidisc Optim (2019) 59: 185. https://doi.org/10.1007/s00158-018-2060-x
[3] Szajek, K., Sumelka, W. Discrete mass-spring structure identification in nonlocal continuum spacefractional model. Eur. Phys. J. Plus 134, 448 (2019) doi:10.1140/epjp/i2019-12890-8
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The study presents the theoretical analysis of beam bending in terms of fractional continuum mechanics.
The generalization of classical Euler-Bernoulli beam and classical Timoshonko beam theories by taking
the advantages of the fractional calculus are proposed. These new formulations are non-local in spatialdescription and controlled by the order of fractional continua and the length scale.
The numerical solutions for fractional approach under different boundary conditions are provided - simply supported, clamped and propped cantilever beams are taken under considerations. For each case
study, the influence of the order of fractional derivative, as well as the size of the length scale, on deflection, rotation and internal forces are examined. Moreover, the effect of various spatial distributions of
the length scale is also discussed.
ACKNOWLEDGEMENTS
This work is supported by the National Science Centre, Poland under Grant No. 2017/27/B/ST8/00351.
REFERENCES
[1] Sumelka, W., Blaszczyk, T. Liebold, C. Fractional Euler-Bernoulli beams: Theory, numerical study
and experimental validation. European Journal of Mechanics - A/Solids (2015) 54:243–251,
[2] Sumelka, W. On fractional non-local bodies with variable length scale. Mechanics Research Communications (2017) 86:5-10,
[3] Sumelka, W. Blaszczyk, T. Fractional continua for linear elasticity. Archives of Mechanics (2014)
66:147-172,
[4] Sumelka, W. Thermoelasticity in the Framework of the Fractional Continuum Mechanics. Journal
of Thermal Stresses (2014) 37.
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TIME INTEGRATION SCHEME AND HYBRID-STRESS
FORMULATION FOR VISCO-PLASTIC PROBLEM IN DYNAMICS
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In this work, the visco-plastic behavior of solids is formulated based on the Hellinger–
Reissner variational principle. The latter provides a choice to obtain an better computation of
stress by using discretization of both displacement and stress fields. The formulation is further
developed for dynamics problem. For this class of problem, we propose the algorithmic
modifications leading to energy conserving of system under elastic regime that can preserve
the total energy, and thus control the overall stability of numerical computations over long
period of time. Several numerical examples are presented to illustrate a very satisfying
performance of the proposed approach and algorithm.
REFERENCES
[1] C.U. Nguyen and A. Ibrahimbegovic, Visco-plasticity stress-based solid dynamics
formulation and time-stepping algorithms for stiff case. International Journal of Solids
and Structures., Vol. 196-197, pp. 154-170, 2020.
[2] C.U. Nguyen and A. Ibrahimbegovic, Hybrid-stress triangular finite element with
enhanced performance for statics and dynamics. Computer Methods in Applied Mechanics
and Engineering., Vol. 372, 2020.
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ABSTRACT
Properties of materials are intrinsically related to the underlying microstructure and its
evolution. To reveal mechanisms and to assist design of new materials, it is essential to develop
efficient theoretical models to predict and manipulate the evolution of microstructures. Phasefield theory turns out to be a most successful and most general approach to serve this purpose.
This is not only due to a very general and intuitive theoretical structure, but also thanks to
advantageous features including straightforward numerical implementation and flexible
extension to coupled scenarios. Through its general formulation it can be readily implemented
into continuum-thermodynamics frameworks and thus be combined with multiphysics coupled
dynamics in one play ground (e.g. mechanics, electro- and magnetostatics, heat transport,
diffusion, fluid dynamics). Phase-field modeling has thus been finding increasing interest in
emergent fields of engineering and science such as in structural, functional and biological
contexts.
This minisymposium offers a forum to exchange experiences and ideas in model development,
numerical techniques and applications spanning various aspects of phase-field modeling in
coupled scenarios. Topics include (but are not limited to):










Damage and fracture in coupled problems
Grain boundary mechanics
Domain evolution in ferroic materials
Melting, solidification and grain coalescence
Phase transformation and phase separation
Solid and liquid interaction
Topology optimization
Non-isothermal microstructure evolution
Numerics, algorithms, variational formulations
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Coupling between viscoplasticity/diffusion /phase change/ fracture using
phase-field method to study the creep behavior of pre-oxidized Zy-4
claddings
E.B. Djeumen∗1,2 ,G. Molnár2 , N. Tardif2 , J. Desquines1 , T. Taurines1 , M.C. Baietto2 ,
M. Coret3 and F. Rossillon4
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This work aims to model the mechanical behavior of pre-oxidized zirconium alloys (Zy-4) at high temperature and pressure. To achieve this objective, we model pre-oxidized Zy-4 claddings as a sandwich
structure (Zirconia / Zy-4 / Zirconia). Using the finite element method we take into account several
multi-physical couplings between oxygen diffusion, phase change, mechanical deformation, creep and
fracture. The Loss of Coolant Accident (LOCA) is a good example where these different couplings must
be considered. During a LOCA, pre-oxidized Zy-4 claddings can be sujected to high temperature and internal pressure. Numerical tools to simulate discontinuities (phase change, fracture) are based on robust
phase-field approaches. The phase-field approach to model cracking is based on the rate-independent
variational principle of diffuse fracture. The phase-field for cracking is a scalar variable between 0 and
1 which connects broken and unbroken regions. If its value reaches one the material is fully broken,
thus both its stiffness and stress are reduced to zero[1]. Similarly, the phase field for phase change is a
diffuse scalar variable between 0 and 1 which connects both phases[2]. Oxygen diffusion and creep are
modeled respectively by Fick’s diffusion law and Norton’s creep law. Special attention is paid to time
integration as creep, phase change and cracking occur at different time scales. The model developed was
used to simulate the creep behavior of pre-oxidized claddings under internal pressure. The results of the
simulations highlight the effect of the pre-oxide and the oxidizing environment on the macroscopic creep
rate. The oxide layer plays a reinforcing role as long as it is not cracked and after cracking a localization
of the deformations is observed in the areas where the metal is left bare.
REFERENCES
[1] Gergely Molnár and Anthony Gravouil. 2d and 3d abaqus implementation of a robust staggered
phase-field solution for modeling brittle fracture. Finite Elements in Analysis and Design, 130:27 –
38, 2017.
[2] Kais Ammar, Benoı̂t Appolaire, Georges Cailletaud, and Samuel Forest. Combining phase field
approach and homogenization methods for modelling phase transformation in elastoplastic media.
European Journal of Computational Mechanics, 18(5-6):485–523, 2009.
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A large deformation variational framework for phase field modeling of metal
electrodeposition is presented. The model takes into account short- and long-range diffusion
and electromigration of the electrochemical species, mechanical stresses, plastic flow of the
electrodeposited metal, and the interfacial electrochemical reaction. An arbitrary LagrangianEulerian model is formulated starting from a multiplicative decomposition of the deformation
gradient, F = FeFpFc, where Fe represents the elastic, Fp the plastic, and Fc the chemical
(electrodeposition) deformation gradient. The framework, implemented with open source
numerical libraries, is applied to study lithium electrodeposition and dendrite growth, which
often leads to safety issues in rechargeable batteries. Several experiments have reported that
lithium electrodeposits grow into elongated “dendritic” structures from the top at high current
densities and into mossy structures from the base under low current densities [1,2]. Typically,
“dendritic growth” occurs due to diffusion limitations ahead of the dendrite tip and has been
well studied in classical electrodeposition literature. Base-controlled growth is unique for
lithium; it has repeatedly observed in experiments and has been hypothesized to be a
manifestation of a stress relaxation phenomenon [2]. In order to physically understand basecontrolled growth, the electro-chemo-mechanically coupled variational formulation is
essential to describe the multiphysical electrodeposition kinetics of a soft metal such as
lithium (yield stress = 0.56 MPa [3]). Given the charging current density, the following
regimes of lithium growth behavior has been readily predicted from the phase field
framework: (i) thermodynamic suppression regime, (ii) incubation regime, (iii) tip-controlled
regime, (iv) base-controlled regime, (v) mixed growth regime, and (vi) Sand’s regime [4,5].
These regimes explain the experimental observations and provide the kinetic boundaries
between tip- and base-controlled growth [4,5] and thus help the design of dendrite-free, safe
rechargeable batteries.
References
[1] O. Crowther, A. C. West. “Effect of electrolyte composition on lithium dendrite growth.”
Journal of the Electrochemical Society, 155, A806-A811, 2008.
[2] P. Bai, J. Li, F.R. Brushett, M.Z. Bazant. “Transition of lithium growth mechanisms in
liquid electrolytes.” Energy & Environmental Science, 9, 3221-3229, 2016.
[3] R. P. Schultz, Lithium: Measurement of Young's Modulus and Yield Strength, Fermi
National Accelerator Lab., Batavia, IL (US), 2002.
[4] A. Jana, R.E. García. “Lithium dendrite growth mechanisms in liquid electrolytes.” Nano
Energy, 41, 552-565, 2017.
[5] A. Jana, S.I. Woo, K.S.N. Vikrant, R.E. García. “Electrochemomechanics of lithium
dendrite growth.” Energy & Environmental Science, 12, 3595-3607, 2019.
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Ferroelectric ceramics are of special interest for engineering applications because of their
thermo-electro-mechanical coupling and their unique ability to permanently alter their atomiclevel dipole structure (polarization) and thus their shape under large electric fields. The intricate
coupling mechanism of ferroelectric materials demands multiscale modeling reaching from the
atomic level across the polycrystalline mesoscale to the macroscopic device level.
A phase-field (diffuse-interface) description of ferroelectricity and its numerical
implementation via FFT-based spectral homogenization[1] is extended to account for the effects
of finite temperature. This is achieved through a new constitutive model using statistical
mechanics[2] to consider thermal lattice vibrations as well as by modifying the underlying
Ginzburg-Landau potential to depend on temperature. Results indicate that the interpolation of
the Landau energy coefficients is a suitable approach to predict the temperature-dependent
spontaneous polarization accurately over a broad temperature range. Lowering the energy
barrier at finite temperature by the aforementioned methods also leads to a better agreement
with measurements of the bipolar hysteresis. Furthermore, we observe that atomic-level thermal
vibrations promote nucleation of needle-like domains at weak spots such as grain boundaries,
which leads to a faster polarization reversal for low electric fields and a more realistic domain
pattern evolution.
We will discuss the development, implementation, validation, and application of the
temperature-aware phase-field model for ferroelectric ceramics with a focus on tetragonal lead
zirconate titanate (PZT), which we demonstrate to admit better model predictions and
comparison with experiments than comparable existing models.
REFERENCES
[1] Vidyasagar, A., Tan,W., Kochmann, D. Predicting the effective response of bulk

polycrystalline ferroelectric ceramics via improved spectral phase field methods. Journal
of the Mechanics and Physics of Solids, Vol. 106, pp. 133 – 151, 2017.
[2] Indergand, R., Vidyasagar, A., Nadkarni, N. , Kochmann, D. A phase-field approach to
studying the temperature-dependent ferroelectric response of bulk polycrystalline PZT,
Journal of the Mechanics and Physics of Solids, Vol. 144, 2020.
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Solid oxide cells (SOCs) are electrochemical devices, converting chemical energy of fuels into
electricity and heat, or vice versa. The production of SOC cells or stacks involves several
sintering steps with a maximum temperature of 1300 – 1400 oC, whereas the operation of SOCs
takes place in a range of 600 – 900 oC. High temperature accelerates the sintering process and
the kinetics of the various electrochemical reactions, but also promotes atomic diffusion and
microstructure evolution, and very often detrimental reactions, resulting in either poor initial
performance or long term degradation. Various diffusion induced degradation phenomena have
been reported: such as interdiffusion between the YSZ electrolyte and the CGO barrier layer
forming an interdiffusion zone with high resistivity, Sr diffusion from the LSCF oxygen
electrode and formation of SrZrO3 at the oxygen electrode – electrolyte interface, coarsening
of Ni in the Ni/YSZ fuel electrode and (particularly relevant for SOECs) Ni migration from the
active electrode towards the support, and oxidation of metallic interconnects etc. In this work
models are developed to combine thermodynamics and kinetics to reproduce some of the abovementioned diffusion induced degradation processes. The thermodynamics of relevant material
systems are established using the CALPHAD (CALculation of PHAse Diagram) method,
whereas the kinetics (i.e. atomic mobilities) are derived from elemental diffusion coefficients
reported in literature. For the modeling part, two different approaches are adopted and are
applied to different degradation phenomena: one based on the finite difference method
integrated in the DICTRA software for 1D simulations and the other based on phase field
modelling (PFM) for 3D microstructure evolution. The DICTRA model succeeds in modeling
the CGO-YSZ interdiffusion and in predicting the electrolyte resistance as a function of cell
sintering and operation conditions, while the PFM model has been proved to be able to simulate
Ni migration in long-term tested SOECs. Counter-acting measures for limiting the degradation
are further provided based on the model predictions.
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Moving Boundary Driven by Magnetic Driving Force: Simulated Using MultiPhase Field Method
L. Huo. R. Shiedung, J. Kudin, A. Grünebohm, I. Steinbach
Many magnetic driven moving boundary phenomena occur in metallic materials, such as
st
martensitic transformation in magnetic shape memory alloys and 1 order phase transition in
magnetocaloric materials. To simulate such systems, a method which solves both
micromagnetism and moving boundary problem is necessary. We couple magnetic dynamic
simulation with multi-phase field method by building a phase-field dependent magnetic free
energy. The evolution of magnetization vector field is given by Time Dependent GinzburgLandau equation. Meanwhile, according to micromagnetic structure we can calculate the
magnetic driving force for the multi-phase field equation. With our model we can solve the
microstructure evolution in a multi-phase system on micrometer scale without losing detailed
micromagnetic structure. This helps us to better understand how the micromagnetism
influences the dynamic process of phase transition and grain boundary motion. Our model
also shows the potential to be applied in complex systems such as multi-ferroic materials.
Keywords: Multi-Phase Field, Magnetic Driving Force, Moving Boundary
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Modeling and simulation of the additive manufacturing (AM) process are of great interest, which can
complement the current time and cost expensive trial-and-error principle with an efficient computational
design tool. It also remains a great challenge due to the sophisticated and interactive nature of underlying physics. A unified modeling scenario considering interactions among the transient thermal field,
melt flow dynamics and microstructure evolution is thereby essential for a thermodynamically consistent
description and thus reliable microstructure prediction.
In contrast to the state of the art where either individual aspects are considered or the thermal history
is taken as input from the separate numerical scheme, we propose in this work a unified non-isothermal
phase-field model for the heat-melt-microstructure coupled processes during PBF. The model consists of
a non-isothermal free energy density functional considering effects from atmosphere/melt/grains, and a
framework deriving simultaneously the interacted kinetics for transient heat transfer, melt flow dynamics
and microstructure evolution. This model is also numerically implemented by the finite element method
(FEM) within the MOOSE framework. A powder bed modeled by discrete element method (DEM)
or random close packing (RCP) and optimized order parameter profile considering minimum coloring
problem (MCP) is utilized. Simulations on stainless steel 316L powder bed demonstrate that the model
can reproduce well-observed features such as melt pool fragmentation and resultant columnar grains with
irregular-shape pores, but also help to discover new in-process phenomena and reveal the mechanism of
the defect formation. Based on massive simulation results, we present the densification map w.r.t. beam
power and scan speed, and classified the regions of the parameter combination by distinct resultant
morphology.
REFERENCES
[1] M. Markl and C. Körner, Multiscale modeling of powder bed–based additive manufacturing, Annu. Rev.
Mater. Res. (2016) 46:93–123.
[2] Y. Yang, O. Ragnvaldsen, Y. Bai, M. Yi and B.-X. Xu, 3D-dimensional non-isothermal phase-field modeling
of microstructure evolution during selective laser sintering, npj Comput. Mater (2019) 5:1–12.
[3] Y. Yang, P. Kühn, M. Yi, H. Egger and B.-X. Xu, Non-isothermal phase-field modeling of heat-meltmicrostructure coupled processes during powder bed fusion, JOM (2020) accepted.
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PARAMETER CALIBRATION IN FERROELECTRIC PHASE FIELD
MODELS BASED ON 180◦ AND 90◦ DOMAIN WALL PROPERTIES
Moritz Flaschel1 , Laura De Lorenzis1
1
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Polycrystalline ferroelectrics consist of differently polarized regions known as ferroelectric domains.
In materials with tetragonal unit cells, e.g. barium titanate or lead zirconate titanate, the direction of
polarization is changing continuously by 180◦ or 90◦ at the interfaces of the domains. The appearance of these interfaces, also called domain walls, is studied by using a phase field model based on the
Ginzburg-Landau-Devonshire theory, see Schrade et al. [1]. Based on the work of Miehe et al. [2], the
model equations are written in variational form. Choosing suitable global ansatz functions and minimizing the energetic functional appearing in the variational formulation yields analytical solutions for the
polarization fields at the domain walls in a closed form. Together with the solutions provided by Cao and
Cross [3], the analytical solutions are then used for the calibration of the material parameters appearing
in the phase field model. In contrast to reference [1], in which only the properties of 180◦ domain walls
have been calibrated, the authors objective is to calibrate the thickness and energy of both 180◦ and 90◦
domain walls. The accuracy of the calibration is estimated by measuring the thickness and energy of
domain walls obtained from the calibrated finite element simulations. Besides the thickness and energy,
the propagation velocity of domain walls is of interest. Making once again use of the variational formulation, the authors aim for the derivation of analytical solutions for the velocities of both types of
domain walls with improved accuracy in comparison to the previous literature. Based on the analytical
solutions, the objective is to improve the calibration accuracy for the mobility parameter occurring in the
phase field model, thus avoiding the introduction of an additional calibration parameter for the mobility
as suggested in reference [1].
REFERENCES
[1] Schrade, D. et al. On the physical interpretation of material parameters in phase field models for
ferroelectrics. Archive of Applied Mechanics (2013) 83:1393–1413.
[2] Miehe, C. et al. Variational-based modeling of micro-electro-elasticity with electric field-driven
and stress-driven domain evolutions. Int. J. Num. Meth. Engng. (2012) 91:115–141.
[3] Cao, W. and Cross, L. E. Theory of tetragonal twin structures in ferroelectric perovskites with a
first-order phase transition. Physical Review B (1991) 44:5.
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PHASE-FIELD MODEL COUPLING VACANCY DIFFUSION,
DISLOCATION CLIMB AND PORE EVOLUTION
Benoı̂t Dabas1,2 , Antoine Ruffini1 , Yann Le Bouar1 , Thomas Jourdan2 , Alphonse Finel1
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The comprehension of fundamental mechanisms leading to the formation and evolution of extended
defects such as dislocation loops and cavities is crucial to understand the behaviour of materials under
extreme conditions [1, 2]. Underlying phenomena are hard to capture, either by numerical simulations or
by experimental approaches. Thus building a complete mathematical formalism which can be efficiently
implemented is at stake.
In this work we develop a phase-field variational model drawn from [3] that couples vacancy diffusion,
dislocation climb and pore evolution, with the consideration of elastic interactions.
We will present the model and its specificities, including an improved solver on the equation controlling
the vacancy concentration field, which drastically decreases the computational time required to perform
the simulations. We will also present a way to physically control the accumulation of vacancies inside
pores of small curvature radius.
Simulation results on the interactions between climbing dislocation loops and pores will be exposed,
revealing the role of elastic interactions on the microstructural evolution. The influence of elasticity on
the vacancy-induced pore closure will also be shown.
REFERENCES
[1] A.I. Epishin, B.S. Bokstein, I.L. Svetlov, et al. A Vacancy Model of Pore Annihilation During Hot
Isostatic Pressing of Single Crystals of Nickel-Base Superalloys Inorg. Mater. Appl. Res. (2018) 9:
57. https://doi.org/10.1134/S2075113318010100
[2] P. C. Millet and A. El-Azabal, Phase-field simulation of irradiated metals. Part II: Gas bubble
kinetics, Comput. Mater. Sci. 50, 960-970 (2011).
[3] P. A. Geslin, B. Appolaire and A. Finel, A phase field model for dislocation climb, Appl. Phys.
Lett. 104, 011903 (2014).
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PHASE-FIELD MODELING OF MECHANICALLY OPTIMIZED
MICROLATTICES FOR 3D-PRINTABLE METAMATERIALS
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The use of cellular materials is as old as nature itself and many biological structures such as wood
and bone consist of repetitive microstructural components that, among other functions, serve the ability
to transfer loads in lightweight structures in an ideal manner. Additive Manufacturing, a layer-by-layer
manufacturing paradigm, has been met with a lot of attention recently as it enables the creation of precise
geometries and hence provides a distinct benefit over conventional manufacturing methods such as spray
foaming that remain limited to randomly organized microstructures. With the goal in mind to print highperformance materials with an optimal stiffness to weight ratio for applications in fields such as aerospace
engineering, researchers are investigating lattice unit cells including Triply Periodic Minimal Surfaces
(TPMS), such as Schwarz’s P surfaces or Schoen’s Gyroid [1], with respect to their ability to bear loads.
A lot of the ongoing research is focussed on experimental comparisons of different lattice types while
computational optimization approaches are for example concerned with graded lattices with non-uniform
material fractions [2] that may optimize a structure in the presence of a given load distribution.
A rigorous investigation how printed TPMS cells can be optimized for non-trivial loads in preferred
directions with the aim to prevent inelastic failure mechanisms or elastic buckling of the shell-like structure is however mainly lacking. We therefore subject different TPMS to a rigorous optimization analysis
allowing to measure the competition between surface area and elastic stiffness under various load scenarios and desired material weights. By further accounting for the fact that printed metamaterials no
longer possess all the optimality properties that a purely mathematical analysis of TPMS would indicate,
due to the finite thickness of the resulting shell-like structure, this is meant to identify mechanically optimized counterparts to classical TPMS cells as well as novel periodic structures to provide a precursory
contribution for subsequent experimental investigations as well as the upscaling of optimized unit cells
in a framework similar to homogenization methods. Further discussions include comparisons of discretization strategies with respect to their practicality and efficiency in the context of periodic boundary
conditions, parallelization and algorithmic stability.
REFERENCES
[1] Lee, W et al. Controlled unusual stiffnes of mechanical metamaterials Sci. Rep. (2016) 20312.
[2] Panesar, A. et al. Strategies for functionally graded lattice structures derived using topology optimization for Additive Manufacturing Addit. Manuf. (2018) 19:81–94.
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Phase-field simulation of the interaction between domain walls and dislocations
in ferroelectrics
Xiandong Zhou and Bai-Xiang Xu
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Ferroelectrics are widely used in sensors and actuators because of their superior
electromechanical properties. The domain microstructure is the key to understand the
electromechanical coupling effects in ferroelectrics. The defects can strongly interact with the
domain structure and influence the electromechanical properties of ferroelectrics. An in-depth
understanding of the role of defects in ferroelectrics is necessary for improving the properties
of ferroelectrics and prevent the degradation of ferroelectric devices.
Phase-field model, which is based on a diffusive interface assumption, is a powerful tool for
study the evolution of domain structures in ferroelectrics. In this work, mechanically coupled
ferroelectric phase-field simulation is conducted to study the interaction between the defects
and domain walls in ferroelectrics. Dislocations and point charge, which can be easily found in
oxides, are considered. The dislocations and the related elastic fields are regarded in the phasefield simulations based on a non-singular dislocation theory. The pinning potential of
dislocations for 180° and 90° domain wall is discussed and a parametric study is performed.
Point charge located at the dislocation core is considered to study the effects of charged
dislocation on the pinning of domain walls. Furthermore, the domain structure and hysteresis
loops of polarization versus electric field are also discussed with and without dislocations..
REFERENCES
[1] B.X. Xu, D. Schrade, R. Müller, D Gross, T. Granzow, and J. Rödel. Phase field simulation
and experimental investigation of the electro‐mechanical behavior of ferroelectrics[J].
ZAMM‐Journal of Applied Mathematics and Mechanics/Zeitschrift für Angewandte
Mathematik und Mechanik, 2010, 90(7‐8): 623-632.
[2] Kontsos A, Landis C M. Computational modeling of domain wall interactions with
dislocations in ferroelectric crystals[J]. International journal of solids and structures, 2009,
46(6): 1491-1498.
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RECENT ADVANCES IN ITERATIVE AND PRECONDITIONING
STRATEGIES FOR COMPLEX MULTIPHYSICS PROBLEMS
TRACK NUMBER 300 - MULTISCALE AND MULTIPHYSICS
SYSTEMS
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Computing (HPC), Multigrid/Multilevel
ABSTRACT
Many of the real time applications are multiphysics in nature and are characterized by the presence of
disparate spatial and temporal scales. In many multiphysics applications we are interested in the evolution of long time scales and in order to follow the relevant physical time scales of interest and not
to be constrained by numerical accuracy and stability requirements, implicit/semi-implicit methods are
typically required. However, with the implicit methods the presence of disparate scales in the system
lead to linear systems of high stiffness and hence require robust, scalable linear solvers/preconditioners
to simulate them effectively. This minisymposium focuses on the recent advances in iterative and preconditioning strategies for complex multiphysics applications. This minisymposium attract researchers
at the forefront of
• Multigrid, multilevel and block preconditioners for multiphysics applications

• Novel iterative solvers/preconditioners tailored towards emerging HPC architectures
• Theoretical analysis of preconditioners/solvers for multiphysics applications

• Solvers/preconditioners for high-order methods/novel discretization techniques applied to multiphysics problems
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A SCALABLE BLOCK PRECONDITIONER FOR HIGH-ORDER
HYBRIDIZED DISCONTINUOUS GALERKIN METHODS APPLIED TO
INCOMPRESSIBLE RESISTIVE MAGNETOHYDRODYNAMICS
Sriramkrishnan Muralikrishnan1,∗ , Tan Bui-Thanh2 and John N. Shadid3
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We propose a scalable block preconditioning strategy for linear systems arising from high-order hybridized discontinuous Galerkin discretization of incompressible visco-resistive magnetohydrodynamics
(MHD) equations. Incompressible resistive MHD presents several challenges in terms of nonlinearity,
coupled fluid and magnetic physics, incompressibility constraints in both velocity and magnetic fields to
name a few.
The preconditioner uses a least squares commutator approximation for the inverse of the Schur complement and algebraic multigrid with GMRES smoother or the multilevel preconditioner for the approximate inverse of the nodal block. For several 2D and 3D transient examples from MHD, including, but
not limited to the island coalescence problem at high Lundquist numbers the preconditioner is robust
[1]. We show strong and weak scalability of the block preconditioner up to 8192 cores in the Stampede2
supercomputer.
REFERENCES
[1] S. Muralikrishnan Fast and scalable solvers for high-order hybridized discontinuous Galerkin
method with applications to fluid dynamics and magnetohydrodynamics. PhD Thesis, (2019).
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The numerical simulation of poroelastic problems [1] has become of increasing importance due to their
wide range of applications. Intensive research has been focused on the design of efficient methods for
solving the large linear systems arising from the discretization of Biot’s model, since in real simulations it
is the most consuming part. There are two typical approaches for solving such problem: fully-coupled or
monolithic methods and iterative coupling methods. In the context of monolithic techniques, we aim to
design efficient and robust preconditioners [2, 3] to accelerate the convergence of Krylov subspace methods. The proposed block preconditioners for solving the Biot’s model are based on the well-posedness
of the obtained discrete systems [4, 5], and are robust with respect to both physical and discretization
parameters. This latter is a very important feature of the proposed solvers since in many physical applications the values of the parameters involved in the model vary over orders of magnitude. Numerical
results are presented to support the theoretical results.
REFERENCES
[1] Biot, M.A. General theory of three-dimensional consolidation, Journal of Applied Physics (1941)
12:155–164.
[2] Loguin, D. and Wathen, A. Analysis of preconditioners for saddle-point problems, SIAM Journal
on Scientific Computing (2004), 25:2029–2049.
[3] Mardal, K.-A. and Winther, R. Preconditioning discretizations of systems of partial differential
equations, Numerical Linear Algebra with Applications (2011), 18:1–40.
[4] Rodrigo, C., Gaspar, F.J., Hu, X. and Zikatanov, L.T. Stability and monotonicity for some discretizations of the Biot’s consolidation model, Computer Methods in Applied Mechanics and Engineering (2016), 298:183–204.
[5] Rodrigo, C., Hu, X., Ohm, P., Adler, J., Gaspar, F.J. and Zikatanov, L.T. New stabilized discretizations for poroelasticity and the Stokes equations, Computer Methods in Applied Mechanics and
Engineering (2018), 341:467–484.
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ABSTRACT
In several industrial sectors, ranging from mechanical, civil, naval, aerospace, up to biomedical, robotics,
and sport engineering, one of the most challenging topics is the optimal design of microstructured composite materials and metamaterials, often used in multifunctional systems for cutting-edge and smart
applications. This important objective cannot be achieved without the proper definition of theoretical and numerical tools, as well as experimental set-ups, both aimed at the reliable prediction of the
physical-mechanical behaviour of such microstructured materials. In this framework, innovative engineered materials have been developed so far, characterized by customized enhanced properties with
respect to natural ones, responsible for extreme and exotic performances.
The Mini-Symposium aims to provide an international forum for the dissemination and discussion of the
latest advances in the physical-mechanical modelling of composite materials and metamaterials, with
complex and/or hierarchical microstructures. Focus is on theoretical, numerical and experimental research outputs, with emphasis on multiscale and multi-physics techniques, that can involve the homogenization theory, inherently suitable to a synthetic and accurate description of the overall constitutive
behaviour of such complex materials. Particular attention is devoted to multi-field approaches, crucial in
in the presence of multi-physics, static or dynamic, coupling phenomena (thermo, diffusive, chemo, and
electro mechanical, among others), but also to innovative computational methods, especially conceived
to treat very complex topologies.
The topics of the Mini-Symposium include, but are not limited to: 1) Modelling and experimental testing
of periodic materials and metamaterials; 2) Identification of equivalent homogeneous solids via advanced
homogenization techniques; 3) Local and nonlocal constitutive modelling; 4) Mechanics of defects, plasticity, strain localization phenomena and material instabilities; 5) Multi-field problems; 6) Sonic wave
propagation control, polarization, scattering and energy transfers; 7) Parametric and topological optimization.
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A CONTRIBUTION TO PREDICT THE STRUCTURAL DYNAMICS OF
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To improve the Noise-Vibration-Harshness (NVH) behavior of modern internal combustion
engines and electric drives, more and more components are made of short fiber reinforced
thermoplastics. This is mainly due to the good damping behavior compared to metallic
structures. In modern powertrains, the mounting conditions of the plastic components influence
the resulting joint stiffness and damping and as following the structural dynamics of the whole
compound. At the state of art, current simulative methods modelling the joint properties as fixed
nodes between the components or concentrate on the characterization of the joint stiffness and
damping of coupled metallic structures. In the current work, the developed thin layer interaction
(TLI) method has been applied to study the influence of the joint stiffness and damping of
plastic components coupled with metallic structures.
Studies on coupled structures shows, that the major influence on the joint stiffness and damping
is induced, because of the mounting boundary conditions. Furthermore, structures coupled with
plastic components can induce an increased material-specific damping behavior in the joint
properties due to their material behavior. In the current work, the joint stiffness and damping
of different coupled metallic-plastic joint structures has been characterized experimentally. The
determined experimental joint stiffness and damping has been used to fill the reduced transverse
shear stiffness and damping tensors of the numerical TLI model.
The TLI model was used to determine the structural dynamics behavior of a short glass fiber
reinforced plastic engine bracket mounted to a steel block. In modern vehicles with internal
combustion engines, the engine bracket is mounted to the crankcase and transmits the structureborne noise into the vehicle structure. The comparison of experimental and simulative results
shows a better correlation under the usage of the TLI model compared to a fixed modeled joint
behavior. As result, the TLI model allows a better prediction of the structural dynamics of
coupled components. Further researches focused on the accurate experimental estimation of the
boundary conditions to excite and mount the plastic components. Thus, it is possible to model
the numerical boundary conditions more realistic and simulate the structural dynamics of the
plastic components.
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The study of elastic wave propagation is a fundamental tool in different fields, from non-destructive
damage evaluation to ultrasonic imaging. Usually these techniques rely on inversion methods based on
homogenised theories, that are valid only when the wavelength of the perturbation is considerably larger
than the characteristic size of the heterogeneities of the materials. Since heterogeneities can occur at
different scales, it is useful to fix the scales of interest: the micro scale (i.e. the scale of the constitutive
material ∼ µm), the meso scale (the scale of the inner architecture ∼mm) and the macro scale (the
scale of the tissue ∼cm). When the wavelength approaches the characteristic size of the architecture,
an upscaling occurs and mesoscopic effects can be transferred to the macro-scale. In this case, classic
models used in the aforementioned inversion procedures can fail to predict the correct response and they
need to be improved.
In this work, we will address the case of non-centrosymmetric architectures, i.e. those for which the unit
cell does not have any centre of inversion. It will be shown that the effects on wave propagation in terms
of dispersion and polarisation cannot be negliged in common applications involving elastic waves. We
will also show that, in order to describe these media using an equivalent homogeneous continuum, the
use of an enriched continuum theory, such as the strain gradient elasticity, is mandatory. The particular
example of the gyroid unit cell is detailed.
REFERENCES
[1] Auffray, N., Dirrenberger, J., Rosi, G. A complete description of bi-dimensional anisotropic straingradient elasticity. International Journal of Solids and Structures 2015, 69-70.
[2] Rosi, G., Auffray, N. (2019). Continuum modelling of frequency dependent acoustic beam focussing and steering in hexagonal lattices European Journal Of Mechanics A-Solids 77.
[3] Rosi, G., Auffray, N. (2016). Anisotropic and dispersive wave propagation within strain-gradient
framework Wave Motion 63, 120-134.
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Cellular solids, by virtue of their high specific mechanical properties and multifunctionality,
find wide applications from cheap daily necessities to critical components in industries such
as automobile and aerospace etc. However, presence of imperfections in geometry and
inhomogeneities in the bulk material of cellular solids can compromise the reliability and
performance in structural applications [1]. To ensure better design and safe use of cellular
solids, it is of immense relevance to develop a deeper understanding of the factors that play a
vital role in the the complex processes during failure of these solids and develop predictive
models accordingly.
In this study, we examine the specific role of material disorder or heterogeneity
on the deformation and crushing failure of a two-dimensional cellular solid under quasistatic
uni-axial compression. A representative cellular architecture of staggered-square honeycomb
was chosen and specimens were prepared using a specially designed mold for a range of
volume fraction of silica micro-filler particles. The specific role of heterogeneity on the
deformation and crushing failure of heterogeneous honeycombs was evaluated based on the
macroscopic response and the failure mechanisms that were captured in the digital images
during testing.
To simulate the characteristic features of the observed, elastic as well as crushing response
of the honeycomb, we developed a random spring network model on a square lattice with
nearest and next-nearest neighbour interactions. The springs are taken to be non-linear beyond
an elastic limit and quasi-brittle in nature. The model parameters were established based on
tensile test of the bulk material. To account for the disorder, spring properties are taken to be
statistically distributed [2]. The model is shown to be capable of reproducing the non-linear
behavior of honeycombs resulting from the damage accumulation and provides consistent
results which are in agreement with experimental measurements in terms of stiffness, strength
and energy absorption. Further, the role of disorder in the material properties was investigated.
Increasing disorder in the spring failure threshold was shown to result in decrease in the peak
strength in the macroscopic response but shows more stable crushing response.
REFERENCES
[1] P.E. Seiler, H.C. Tankasala, N.A. Fleck, The role of defects in dictating the strength of
brittle honeycombs made by rapid prototyping, Acta Mater., Vol. 171, pp. 190−200,
2019.
[2] W.A. Curtin, H. Scher, Brittle fracture in disordered materials: A spring network model,
J. Mater. Res., Vol. 5, pp. 535- 553, 1990.
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EFFECTIVE DYNAMICS FOR TRANSIENT WAVES IN A PERIODIC
ARRAY OF IMPERFECT ELASTIC INTERFACES
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We consider the propagation of transient waves in a periodic elastic medium containing imperfect interfaces. The latter can either be modeled by linear “mass-spring” conditions or by nonlinear transmission
conditions, which extend the linear case and mimic locally an effective nonlinear behavior of a layer at
the interface between two elastic solids, see e.g. [1]. Considering that the interfaces have spacing h,
the host medium is assumed to be h-periodic and linear elastic with mass density and Young’s modulus
varying spatially within a cell. In this study, we consider the time-domain propagation of waves within
such a medium, with a characteristic wavelength much larger than the periodic length h. Being in the
low-frequency homogenization regime, our objective is here to describe the effective dynamics associated with the periodic, and possibly nonlinear, medium considered.
For the configuration considered, the two-scale homogenization method is applied to derive an effective
model up to the first-order corrector term. The properties of the obtained model will be discussed and
time-domain numerical simulations will be presented to illustrate its accuracy by comparison with fullfield simulations within the original microstructured medium. These numerical simulations, as well
as a Floquet-Bloch analysis, allow to explore the richness of the homogenized model obtained (bandpass or stop-band behavior, for example), which paves the way to the exploitation of nonlinear effects
in metamaterials [2]. Sophistications of the effective dynamical model, such as zero-th vs. first-order
model expansions, or higher frequency regimes [3], will also be discussed.
REFERENCES
[1] López-Realpozo ,J. C. and Rodrı́guez-Ramos, R. and Guinovart-Dı́az, R. and BravoCastillero, J.
and Pérez Fernández, L. and Sabina, F. J. and Maugin, G. A. Effective Properties of nonlinear Elastic Laminated Composites with Perfect and Imperfect Contact Conditions. Mechanics of Advanced
Materials and Structures (2008) 15:5:375-385.
[2] Nassar, H. and Xu, X.C. and Norris A.N. and Huang G.L. Modulated phononic crystals: Nonreciprocal wave propagation and Willis materials. Journal of the Mechanics and Physics of Solids
(2017) 101:10–29.
[3] Craster, R. V. and Kaplunov, J. and Pichughin, A. V., E. High-frequency homogenization for periodic media . Proceedings of the Royal Society (2010) 466:2341–2362.
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GEOMETRIC NONLINEAR FORMULATION FOR MODELING
CURVED BEAMS
Emma La Malfa Ribolla, Milan Jirásek and Martin Horák
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Highly slender fiber- or rod-like components represent essential constituents of mechanical systems in
many fields of application such as civil, mechanical and biomedical engineering.
In this paper, a geometrically nonlinear beam model is formulated for the 2-D case. This model properly
accounts for the effect of curvature on the change of distance between end sections measured along the
chord and includes the initial curvature for beams which are initially curved. The model considers large
rotations and displacements while strains are treated as small, therefore simple Hooke’s law is used.
Cross sections are assumed to remain planar and perpendicular to the deformed beam axis. The formulation exploits the equilibrium equations in their strong form. They are combined with the kinematic
equations and generalized material equations (linking internal forces to the curvature and centerline extension) and then numerically integrated using a special version of the shooting method.
The element has been implemented into an open-source finite element code to ease computations involving more complex structures. Numerical examples show a favorable comparison with standard
beam elements formulated in the finite-strain framework [1] and with analytical solutions [2]. It will
be showed that h-refinement of finite elements, which increases the number of global unknowns and is
thus computation-ally demanding, can be substituted by employing a proper number of segments in the
integration scheme, keeping the number of elements limited.
REFERENCES
[1] Simo, J. C., Wriggers, K., Schweizerhof, R. Finite deformation post-buckling analysis involving
inelasticity and contact constraints. International Journal for Numerical Methods in Engineering
(1986) 23:779–800.
[2] Simo, J. C. A finite strain beam formulation. The three-dimensional dynamic problem. I. Computer
Methods in Applied Mechanics and Engineering (1985) 49:55—70.
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MESH-FREE MODELING OF MECHANICAL BEHAVIOR
OF INVERSE OPAL STRUCTURES
M. Dosta, K. Bistreck, V. Skorych
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Hamburg University of Technology,
Denickestr. 15, 21073 Hamburg, Germany
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To analyse mechanical behaviour of the inverse opal structures [1] the bonded particle model
(BPM) has been applied. The BPM is an extension of the discrete element method, where
investigated material is represented as a set of spherical primary particles (nodes) connected
with solid bonds [2]. Each single bond can have its unique geometrical and material parameters
which significantly increase flexibility during creation of the structural model.
In this contribution the mechanical behavior of the inverse silica opal structures under quasistatic uni-axial compression was
analyzed. The calculations have
been performed for the uncoated
material, as well as for the titania
coatings with varied thicknesses.
Moreover, the influence of initial
arrangement of pores on the
stiffness
and
strength
of
metamaterial was investigated.
The modeled structure has been
represented
with
1.16*106
6
particles and 12*10 solid bonds
and the calculations have been
performed in MUSEN simulation
framework. The parallelization of
calculations for the GPU has
allowed to significantly reduce Fig. 1. Representation of the inverse opal structure with
calculation time.
bonded particle model (BPM).
Obtained simulation results are in
good agreement with experimental data.
Funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) –
Project number 192346071 – SFB 986 (project A3).
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stiffness and strength of metamaterials based on the inverse opal structure. Extreme
Mechanics Letter, Vol. 12, pp. 86−96, 2017.
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MULTIPHASE CONTINUA FOR FIBER-REINFORCED MATERIALS
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Fiber-reinforced materials exhibit interesting size effects due to the material contrast between fiber and
matrix materials and the slenderness of the fibers. Homogenization theory cannot account for such effects when considering standard Cauchy continua. Multiphase continuum models [1, 2] are a class of
generalized continua which consist of different media (fiber and matrix phases) possessing their own
kinematics and in interaction with each other. An interaction energy depending on the difference of both
phases displacements is at the origin of a size effect. Moreover, different boundary conditions can be
prescribed at the same point for each phase, enabling to simulate, at the macroscopic level, matrix cracks
bridged by intact fibers.
We will describe a homogenization procedure for deriving the generalized material parameters in the
elastic setting. This procedure will be then validated by comparing against finite-element computations
on the heterogeneous structure. Finally, by considering a damage model for the matrix and the interface,
we will show that regular microcracking can be obtained using this generalized continuum model.
REFERENCES
[1] Patrick De Buhan, Jérémy Bleyer, and Ghazi Hassen. Elastic, Plastic and Yield Design of Reinforced Structures. Elsevier, 2017.
[2] Jeremy Bleyer. Multiphase continuum models for fiber-reinforced materials. Journal of the Mechanics and Physics of Solids, 121 :198–233, 2018.
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OBLIQUE ANTI-PLANE SHEAR WAVES IN LOCALLY RESONANT
LAYERED MEDIA: NONLOCAL OVERALL PROPERTIES BASED ON
SCATTERING AND DYNAMIC FIELD HOMOGENIZATION
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Constitutive Parameters
The band structure and scattering the layered media under oblique incidence of anti-plane shear
waves can be obtained using the transfer matrix (TM) method. The “apparent” or “effective”
properties can be extracted by equating the scattering data from TM with those expected from
a general Willis-type constitutive matrix [1]. Due to the complexity of applying this approach
to general geometries, a new approach is introduced. Dynamic field homogenization is a field
averaging technique, which consistently integrates micro-scale field equations, and whose
scattering matrix matches that of the layered media exactly. Both approaches are applied to low
frequency locally resonant layered media with elastic and viscoelastic phases. It is established
that a nonlocal or spatially dispersive description is necessary to represent the response of
simple laminated media, even when one considers long wavelength limits when incidence angle
is non-zero. A number of different representations, e.g. fully diagonal constitutive matrices or
full constitutive matrices with now wave-vector dependence, are considered and evaluated for
their performance in matching the fully micro-scale physical problem.

REFERENCES
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SIMULATION OF THE MECHANICAL RESPONSE OF COMPOSITE
COMPONENTS UNDER CONSIDERATION OF THEIR ORTHOTROPIC
VISCOELASTIC MATERIAL BEHAVIOR
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Composite plies made of fiber reinforced resins show a direction dependent creep and relaxation response. This is a consequence of the viscoelastic behavior of the matrix, whereby the viscoelastic response of plies and laminates also depends on the fiber properties, the fiber volume fraction, the fiber
orientations, and the layup.
Herein, a Finite Element Method based modeling framework is presented which allows to consider all
of these aspects in the structural simulation of composite components whilst keeping the computational
requirements low. The framework utilizes composite shell elements in conjunction with the orthotropic
thermo-viscoelastic constitutive law presented in [1] to model the direction dependent linear viscoelastic
behavior of the various plies and laminates within a composite component. In this setup, the constitutive
law requires the material parameters of the homogenized individual plies as input which are computed
using a periodic unit cell approach or determined from experiments.
The modeling framework is employed to investigate the collapse behavior of a cylindrical composite
structure made of glass fiber reinforced polyester resin subjected to long-term quasi-static and transient
dynamic loading. Comparison with simulations which consider only the linear elastic behavior of the
material reveals that accounting for the viscoelastic material behavior has a strong impact on the predicted
collapse load and collapse behavior.
Acknowledgment: The funding of the Polymer Competence Center Leoben GmbH (PCCL) within the
COMET-program by the Austrian Federal Ministry for Transport, Innovation and Technology (BMVIT),
the Austrian Federal Ministry of Digital and Economic Affairs (BMDW), Österreichische Forschungsförderungsgesellschaft mbH (FFG), the Provinces of Styria, Lower Austria and Upper Austria is gratefully acknowledged.
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Mech. Time-Depend. Mater. (2018) 22:421–433.
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ABSTRACT
The phase-field method has emerged as the most powerful numerical tool to simulate material
microstructure evolutions in the mesoscopic scale, and is now widely used to express the
complicated morphological changes in multiphysics and multiscale problems. This minisymposium focuses on the recent advances in phase-field modelling and simulations in various
fields, such as multiphase flow, topology optimization, crack propagation, biomechanics as well
as material science. We welcome you to submit your abstracts to this mini-symposium.
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In this study, a computational fluid dynamics (CFD) method adopting a multi-phase-field model
(MPFM) [1-3] is proposed for immiscible incompressible viscous multiphase flows with an
arbitrary number of liquid phases. For calculations of diffuse-interface advection and
autonomous formation in the flow, the CFD method adopts a conserved Allen-Cahn (AC)
equation [3-6] instead of a Cahn-Hilliard (CH) equation [2, 7]. The AC form is advantageous
over the CH form in terms of computational efficiency, interfacial tension effect and volume
conservation because the former is free from the curvature-induced diffuse-interface drift
motion and also it has a second-order differential diffusion term instead of a fourth-order term
in the latter. As a numerical scheme for solving the Navier-Stokes equations with the AC
equations, the method employs a semi-Lagrangian formed lattice-Boltzmann model (LBM)
with second-order accuracy in both space and time [6]. The LBM is useful for high-performance
computing because of the explicit and simply iterative fictitious-particle kinematic operations
with mass and momentum conservations on an isotropic spatial grid [8]. Through numerical
simulations of droplets interaction, it is demonstrated that both the CFD method has a potential
to successfully apply to the complex fluid systems in various scientific and engineering fields.
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In formation process of polycrystalline equiaxed structures, isolated grains move in liquid by
forced convection, natural convection, and/or buoyancy force. Such motion of grains has large
effects on solidification defects, such as macrosegregation, voids and so on. Simulation study
is crucial to clarify the mechanism of formation process of solidification defects. However, it
is challenging topic, because the formation process of polycrystalline equiaxed strictures is a
multi-physics problem.
In our previous study, we have developed the multi-phase-field lattice Boltzmann (MPF-LB)
model, which can simulate growth of multiple dendrites with motion, liquid flow, collision and
coalescence between multiple grains, and subsequent grain growth [1]. The MPF-LB model
was developed by extending the growth model of single dendrite with motion and liquid flow
[2] to polycrystalline solidification. Also, the model was applied to semi-solid deformation with
globular morphology [3]. Although the MPF-LB model succeeded in simulations of formation
process of equiaxed structures and semi-solid deformation, a contact model employed in the
MPF-LB model was not perfect.
In this study, modelling for contact problem among multiple grains is investigated. Springdashpot model in interface normal direction and friction model in tangential direction are
introduced to interaction of multiple grains with diffuse interface. Also, introduction of solidliquid and solid-solid interactions are discussed.
REFERENCES
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simulations of multiple dendrite growth with motion, collision, and coalescence and
subsequent grain growth. Comp. Mater. Sci., Vol. 147, pp. 124–131, 2018.
[2] R. Rojas, T. Takaki, M. Ohno, A phase-field-lattice Boltzmann method for modeling
motion and growth of a dendrite for binary alloy solidification in the presence of melt
convection. J. Comput. Phys., Vol. 298, pp. 29-40, 2015.
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Melt convection during alloy solidification greatly affects growth behaviour of dendrites and
leads to the formation of solidification defects such as Freckle or macro-segregation. Therefore,
it is important to predict the growth of dendrites with melt convection for improving the quality
of cast products. The phase-field (PF) method emerged as a numerical model that can express
dendrite growth with high accuracy [1]. Recently, the PF method was coupled with the lattice
Boltzmann (LB) method, a phase-field lattice Boltzmann (PF-LB) model, to express the
dendrite growth with melt convection [2]. However, the computational costs became huge and
the simulations were limited to the growth of two-dimensional (2D) dendrites or threedimensional (3D) single dendrite. To enable 3D large-scale simulations for growth of multiple
dendrites under melt convection, we developed a parallel computing scheme with multiple
graphic processing units (GPUs) for the PF-LB simulations [3]. Nevertheless, the dendrite
growth simulations with melt convection need much larger computational domain [4]. The
adaptive mesh refinement (AMR) method is a powerful scheme to improve the computational
efficiency of PF-LB simulations [5,6]. In this study, to speed up the PF-LB simulations further,
the AMR simulation was parallelized using multiple GPUs. Then, we evaluate the parallel
computational performance of the developed method. Moreover, we demonstrate the usefulness
of the developed method through the simulations of dendrite growth with melt convection.
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A modified crack growth model on viscoelastic material with phase field approach is introduced from
the approximated energy of Bourdin-Fancfort-Marigo[1]. We show the viscoelastic crack growth models
of Maxwell-type, Zener-type, and generalized Maxwell-type. These models consist of modules with
springs and dashpots, and have been introduced as an extension of the gradient flow model by TakaishiKimura[2]. As the gradient flow structures are appeared in Maxwell-fluid model[3], the crack growth
model of Maxwell-type[4] can be derived and extended it to Zener-type and generalized Maxwell-type.
Gradient flow equations are derived from the extended energy of B-F-M.
The crack growth phenomena is studied from the equations of u, z, and e, which are displacement, phase
field, and strain of dashpot part, respectively. As we set the strain of dashpot as a computational variable
in this model, the viscous effect can be directly calculated. From the view point of crack surface, crack
growth depends on the breaking of the strings part. Numerical results of crack growth show that local
viscosity of dashpot part controls crack growth phenomena. The crack growth is suppressed and the
material is deformed by the local relaxation effect of dashpot where the local viscosity is sufficently
small, which means the fast response of the dashpot. The temporal evolution of the elastic energy and
the surface energy shows viscoelastic effect, and the distribution of the strain of dashpot shows that
viscous effect does not concentrated at the small area of the crack tip.
This work was partly supported by JSPS KAKENHI Grant Number 17K05609 and the Cross-ministerial
Strategic Innovation Promotion Program (SIP).
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[2] Takaishi, T. and Kimura, M. Phase field model for mode III crack growth, Kybernetika (2009),
45:605–614.
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Phase field fracture modeling of heterogenous porous media combined with numerical
homogenization
Bang He and Pania Newell
The University of Utah
Most porous media exhibit a highly heterogeneous structure. The large variation of microscopic
pore structure such as pore sizes, shapes, and distribution pose challenges in predicting and
controlling the macroscopic behavior of porous media. Mechanical and failure behavior are also
impacted by variation of microscopic heterogeneity. In this talk, we present a two-scale
numerical modeling framework with a capability to investigate the effect of microscopic
heterogeneity on the macroscopic fracture behavior in porous media by using a computational
homogenization technique combined with the phase-field fracture modeling method.
Homogenized stiffness tensor is computed based on the underlying pore structure, then the strain
energy and subsequent propagation of macroscopic fractures are determined. The results of
various numerical case studies demonstrate how the fracture path and pattern is influenced by
pore shape and size.
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Phase-field simulation of solid-state sintering for predicting microstructural
evolution in polycrystalline bulk superconducting material
Akimitsu Ishii¹*, Akinori Yamanaka¹ Yuki Okada¹ and Akiyasu Yamamoto¹
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Microstructure in polycrystalline bulk superconducting materials strongly affects their
magnetic and electrical performances. Many polycrystalline bulk superconducting materials
such as magnesium diboride (MgB2) [1] and iron-based superconductors [2] are fabricated by
the solid-state sintering. Thus, the prediction of their microstructures formed by the solid-state
sintering is important for improving the performance of the materials. In order to predict the
microstructural evolutions in the solid-state sintering, some phase-field (PF) models have been
recently proposed [3,4]. However, to the best of the authors’ knowledge, no PF model has been
proposed to predict the microstructural evolution in polycrystalline bulk superconducting
materials. The goal of this study is to develop a PF model for simulating the microstructural
evolution in the polycrystalline bulk superconducting materials during the solid-state sintering.
In this study, we focus on BaFe2As2 (Ba122) iron-based polycrystalline superconducting
material fabricated by the solid-state sintering [2,5]. Ba122 polycrystalline bulk includes crystal
grains with high aspect ratio [2,5]. Although the formation mechanism of high aspect ratio
grains has not been elucidated, we guess anisotropy of interfacial mobility, diffusion coefficient
and interfacial energy, which depend on the crystal grain orientation and grain boundary
misorientation play a key role in the microstructural evolution of Ba122 polycrystalline bulk
superconducting materials. We incorporate anisotropic properties of the grain surface and grain
boundaries into a new PF model for simulating grain growth and pore annihilation in the solidstate sintering. The results of two-dimensional PF simulation of the microstructural evolution
in the solid-state sintering demonstrate that the PF model can predict the morphological change
of the grains from a circular to a high aspect ratio shape. The results also show the low-angle
grain boundaries and the coincidence site lattice (CSL) grain boundaries are dominant in the
microstructure formed by the solid-state sintering. This work was supported by JST CREST
(JPMJCR18J4).
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Phase-field simulation of the formation of internal stress field and
its effect on the pearlite transformation in steel
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Pearlite in steels is a eutectoid lamellar microstructure composed of ferrite (α) and cementite
(θ) phases. During the pearlite transformation from an austenite (γ) phase, the α and θ phases
grow cooperatively. It is commonly assumed that the 0.2% proof stress of pearlitic steels is
inversely proportional to the interlamellar spacing of the θ phase. Meanwhile, a recent study
showed that there was a linear relationship between the 0.2% proof stress and the lattice strain
of the α phase. However, the formation mechanism of the internal stress field and its effect on
the pearlite transformation has not been revealed.
Most recently, a phase-field model of the pearlite transformation in Fe-C system was developed
with considering the interphase boundary diffusion. It was shown that the carbon diffusion at
the interphase boundary had a great influence on the transformation velocity [1]. In this study,
the elastic energy, which is derived from the lattice misfit between the α and θ phases, was
formulated based on the microelasticity theory and was incorporated into the phase-field model.
Moreover, the plastic deformation of the α phase during the transformation was taken into
account. Based on the developed model, phase-field simulations were performed to examine
the formation process of the internal stress field during the pearlite transformation.
We assumed a crystallographic orientation relationship between the α and θ phases. Simulation
results show that the α and θ phases cooperatively grow and a large amount of elastic energy
occurs in the pearlite region. In particular, the elastic energy is extremely high in the θ phase.
The presence of the elastic energy decreases the transformation velocity. We estimated the
dislocation density field based on the simulated plastic deformation field. It has been shown
that the dislocation density is high near the α/θ interphase boundary. Simulations with/without
considering the α-phase plasticity show that the plastic deformation has negligible effect on the
transformation velocity. This is due to the fact that the plastic deformation of the α phase relaxes
the elastic energy of both pearlite and austenite regions.
REFERENCE
[1] M. Mouri, Y. Tsukada and T. Koyama, Phase-field simulation of the effect of interphase

boundary diffusion on pearlite transformation in Fe-C system. Tetsu-to-Hagané, Vol. 105,
pp. 305313, 2019.
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PHASE-FIELD SIMULATION OF THE ROTATIONAL
SOLIDIFICATION IN THE TERNARY EUTECTIC BI-IN-SN SYSTEM
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Simulation studies of the rotational solidification can give new insights in understanding of the microstructure adjustment and the effect of anisotropic interfacial energies in the pattern formation of
solidifying materials. This approach allows to investigate multiple growth velocities within the same
experiment as well as the extraction of Wulf shapes to understand the influences of anisotropic behavior.
Considering ternary eutectic Bi-In-Sn alloy, 2D experimental databases are accessible in literature for
both directional [1, 2] and rotational [3] solidification studies. In current work, the experimental setup
of the rotating disk is simulated using a phase-field model based on the grand potential approach. CALPHAD database of the system is leveraged to model the Gibbs energies and thus derive the chemical
potentials of the associated phases and to calculate the driving force of the solidification process. Lamellar microstructure with ABAC stacking sequence is achieved and the effects of anisotropies in AB and
AC phase boundaries in pattern formation are studied. Comparison with experimental results and case
studies of different structures like locked and floating grains are conducted.
REFERENCES
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evolution in low-melting BiInSn alloys by light microscopy. Acta materialia, 53(13), 3663-3669.
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Relationship between growth orientation and microsegregation
at grain boundary analyzed by phase-field simulations
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Microsegregation develops during solidification of metallic alloys. Its extent depends on
solidification conditions such as cooling rate and alloy compositions. As the microsegregation
has a great influence on mechanical and corrosive properties of materials, many studies on the
behavior of the microsegregation in different kinds of alloys and solidification conditions have
been conducted. Since the microsegregation is closely related to the characteristic length of
diffusion of elements, it depends largely on the dendrite arm spacing. Grain boundaries form
during solidification of polycrystalline materials. The characteristic length of diffusion at grain
boundary should largely differ from the one in the bulk crystal. Hence, it is considered that the
microsegregation at the grain boundary differ from that in the bulk crystal. However, little has
been clarified about effect of grain boundary on the microsegregation. Our purpose of this study
is to clarify the behavior of microsegregation at the grain boundary. Quantitative phase-field
simulations have become one of the most powerful tools for studying microsegregation and
they have recently been employed in studies on competitive growth of dendrites in bi-crystal
systems [1]. Importantly, it is possible to analyze details of microsegregation behavior using
the quantitative phase-field model for two-sided asymmetric diffusion [2, 3]. In this study, we
investigated the effects of grain boundary on the microsegregation by using the quantitative
phase-field simulations.
We carried out simulations for competitive growth between favorably oriented (FO) and
unfavorably oriented (UO) dendrites with respect to the temperature gradient during directional
solidification of Al-3mass%Cu alloy. The microsegregation in the grain boundary region and
the bulk region was calculated after the completion of solidification. It was found that the
microsegregation behavior in the grain boundary region is quite different from that in the bulk
region. The microsegregation at a converging grain boundary is relatively larger than that at the
diverging grain boundary. The dependence of the microsegregation on the inclination angles of
FO and UO exhibits non-monotonic behavior.
REFERENCES
[1] T. Takaki, M. Ohno, T. Shimokawabe, T. Aoki, Acta Mater., 81, 2014, 272.
[2] M. Ohno and K. Matsuura, Phys. Rev. E, 79, 2009, 031603.
[3] M. Ohno, M. Yamashita, K. Matsuura, Int. J. Heat Mass Transf., 132, 2019, 1004.
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TOWARDS HIGHLY-EFFICIENT SIMULATIONS OF MULTISCALE
MATERIAL BEHAVIOR: METHODS AND APPLICATIONS
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ABSTRACT
The desire for increasingly better material designs and production processes has resulted in a
heightened reliance on simulations of multiscale material behavior. However, the challenging
nature of multiscale simulations places high demands on numerical methods, particularly with
regard to computational efficiency.
This minisymposium focuses on multiscale approaches from the micro- to the macro-scale
using continuum mechanics methods. It provides a forum for discussing (1) recent
developments in computational methods that aim for the highly efficient solution of
multiscale problems in mechanics and materials, and (2) complex problems which require
highly efficient techniques for simulating multiscale behavior. The goal of this
minisymposium is thus to bring together researchers with a variety of backgrounds to
exchange ideas and initiate new lines of research aiming towards achieving optimization and
highly-efficient simulation of multiscale material behavior.
In this context, topics of interest include:
¥ computational methods for simulation of multiscale behavior, particularly those that
aim to achieve a high-level of computational efficiency
¥ model order reduction (e.g., PGD, POD, RB, hyper-reduction, etc.)
¥ dimension reduction for complex problems, such as nonlinear or stochastic problems
and the use of multiscale simulations in
¥ design and optimization of material designs or processes
¥ control of production processes
¥ parameter estimation
¥ uncertainty quantification
¥ inverse problems
¥ data assimilation
¥ optimal experimental design.
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A NOVEL HIGHLY EFFICIENT LAGRANGIAN MODEL FOR
MASSIVELY MULTIDOMAIN SIMUATIONS APPLIED TO
MICROSTRUCTURAL EVOLUTIONS
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A new method for the simulation of evolving multi-domains problems will be presented. The method
is inspired by the front-tracking approaches [1] and the vertex approaches [2] where only the interfaces
between domains are discretized. The presented method, maintains the discretization of the interior of
the phases using an evolving body-fitted triangular mesh (valid for a Finite Element (FE) study) and
treats the topological events such as the disparition of domains by means of selective local remeshing
operations. Geometric properties are only computed on the interfaces using local spline reconstructions
and interfaces are moved using a Lagrangian scheme.
The proposed numerical approach: REmeshing in lAgrangian framework for Large Interface MOTION
(RealIMotion) will be compared to the FE-LS approach using a classical front capturing FE-LS framework [3]. These comparisons will be based on specific test cases for grain growth (GG), where in the
presented model the velocity at multiple junctions is computed using the so called model II presented
in [2] and the velocity at the interfaces using a curvature-based formulation: v = −Mγκn where M is the
boundary mobility, γ is the boundary energy, and n is the normal to the interface.
Results of the presented model are very promising, obtaining for every test case a lower error than the FELS method. An additional test involving 10000 grains showed that the global evolution (mean grain size
and grain size distributions) was in good agreement with the FE-LS model; furthermore, comparisons
on each grain showed that their morphology was also similar to the one obtained with the FE-LS model.
Finally, A significant improvement on the CPU-time of the full field modeling of GG was observed with
the RealIMotion model, being more than one decade faster than the best case scenario of classical FE-LS
formulations.
REFERENCES
[1] K. A. Brakke, The surface evolver, Exp. Math. 1 (2) (1992) 141–165.
[2] K. Kawasaki, T. Nagai, K. Nakashima, Vertex models for two-dimensional grain growth, Philos.
Mag. B 60 (3) (1989) 399–421.
[3] M. Bernacki, Y. Chastel, T. Coupez, R. E. Logé, Level set framework for the numerical modelling
of primary recrystallization in polycrystalline materials, Scr. Mater. 58 (12) (2008) 1129–1132.
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A VARIATIONAL MULTISCALE METHOD FOR HETEROGENEOUS
STRUCTURES
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Many of today’s problems in engineering demand reliable and accurate prediction of failure mechanisms
of mechanical structures. Herein it is necessary to take into account the often heterogeneous structure
on the fine scale, to capture the underlying physical phenomena. Despite ever increasing computational
resources, dissolving the fine scales in a direct numerical simulation is prohibitive. This work aims
to develop an efficient approach to modeling nonlinear heterogeneous structures using the variational
multiscale method (VMM) and model order reduction (MOR).
The VMM, introduced in [1, 2], assumes an additive split of the solution into coarse and fine scale
contributions. In [3], the VMM is applied to a damage mechanics–based material model for concrete-like
materials. Herein, suitable boundary conditions for the fine scale which enable localization phenomena
to evolve are discussed. As such, zero jump conditions between fine scale solutions are proposed which
are enforced pointwise by a Lagrange type method leading to a coupled solution procedure.
In this contribution, possible extensions of the VMM with reduced order modeling are presented. In the
linear case, assuming the fine scale solution to be zero on coarse scale element boundaries allows for
static condensation and a decoupled solution procedure. Based on this, an efficient localized training
strategy will be developed. For the nonlinear case, the situation of coupled non-conforming spaces, i. e.
finite element and reduced order spaces for the fine scales, arises. Thus the imposition of suitable fine
scale interface conditions in the weak sense by the use of Lagrange multipliers is investigated. Specific
problems in solid mechanics are used to illustrate the performance of the above approaches.
The authors gratefully acknowledge financial support by the German Research Foundation (DFG), project
number 394350870, and by the European Research Council (ERC) under the European Union’s Horizon
2020 research and innovation programme (ERC Grant agreement No. 818473).
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Data assimilation defines a family of approaches directed to estimate and improve the knowledge on the
state of a system relying on a limited amount of information. In this framework, together with experimental data collected on the physical system, other two main ingredients are needed: a reference model
describing the physics underlying the observed phenomenon and a reliable modelling of the measurement process. An incorrect estimation of these two terms generally leads to systematic miscalculation of
the state or of the parameters describing the system.
A major aim of our research is to develop a methodology for the identification and correction of model
and measurement biases, while maintaining the consistency of estimations made. This is made by developing an approach which leaves room for corrections and compensations of the model outcomes and
for calibrations of sensors modeling. Along with that, experimental design criteria are proposed, capable
of catching the possible mismatch between the digital and the actual system. A special attention is addressed toward the computational costs of the methods, distinguishing between design and applications
phases.
Acknowledgments: This work was supported by the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation programme (ERC Grant agreement No. 818473).
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Effect of fiber packing on POD-based reduced order model for the prediction of
elastic properties of continuous fiber-reinforced composite materials
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Composites.
Multiscale modeling is a powerful approach to understand and predict the mechanical behavior of composite materials.
However, this approach still poses notable issues in practice due to large computational loads, especially when numerous
simulations are to be performed with varying design parameters [1]. Radermacher et al. [2] have focused on accelerating
nonlinear multiscale simulation of fiber-reinforced composites through model order reduction with promising results.
However, the approach still demands a significant computational cost that limits its applicability to perform parametric
analyses for the design of composite materials and prediction of its mechanical behavior.
In this work, we propose the use of proper orthogonal decomposition (POD) approach for parametric studies of the
homogenized elastic properties of fiber-reinforced composite materials. However, one of the critical aspects is the selection
of an appropriate set of parameters which need to be varied for the construction of the reduced order model (ROM). Besides
an issue of selecting material properties, the location of the fibers which are usually randomly placed in the geometry also
raise an issue with respect to the treatment of variable meshes in model order reduction.
To solve the problem of mesh variations, fiber arrangements shown in Figure 1 are proposed for the ROM construction
with varying fiber volume fraction and varying fiber distribution. The mesh on the left in Figure 1 is used to investigate
the effect of varying fiber volume fraction only. The mesh on the right in Figure 1 is used to investigate the coupled effect
of varying fiber volume fraction and fiber distribution.

Figure 1 Meshes proposed for varying fiber volume fractions (left) and varying fiber distribution (right)
To assess the applicability of the ROM, this study presents the comparison of effective elastic properties obtained from the
full order model, ROM, and analytical homogenization models. More realistic microstructural information can be
incorporated in the prediction from ROM comparing to analytical methods with less computational cost than performing
full order model simulation.
REFERENCES
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ABSTRACT
Thanks to their high mechanical properties, structures involving assembled materials such as
titanium/composite or aluminum/FRP are suitable for many applications in the aeronautical
field. However, the machining process of these structures entails several difficulties because of
their poor machinability close to the interface and the abrasive nature of fibers that constitute
the composite, [1]. A numerical model was developed taking into account different phases of
the assembly. The behavior of the composite phase is governed by a mesomechanical law
coupling the effect of the drop in stiffness, plasticity, initiation and progression of damage, [23]. Johnson-Cook's constitutive law and the energy criterion of damage evolution were used for
the titanium phase. Debonding of the CFRP/Ti interface was modeled using cohesive elements.
The numerical results of the model reliably reproduce the mechanisms of chip formation. In the
composite phase, a dusty form was observed for chips reflecting the brittle behavior of the
material. In the Ti phase and depending on the used cutting condition, continuous or segmented
chips have often been obtained due to the ductile nature of this phase. The study of the damage
behavior at the interface between the two phases shows a strong dependence between the cutting
sequence (CFRP/Ti or Ti/CFRP) and the delamination phenomenon (damage depth at the
interface).
REFERENCES
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J. Xu, M. El Mansori, and J. Voisin, “Numerical Modeling and FE Analysis of CFRP/Ti Stack
Orthogonal Cutting,” Procedia CIRP, vol. 46, pp. 67–70, 2016.
S. Zenia, L. Ben Ayed, M. Nouari, and A. Delamézière, “An elastoplastic constitutive damage
model to simulate the chip formation process and workpiece subsurface defects when machining
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Graphene polymer nanocomposites have attracted great interest for ultra-strong lightweight
structures and the necessity of creating reliable computational models that will allow for the
accurate prediction of their mechanical behaviour. Such models will enable an optimum
exploitation of the carbon nano-fillers as reinforcing materials. For this reason a detailed
continuum mechanics model for the microstructure of these nanocomposites, was developed in
previous work [1] which takes into account of material and geometric non-linearitites of the
Graphene sheets in combination with the nonlinearity of the interfacial load transferring
mechanism between the polymer and the graphene sheets. In the present work we further
develop this model in order to handle the high computational cost required for the nonlinear
homogenization of large enough representative volume elements (RVE) that are necessary for
the description of the stochastic properties of the microstructure. These properties include the
random dispersion, orientations and geometric defects of the graphene sheets. The proposed
computational methodology is based on state of the art domain decomposition methods [2]
implemented in a parallel computational homogenization strategy [3]. A methodology is
provided for dividing an RVEs in a number of subdomains taking into consideration the cases
in which the subdomains split a Graphene sheet. The Graphenes are modeled as equivalent
continuum shell elements embedded to the host 3D matrix material. The overall computational
efficiency of the proposed method is investigated in the frame of a non-linear concurrent (FE2)
multiscale context. Useful results concerning the mechanical properties of graphene reinforced
nanocomposite materials and the efficiency of the proposed parallelization techniques are
presented in detail.
REFERENCES
[1] Papadopoulos V, Seventekidis P & Sotiropoulos G., Stochastic multiscale modeling of

graphene reinforced composites, Engineering Structures. Vol. 145. pp. 176-189, 2017.

[2] Farhat Ch., Lesoinne M., Pierson K., A scalable dual‐primal domain decomposition

method, Num. Lin. Algebra Apl. Vol. 7, pp 687- 714, 2000.

[3] Klawonn A, Köhler S., Lanser M., Rheinbach O., Computational homogenization with

million-way parallelism using domain decomposition methods Comp. Mechanics pp1-22,
2019.
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High-quality composites models ultimately hinge on the availability of high-quality
experimental data. However, the time and expense of collecting such data is a major bottleneck.
We combine two key components: reduced order homogenization technology in Multiscale
Designer and Bayesian inference to create a framework where highly predictive composite
models can be trained from very small datasets. We use a set of unnotched tension and
compression experiments for training that were hand picked to be maximally informative, and
demonstrate the predictive power of the model by comparing model predictions to experimental
results that were held out from the fitting process. This validation set consists of several
additional unnotched and open hold tension and compression experiments on a number of
different layups that are commonly used.
With the fitted and validated model in hand, we can conduct stochastic analysis on any desired
model which will capture uncertainty arising from the natural variability of the material as well
as uncertainty arising from finite replication of experimental data and nonidentifiabilities in the
training process. This can be used to accelerate the design process, which is inherently iterative,
by allowing for credible initial designs using virtual design allowables. This can also be used
to help OEMs screen and select optimal material systems while significantly reducing the time
and expense associated with physical testing.
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ABSTRACT
Due to the need to better understand the phenomena involved in a friction contact, it is now
necessary to be able to take into account models integrating various scales (system, roughness,
etc.) and various physics (thermomechanics, dynamics, physico-chemistry, etc.). Thus, the
difficulty lies in the predominance and multiplicity of couplings and in the evolution that must
be integrated into the models.
More precisely, through this mini-symposium, the objective is to focus on friction problems,
imperfect interfaces, whether geometric (roughness, etc.) and/or in the presence of
heterogeneous materials on different scales.
In parallel and in order to be able to deal with these problems in a reasonable time, it is then
essential to develop new efficient algorithms.
Thus, we would like to build on this mini-symposium to establish new interdisciplinary links
between mechanics, modelers, mathematicians and computer scientists.
The topics covered include (but not limited to):
-

Multi-physical couplings
Multi-scale approaches
Third body
Theory, Modeling and Simulation
Biotribology
Wheel/Rail Contact
Wear
Friction Materials
Surface Texturing
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For the sake of respect of environmental criteria about acoustic pollution and customer’s
satisfaction, numerical prediction of squeal noise is a major preoccupation for automotive brake
systems manufacturers and scientist community. Currently, deterministic finite element
simulations are well defined to investigate friction induced vibration problems but nevertheless
not enough predictive due to the highly fugitive nature of brake squeal [1]. Thus, the
introduction of observed experimental variability in numerical simulations is an up-to-date
challenge to improve the efficiency of predictions [2] and tend to a more robust design.
In this paper, we propose to focus our attention on the numerical representation of real contact
interfaces which play a significant role in the noise generation. To achieve this objective, a
complete numerical strategy has been developed to generate different families of surfaces
statistically representative of the whole of experimental scanning tests. The flowchart in Figure
1 presents the main steps of the proposed numerical strategy applied to brake pad contact
surface topographies. A focus is made on the database definition (multiscale decomposition,
correlation function database) and the generation of surfaces family using merged random
fields.

Figure 1: Generation of numerical contact surfaces family
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Contact.
In aircraft turbofans, blades are attached to the central disk with a dovetail joint. Because
of aerodynamic instabilities, fretting occurs in the contact, which can lead to wear and cracking
in contacts. The relative motion between blade and disk creates particles of third-body. Particles
flow accommodates velocities and transmits load in this dry sliding interface [1].
A software developed at LaMCoS called MELODY uses a multibody meshfree approach to model third body between two first bodies. Particles of third body are highly deformable, and allow modelling various regimes of flowing: laminar, turbulent, pasty, agglomerated,
etc. [2]. Three main parameters were identified: 𝐸𝐸̃ , a normalized stiffness;𝑐𝑐̃ , a normalized cohesion and 𝛼𝛼̃, a normalized viscosity.
The purpose of these simulations is to apply realistic loading conditions, and to investigate the consequences of third body rheology on the tribological loading endured by first bodies. A pressure similar to that existing in blades/disk contact is applied on the top first body.
After a compaction phase, a tangential velocity is imposed on the upper first body and shears
the third body. By choosing parameters of rigidity and cohesion, we model four different flow
regimes which make sense from an experimental viewpoint. The lower first body is also deformable; impact of flow regimes on the stress fields in space and time is then visible (Fig. 1).
PRESSURE
Rigid first
body

VELOCITY

Fig. 1: Simulation with 1000
Soft granular deformable grains submitted
to compression and shear,
third body
with a deformable lower first
body. Color indicates von Mises stress.
Soft first
body
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Mass-spring models are used to study nature of dry friction in a broad range of research areas including
tribology, geophysics and control engineering. In present study, evolution of frictional forces over time
and involved interfacial mechanisms are investigated using Maxwell-slip model. The model consists
of independent mass-spring units that are moved by a rigid driver on a rigid flat substrate [1]. The
mass-spring units represent surface asperities. Constant driver velocity and uniform pressure along the
interface are assumed. Coulomb friction law is considered. Firstly, dynamics of each mass-block is
analyzed. Motion of the driver during the block slippage period is taken into account. Secondly, the
analytical results obtained for the mass-spring unit are used to construct the multi-asperity model. The
initial position distribution of the blocks represents “friction-frustrated Poisson expansion” [2, 3]. Only
the linear antisymmetric block position distributions are considered. The required force to pull the driver
is obtained by superposition of the spring forces on the blocks. The friction force, however, is calculated
by superposing the forces that the substrate exerts on the blocks.
Effects of different linear initial block position distributions and also different driver velocities on the
pulling and friction forces are investigated. In [4] it is shown both numerically and experimentally
that impact loading of adjacent elastic plates can cause emergence of either “crack-like” or “pulse-like”
frictional sliding modes on the interface. Our results show that “friction-frustrated Poisson expansion”
has a crucial role in determining the frictional sliding mode. Monitoring history of block slippages in
company with force-time behavior shows that stick-slip is associated with crack-like rupture along the
interface while smooth steady sliding corresponds to propagation of the “slip pulses” on the interface.
REFERENCES
[1] Al-Bender F., Lampaert V. and Swevers J. The generalized Maxwell-slip model: A novel model
for friction simulation and compensation. IEEE Transactions on Automatic Control (2005) 50,
11:1883–1887.
[2] Trømborg J. K., Scheibert J., Amundsen D. S., Thøgersen K. and Malthe-Sørenssen A., Transition from static to kinetic friction: Insights from a 2D model. Physical Review Letters (2011)
107:074301.
[3] Ben-David O., Cohen G. and Fineberg J. The dynamics of the onset of frictional slip. Science (2010)
330:211.
[4] Coker D., Lykotrafitis G., Needleman A. and Rosakis A. J. Frictional sliding modes along an interface between identical elastic plates subject to shear impact loading. Journal of the Mechanics and
Physics of solids (2005) 53, 4:884–922.
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Multi-material structures are going to be a main scheme to construct automobiles. For the
construction of multi-material structures, techniques to join dissimilar materials are required.
The major joining techniques are classified into welding, adhesion and mechanical fastening
such as bolted joints and riveting. Especially, bolted joints enable joining of metallic materials
(steel and aluminium alloy, etc.) and non-metallic materials (CFRP, etc.) with high joint
strength. In order to achieve further weight saving, bolted joints are sometimes applied to
strengthen adhesion whose joint strength is much lower than bolted joints. However, the total
stiffness of structures with bolted joints is relatively low because interfaces in bolted joints just
contact each other, and its interfacial stiffness is lower than elastic modulus of base materials.
Moreover, interfacial stiffness of bolted joints depends on clamping force of bolt and nut.
This study has proposed an interfacial element for finite element modal analysis of bolted joints.
The interfacial element simulates interfacial stiffness of bolted joints. Contact of interfaces is
assumed to be the Hertzian contact of elastic asperities whose peak heights obey the Gaussian
distribution. Based on this assumption, the stiffness of the interfacial element is derived from
the compressive stress and the surface texture of the interfaces [1][2]. By using the finite
element model with the interfacial element, the modal analysis computes the natural frequency.
Finite element simulations and hammering tests have been conducted with several bolted joints.
The natural frequency of the bolted joints in the hammering tests increases with the increase in
the clamping force of the bolted joints, but it is lower than the calculation results in which the
stiffness reduction of the jointed interfaces is ignored. On the other hand, the calculation results
by using the proposed interfacial element agree with the hammering tests. Therefore, the
proposed interfacial element contributes to improvement of modal analysis of bolted joints by
mathematically modelling stiffness reduction of jointed interfaces based on tribology.
This work was supported by JSPS KAKENHI Grant Number JP18K03849.
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[1] J. A. Greenwood and J. H. Tripp, The contact of two nominally flat rough surfaces,

Proceedings of the Institution of Mechanical Engineers, Vol. 185, pp. 625−633, 1970.

[2] S. Björklund, A random model for micro-slip between nominally flat surfaces,

Transactions of the ASME, Journal of Tribology, Vol. 119, No. 4, pp. 726−732, 1997.

1206

400 - Biomechanics and Mechanobiology

400 - Biomechanics and Mechanobiology

1207

1208

MS Organizer(s):
Advances
in characterization
Tien-Tuan Dao,
andOlfa
modeling
Trabelsi,
of biological
Christian Gasser
soft tissues
and
Marie-Christine Ho Ba Tho

Advances in characterization and modeling of biological
soft tissues
MS Organizer(s): Tien-Tuan Dao, Olfa Trabelsi, Christian Gasser and
Marie-Christine Ho Ba Tho

1209

1210

MS211 - Advances
Tien-Tuan
Dao, Olfa
in Trabelsi,
Characterization
Christianand
Gasser
Modeling
and Marie-Christine
of Biological Soft
HoTissues
Ba Tho

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19- 24, 2020, Paris, France

ADVANCES IN CHARACTERIZATION AND MODELING OF
BIOLOGICAL SOFT TISSUES
TRACK NUMBER: 400 BIOMECHANICS AND MECHANOBIOLOGY
T.T. DAO*, O. TRABELSI*, T. C. GASSER †, M.C. HO BA THO*
*

Sorbonne University, Université de Technologie de Compiègne, CNRS, UMR 7338 Biomechanics
and Bioengineering, Centre de Recherche Royallieu, CS 60 319 Compiègne, France
tien-tuan.dao@utc.fr, olfa.trabelsi@utc.fr, hobatho@utc.fr
†

KTH Solid Mechanics, School of Engineering Sciences, KTH Royal Institute of Technology,
Stockholm, Sweden
tg@hallf.kth.se

Key words: Computational biomechanics, soft tissue, characterization, modeling, data
uncertainty and propagation.
ABSTRACT
Understanding the complex multiphysical behaviours and multiscale interactions of biological
soft tissues plays an important role in the diagnostic and treatment of disorders. Novel
measuring protocols and powerful computational approaches are commonly developed to
characterize and model biological soft tissues under physiological and pathophysiological
conditions. Thus, new knowledge could be extracted and used for clinical decision support.
This mini-symposium aims to bring together different scientific communities to present
methodological approaches as well as practical applications related to the characterization and
modeling of biological soft tissues. In this mini-symposium, the following subjects are
welcomed:
- Characterization of biological soft tissues at multiple length scales
- Parameter identification and inverse problems for biological soft tissues
- Modeling of biological soft tissues at multiple length scales
- Data uncertainty and propagation
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From a continuum mechanical perspective, soft biological tissues are highly complex;
displaying nonlinearity, anisotropy, inhomogeneity and an inherent time dependence. Such
phenomena are known to arise from the intricate arrangement and interaction of the numerous
extracellular matrix (ECM) proteins from which the tissue is composed. Fibrous collagen is
widely considered to be the principal load bearing ECM constituent. Its hierarchical architecture
and deformation mechanisms that act over several length scales greatly determine the overall
macroscopic properties of soft tissue. It is therefore of critical importance that computational
models seeking to further the understanding of soft tissue biomechanics, incorporate the
multiscale structure of collagen.
Here we consider a 1D constitutive model for an individual collagen fiber that incorporates
notable features at the microscale, such as the continuous recruitment of undulated collagen
fibrils. Crucially, interfibrillar sliding is accounted for through the viscous deformation of
proteoglycans that interconnect adjacent fibrils, which themselves are composed of
Glycosaminoglycan (GAG) cross-linking chains. It has been shown that GAGs, contribute
towards ECM mechanics and collagen recruitment specifically, whilst also significantly
influencing the viscoelastic properties of soft tissue [1]. The fiber model is subsequently
numerically integrated over the unit sphere using spherical t-designs. This well established
framework determines the macroscopic stress contribution of collagen at the Gauss point level
and has been applied to the description of collagen fiber reinforced soft tissue previously [2,3].
Collagen fiber orientation varies greatly between different tissue types, a feature that greatly
determines their mechanical response. This methodology readily accounts for this as it permits
the inclusion of appropriate orientation density functions to characterise the tissue of interest.
The outlined multiscale computational framework has demonstrated that it is able to
qualitatively capture stress relaxation, creep and strain stiffening behaviour when applied to the
uniaxial tension of the Achilles tendon. Additionally, it is well suited towards further expansion
and the investigation of Collagens role in both tissue failure and remodelling.
REFERENCES
[1] J.M Mattson et al, Glycosaminoglycans Contribute to Extracellular Matrix Fiber Recruitment and Arterial
Wall Mechanics. Biomech Model Mechanobiol., 16(1), 213−225, 2017.
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A wide range of constitutive models for soft biological tissues are available in literature. Experimentalists currently choose a specific model based on literature, practical reasons or intuition, without using an
objective measure. This study aims to develop a model selection algorithm which is an objective method
to select the most probable model among a series of models for a specific set of experimental data by
taking into account measurement uncertainties and variability present throughout the experiment.
Using Bayesian statistics, the probability of a model Mi , given the measured data zm can be calculated
p(z = zm |Mi )p(Mi )
as:
.
p(Mi |z = zm ) =
p(z = zm )
Since the denominator is equal for all models, and the prior probability of each model p(Mi ) is assumed

equal, the most probable model is found by maximizing
Ii :
Ii = p(z = zm |Mi ) = p(z = zm |θ, Mi )p(θ|Mi )dθ,

where θ is the vector of material parameters in model Mi .
For each model Ii is calculated as follows:
1) Create a large number of samples N of the material parameters θ and of the strain measurements x
using their prior distributions.
2) Compute the model response for each sample θ j , x j : y j = f (θ j , x j ). Assuming a normally distributed
measurement error & variability, N (0, Σ) the likelihood is:
1
T −1
1
p(z j = zm |θ j , Mi ) = 
e− 2 (zm −y j ) Σ (zm −y j ) ,
k
(2π) |Σ|
with k being the length of vector zm , and with Σ the covariance matrix via which measurement uncertainties and variability are taken into account.
3) Use Monte Carlo integration:

1 N
Ii = p(z = zm |θ, Mi )p(θ|Mi )dθ ≈ ∑ p(z = zm |θ j , Mi ).
N j

The algorithm was verified on virtual stretch-stress curves from planar biaxial experiments. Afterwards,
the approach was applied to planar biaxial tests of human mitral valves, considering different levels of
uncertainty (measurement errors, intra-specimen variability, and inter-specimen variability), and evaluating different material models (May-Newman [1], Gasser-Ogden-Holzapfel [2], Ogden [3] and LeeSacks [4]). Preliminary results indicate that the probability of the model is influenced by the number of
material parameters.
This work was supported by Engineering and Physical Sciences Research Council (EP/P018912/2), a
junior postdoctoral fellowship and a travel grant of Research Foundation-Flanders (FWO/12ZC820N,
FWO/V429419N).
[1] May-Newman and Yin, J Biomech Eng, 120(1):38-47, 1998. [2] Gasser et al., J R Soc Interface, 3(6):15-35,
2006. [3] Ogden, Proc. R. Soc. Lond. A, 326, 1972. [4] Lee et al., J Biomech. 27;47(9):2055-63, 2014.
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How to mechanically characterize cartilage with an unconfined
compression test: a computational parameter sensitivity analysis
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Articular cartilage mechanics are significantly altered in osteoarthritis (OA). In-silico
mechanical modelling can be used to study and optimize OA treatment methods. To empower
the in-silico models, accurate mechanical characterization of cartilage is required. For this,
different experimental tests are used amongst which unconfined compression is one of the most
common. In this research, we aim to provide recommendations for performing unconfined
compression tests for characterization of cartilage material parameters based on a systematic
parameter sensitivity study of a finite element simulation.
Cartilage was modelled in Abaqus as a 3D cylinder of 8 mm in diameter and height using a
fibril-reinforced poroelastic (FRPE) material model [1], which contains six parameters:
Young’s modulus (𝐸𝐸𝑚𝑚 ) and Poisson’s ratio (𝜗𝜗𝑚𝑚 ) of the nonfibrillar matrix, initial permeability
(𝑘𝑘0 ) and permeability void-ratio-dependent parameter (𝑀𝑀), and initial and strain-dependent
fibril network moduli ( 𝐸𝐸𝑓𝑓0 and 𝐸𝐸𝑓𝑓𝜖𝜖 ). Compression deformation was applied to the top surface of
cylinder in vertical direction according to different protocols (ramp, ramp+one-hour relaxation
and 10 cycles dynamic loading) for different strain levels (10 and 20%) and different rates (1
and 10 %/sec for ramp and 0.1 Hz and 1 Hz for dynamic). A systematic parameter sensitivity
analysis method was adapted from [2] and ranges of the material parameters were selected
based on the properties of healthy human cartilage in [1]: 𝐸𝐸𝑚𝑚 : 0.3 − 0.9𝑀𝑀𝑀𝑀𝑀𝑀, 𝜗𝜗𝑚𝑚 : 0.15 − 0.45,
𝑘𝑘0 : (0.6 − 1.8)10−15 𝑚𝑚4 ⁄𝑁𝑁𝑁𝑁, 𝑀𝑀: 2 − 6, 𝐸𝐸𝑓𝑓0 : 0.3 − 0.9𝑀𝑀𝑀𝑀𝑀𝑀, and 𝐸𝐸𝑓𝑓𝜖𝜖 : 10 − 30𝑀𝑀𝑀𝑀𝑀𝑀. The
sensitivity of the reaction force at the bottom surface to the material parameters was studied.

The results show that the reaction force in the ramp loading test with 1%/sec strain rate is highly
sensitive to the nonfibrillar matrix parameters (𝐸𝐸𝑚𝑚 and 𝜗𝜗𝑚𝑚 ) and is not sensitive to the
permeability parameters (𝑘𝑘0 and 𝑀𝑀). Ramp loading test with 10%/sec strain rate is dominantly
sensitive to the fibril network parameters ( 𝐸𝐸𝑓𝑓0 and 𝐸𝐸𝑓𝑓𝜖𝜖 ) and permeability parameters. Relaxation
loading is highly sensitive to the matrix parameters, while it is not sensitive to the permeability
parameters. Dynamic loading sensitivity has the same trend as ramp loading with 20%/sec strain
rate, while more parameters are needed to be controlled in the dynamic test. Therefore, as a
conclusion, two ramp loading experiments on a cartilage sample up to 20% strain and 1 and 10
%/sec strain rate, each of them followed by a one-hour relaxation phase suffice to characterize
all the different parameters of articular cartilage modelled with the FRPE constitutive law.
REFERENCES

[1] M. Ebrahimi et al., Elastic, Ann. Biomed. Eng., Vol. 47, 953–966, 2019.
[2] F. Frauziols et al., Strain, Vol. 52, 400–411, 2016.
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IMPROVED PARAMETER FITTING APPROACH OF A PLANAR
BIAXIAL TEST INCLUDING PRELOAD
Klaas Vander Linden*, Heleen Fehervary, Lauranne Maes and Nele Famaey
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Testing
Planar biaxial (PB) tests are becoming increasingly popular to characterize the mechanical behavior of a
wide range of materials, including soft biological tissue. Accurate assessment of the material properties
is crucial for a correct understanding of its behavior. Generally, the tissue’s properties are estimated by
fitting a material model against experimental data. Recently, progress has been achieved by incorporating
the experimental boundary effects [1] and the physiological residual stresses [2]. However, common
experimental practice involves applying a preload prior to the actual test to avoid sagging of the sample.
Consequently, the sample’s reference configuration, i.e. the configuration at the start of the test, does not
correspond to its load-free configuration. This discrepancy is not accounted for in traditional parameter
fitting procedures. We present a way of estimating the prestretch tensor corresponding to the preload,
resulting in more reliable material properties.
The procedure of finding the prestretch tensor G consists of two optimization schemes. A first estimate
of the prestretch tensor G is obtained by linearly extrapolating the first five data points of the experimentally obtained force-stretch curves. In the first optimization scheme, the material properties are found
(e.g. for the Gasser-Ogden-Holzapfel material model [3]), during which the total deformation gradient
is assumed to be Fbiax G, with Fbiax the measured deformation gradient. Using Matlab R2019a and the
CasAdi toolbox [4], the difference between the experimental forces and model forces are minimized. In
the second optimization scheme, a new estimate of the prestretch tensor G is found which minimizes
the difference between the experimental and model forces. The latter are calculated using the material
properties obtained in the first step. The newly found G is then used in the next iteration. This process is
repeated until convergence of G.
Our results show that, for preload levels typically applied in experiments, the resulting material parameters are influenced considerably by introducing the prestretch tensor G. The proposed method is verified
using artificial experimental data. In a next step, the method will be validated on test data of which the
experimental prestretch tensor is calculated using digital image correlation.
REFERENCES
[1] Fehervary, H. et al. Development of an improved parameter fitting method for planar biaxial testing
using rakes. Int. J. Numer. Method. Biomed. Eng. (2019) 35(4):e3174
[2] Maes, L. et al. Constrained mixture modeling affects material parameter identification from planar
biaxial tests. J. Mech. Behav. Biomed. Mat. (2019) 95:124–135.
[3] Gasser, T.C. et al. Hyperelastic modelling of arterial layers with distributed collagen fibre orientations. J. R. Soc. Interface. (2006) 22;3(6):15-35.
[4] Andersson, J. A General-Purpose Software Framework for Dynamic Optimization. PhD thesis
Arenberg Doctoral School, KU Leuven Department of Electrical Engineering (ESAT/SCD) and
Optimization in Engineering Center, 2013.
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MECHANICAL CHARACTERISATION OF THE HUMAN
OESOPHAGUS
Ciara Durcan1,2, Mokarram Hossain1,*, Grégory Chagnon2 and Edouard Girard2,3
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To enhance the design of medical devices and to improve surgical simulations, sufficient
data on the mechanical behaviour of the human oesophagus is required but is scarce in the
current literature. Egorov et al. [1] conducted a series of experiments on the human
gastrointestinal tract, including the oesophagus. However, they studied only the distal third of
the oesophagus and its behaviour in only one direction. Vanags et al. [2] investigated the effect
of pathology and ageing on the mechanical properties of the oesophagus, comparing the results
to healthy tissue. However, the oesophagus was studied as a whole, without consideration of
the different layers. Yang et al. [3] experimented on the human oesophagus but looked purely
into the viscoelastic properties of the tissue. A comprehensive investigation into the regional,
directional, and layer-dependent material properties of the human oesophagus is essential.
The ex vivo mechanical properties of the passive muscularis propia layer were
extensively investigated. For this, a series of uniaxial tensile tests were conducted. The results
demonstrated hyperelastic behaviour, with the loading of the tissue in both the longitudinal and
circumferential directions showing discrepancies, demonstrating the anisotropy of the material.
The muscular layer displayed anisotropy at different strain rates, with the longitudinal direction
exerting more stress than the circumferential direction. The circumferential direction was found
to have little strain-rate dependency, while the longitudinal direction results suggest
pronounced strain-rate dependent behaviour. The repeated trials showed larger variation in
terms of stress in the longitudinal direction compared with the circumferential direction. The
possible causes of variation between trials are discussed and the experimental findings are
linked to histological analysis found in literature.
REFERENCES
[1] Egorov VI, Schastlivtsev IV, Prut EV, Baranov AO, Turusov RA. Mechanical properties

of the human gastrointestinal tract. Journal of biomechanics. 2002 Oct 1;35(10):1417-25.
[2] Vanags I, Petersons A, Ose V, Ozolanta I, Kasyanov V, Laizans J, Vjaters E, Gardovskis
J, Vanags A. Biomechanical properties of oesophagus wall under loading. Journal of
biomechanics. 2003 Sep 1;36(9):1387-90.
[3] Yang W, Fung TC, Chian KS, Chong CK. Investigations of the viscoelasticity of
esophageal tissue using incremental stress-relaxation test and cyclic extension test. Journal
of Mechanics in Medicine and Biology. 2006 Sep;6(03):261-72.
*Corresponding author: mokarram.hossain@swansea.ac.uk
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ABSTRACT
Computational mechanics and numerical methods play an increasingly significant role in the
study of biological systems at the organism, organ system, organ, tissue, cell, and molecular
scales. New and exciting applications of computational mechanics go beyond the classical
theories and incorporate biomechanical mechanisms inherent in biology such as adaptation,
growth, remodelling, active (muscle) response, and inter- and intra-patient variables.
Synergies among fundamental mechanical experiments, multi-modal imaging and image
analyses, new mathematical models and computational methods enable studies of, e.g.,
microphysical (mechanobiological) cellular stimuli and response, structure-function
relationships in tissues, organ and tissue integrity, disease initiation and progression,
engineered tissue replacements, and surgical interventions.
The goal of this minsymposium is to promote cross-fertilization of ideas and collaborative
experimental and numerical efforts towards more rapid progress in advancing the overall field
of computational biomechanics. To this end, contributions considering the following topics
are particularly welcome: coupled analyses of chemo-mechanical processes; methods
coupling multiple scales and/or multiple physics; growth and remodelling of biological
tissues; characterization and impact of inter- and intra-patient variability; applications with
clinical impact or potential clinical impact; new constitutive models; mechanobiology and
cellular mechanics; applications of medical images and image analyses in mechanics;
mechanics of pathological processes; and experimental methods and computational inverse
analyses towards model calibration.
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A Computational Model of Mouse Distal Colon and Rectum Capturing
Through-Thickness and Longitudinal Heterogeneities in Biomechanics
Yunmei Zhao¹,², Bin Feng², and David M. Pierce¹,²
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Biomechanics of the distal colon and rectum (colorectum) play critical roles in visceral
nociception and hypersensitivity; it is mechanical colorectal distension, not heating, cutting or
pinching that reliably evokes visceral pain from the colorectum. While there’s a plethora of data
on the neurophysiology of visceral sensory never endings embedded the colorectum, knowledge
on the biomechanics of the distal gastrointestinal tract remain scarce. The colorectum is a multilayered structure including a composite inner layer (mucosa and submucosa) and a composite
outer layer (two muscular layers and serosa). To advance our biomechanical understanding of
the colorectum, we determined hyperelastic constitutive models capable of recapitulating our
recent layer-separated experiments on both the anisotropic mechanical responses and the
distributions of collagen fibers (the later determined by nonlinear imaging of second harmonic
generation) [1]. We determined the model parameters for the individual layers by nonlinear
optimization, so that the model-predicted biomechanical responses agreed with the recent
experimental measurements from layer-separated biaxial tensile testing on harvested mouse
colorectal tissue patches (7×7 mm2) as well as measurements of pre-stretches [2]. We the
implemented the constitutive equations and created two-layered, residually stressed 3-D finite
element (FE) models of a mouse distal colorectums. To validate the computational models, we
conducted FE simulations of the biaxial stretch of the reconstructed bulk colorectal wall, and
these predicted stress-strain results compared favourably with our biaxial experiments. We
further validated the model by conducting FE simulations of colorectal distension and compared
the predicted pressure-diameter relations to those measured in an independent experiment. Our
results indicate strong anisotropy in the colorectum with stiffer mechanical properties along the
axial versus circumferential direction, and with this anisotropy varying from the proximal
colonic to distal rectal locations. We established and validated a high-fidelity computational
model to recapitulate the macroscopic and microscopic biomechanics of the colorectum. Our
simulations reveal heterogeneous biomechanical properties across both the through-thickness
and longitudinal directions of the colorectrum, which likely underlies the differential roles of
sensory nerve endings in different regions of the colorectum in visceral mechanotransduction.
Key Words: Colorectum, Biomechanics, Constitutive Modeling, Mechanotransduction
REFERENCES
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[2] Siri, S., Maier, F., Chen, L., Santos, S., Pierce, D.M. and Feng, B., 2019. Differential
biomechanical properties of mouse distal colon and rectum innervated by the splanchnic
and pelvic afferents. AM J PHYSIOL-GASTR L, 316(4), pp.G473-G481.
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A Machine Learning Approach to Map Structural Features to Mechanical
Characteristics of Protein Networks
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Sub-cellular mechanics is crucial for a variety of biological functions and dysfunctions. Here,
we present a machine learning (ML) mechanical surrogate model trained on simulation results
to extract structural features of protein networks (PN) corresponding to adaptive stability of
filamentous temperature sensitive Z (FtsZ) proteins in Physcomitrella patens.
37 3D images of FtsZ protein are segmented and a set of 26 structural features of the PNs as
described in Asgharzadeh et al. [1, 2] are extracted. We carried out compressing simulations
for small to large deformations and determined the buckling failure factor (FB). Moreover, a
series of multi output regression random forest (RF) models [3] are trained on the simulation
results to map the 26 structural features to the mechanical parameters. The importance of
features for predicting bearing capacity and adaptive stability is calculated. The surrogate
models reach an average R2 of 0.81 and 0.97 in predicting mechanical behaviour for small and
large deformations. From small to large deformation, FB converges towards a constant value
of 1% (Fig 1). The most important features of FtsZ PNs leading to this adaptive stability are the
location of filament connections and their local structural deviations (∑ importance = 70%).

Figure 1: A) Sample meshed FtsZ PN. B) FB during PN compression. C-D) Simulation vs. ML
model prediction for small and large deformation, respectively.
Here, we present a ML approach to perform an end-to-end prediction of mechanical behaviour
of FtsZ PN. Our ML model shows that adaptive stability is achieved through the structural
design of the filaments. In future studies, the model can be trained on other cytoskeletal protein
networks to investigate structure altering stimuli such as cancer or Alzheimer's disease.
REFERENCES
[1] P. Asgharzadeh et al. Acta Biomaterialia 69 (2018) 206–217.
[2] B. Özdemir et al. Scientific Reports 8 (2018) 11165.
[3] L. Breiman. Machine Learning 45 (2001) 5–32.
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A MACHINE LEARNING FRAMEWORK FOR PREDICTIVE
MULTISCALE MODELING OF TUMOR GROWTH
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A class of multiscale models of tumor growth consists of agent-based models (ABMs) of
individual cell interactions integrated with continuum models of microenvironmental
evolutions. Such hybrid multiscale ABMs are unique in their ability to simulate combinations
of several processes involved in the dynamics of tumor development and provide insights into
the understanding and investigating cancer progression. The high computational cost of
simulating discrete cells, inherent stochasticity due to the probabilistic phenotypic transitions
of tumor cells, and the presence of numerous and uncertain model parameters, are the main
drawbacks restricting the ABMs as a mean of predicting the cancer growth. This contribution
focuses on developing a predictive multiscale ABM of tumor growth using time-resolved
microscopy. We explore the application of a physics-based machine learning framework to train
and validate the ABM against a set of in vitro measurements of human breast carcinoma cells
with various initial confluences and nutrient levels. The machine learning framework consists
of a moment-based Bayesian inference to account for the stochasticity of the hybrid ABM while
quantifying uncertainties in model parameters and observational data. We further assess the
validity of the multiscale ABM and its reliability in the prediction of tumor growth.
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A MULTISCALE MODEL FOR MYOCARDIAL PERFUSION IN THE
HUMAN HEART
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Myocardial perfusion is the delivery of blood to the heart muscle, supplied by the coronary circulation.
A proper heart function strongly relies on this process, since reduced coronary flow rate, due for example to atherosclerosis, can lead to ischaemic cardiopathy and, possibly, to an infarct of the myocardium.
In this talk, we present a mathematical and numerical model for human cardiac perfusion which accounts for the different length scales of the vessels in the coronary tree. Precisely, we account for a
scale separation between the coronaries laying on the epicardium and the smaller vessels penetrating
into the tissue. We adopt a multiscale approach in which the epicardial vessels are represented with a
three-dimensional fluid-dynamics (Navier-Stokes) description while the intramural vessels are modeled
by means of a multi-compartment porous medium (Darcy’s law). These two models are coupled using
interface conditions based on the continuity of mass and momentum. To estimate the physical parameters of the multi-compartment model, a virtual intramural vascular network is generated using a novel
algorithm which works in non-convex domains. We also propose suitable numerical strategies for the
numerical approximation of the coupled problem. In particular, we propose a splitting algorithm for the
monolithic problem, with the corresponding convergence analysis, and a suitable preconditioner for the
multi-compartment porous sub-model. This model has been applied to patient-specific heart geometries
reconstructed from clinical imaging data. Finally, we test the computational framework in a realistic
human heart, and we obtain results that fall in the physiological range for both pressures and local myocardial flows.
Acknowledgements This project has received funding from the European Research Council (ERC)
under the European Union’s Horizon 2020 research and innovation programme (grant agreement No
740132).
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A PARALLEL SOLVER FOR ELECTROMECHANICAL SIMULATIONS
OF VENTRICULAR HYPERTROPHY
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Cardiac hypertrophy is a pathological remodeling caused by a long-term pressure or volume overload
inside the ventricles[1]. Its main phenotypic consequence is a progressive intracellular deposition of
new sarcomere units in parallel or in series to the preexistent ones[2]. In the present study, we investigate in silico the effects of such growth on the electromechanical response of ventricular tissue. Our
numerical simulations are based on a strongly-coupled electromechanical model, constisting of the Bidomain electrical current flow model, the Luo-Rudy membrane model, the Land-Niederer cellular active
tension generation model and the three-dimensional finite elasticity system. The space discretization is
performed by Q1 finite elements, whereas the time discretization by a partitioned semi-implicit method.
The parallel solver employed for the solution of non-linear mechanics was developed in [3] and is based
on a Newton-Krylov method, where GMRES is accelerated by the Balancing Domain Decomposition by
Constraints (BDDC) preconditioner.
REFERENCES
[1] L. A. TABER, Biomechanics of growth, remodeling, and morphogenesis, Appl. Mech. Rev., 48
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Lung disease is the leading cause of death worldwide, and new threats are emerging from
vaping and rising air pollution in many parts of the world. Ever more necessary are new
approaches to understand lung biomechanics and examine the impact of disease on structural
material properties. Here we present recent advances to experimental capabilities aimed at
informing computational techniques to better understand pulmonary physiology and improve
biomedical technology. We have constructed a new volume-pressure apparatus for whole-lung
ex vivo inflation and deflation tests, capable of continuous measurements while accounting for
the compressibility of air during ventilation; this system is uniquely paired with full-field, noncontact strain and displacement measurements to investigate tissue deformation heterogeneity.
This fundamental study investigates the effect of bulk elasticity and breathing load distributions
on localized material response [1]. Findings will directly inform computational analyses of
pulmonary clinical imaging for understanding lung mechanics in vivo, and further benefit
considerations of multiscale computational analyses associating tissue sub-constituents to
whole-organ response, understanding adaptation and remodeling in diseased states, and
ventilation protocols for patient care [2, 3].
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AN EFFICIENT AND ACCURATE METHOD FOR MODELING
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Computational biomechanics plays an important role in biomedical engineering: using modeling to understand pathophysiology, treatment and device design. While experimental evidence indicates that the
mechanical response of most tissues is viscoelasticity, current biomechanical models in the computation
community often assume only hyperelasticity. Fractional viscoelastic constitutive models have been successfully used in literature to capture the material response. However, the translation of these models into
computational platforms remains limited. Furthermore, the use of fractional derivatives can be computationally prohibitive, with a number of current numerical approximations having a computational cost
that is O (NT2 ) and a storage cost that is O (NT ) (NT denotes the number of time steps). In this work, we
present a novel numerical approximation to the Caputo derivative which exploits a recurrence relation
similar to those used to discretize classic temporal derivatives, giving a computational cost that is O (N)
and a storage cost that is fixed over time, consistent with standard transient methods. Results from this
analysis are demonstrated through a series of numerical examples, demonstrating appropriateness of the
developed bounds, accuracy and numerical efficiency. Convergence, accuracy and computational costs
are then evaluated in an analytic example, a simplified fractional diffusion system and in biomechanical
examples including liver tissue mechanics and an investigation of the role viscoelasticity in the residual
stress of biological tissues. The method is shown to be unconditionally stable in the linear viscoelastic
case, and this generalized approach lends itself to a wide variety of modeling problems in soft tissues as
well as other fractional-time derivative problems.
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Introduction: Knowledge of tissue structure is critical for understanding physiology and
pathology. Recent studies have indicated the heterogeneous mechanical properties of
pulmonary airways may be dependent on tissue constituent architecture within the bronchial
tree [1]. Many studies have considered the role of collagen fibre orientation; here we consider
its crimp and waviness. The few studies attempting to analyse collagen waviness do so
exclusively using manual fibre tracking. This is labour intensive and heavily operator
dependent, further limiting the sufficient analysis necessary to describe waviness distribution
within a tissue. We propose a new automated algorithm to analyse collagen waviness.
Methods: The key element of the proposed method is active contour method. This method
represents an iterative segmentation method, which gradually approximate the morphological
features of individual fibres. The crucial and in the same time initial part of the segmentation
procedure is a placement of the initial seeds inside individual fibres from which the
segmentation curve is being evolved within the predefined number of iterations (2k and 6k).
Understandably, a greater portion of the fibre is captured for more. Twenty confocal images at
40x magnification of 5um sectioned porcine trachea stained with goat anti rabbit-488 are
analysed. For validation, fibres are also tracked manually and waviness (defined as straight
length/curved length) are compared.
Results: Median (interquartile range) fibre waviness is 0.94 (0.887-0.981) for 2k iterations per
fibre, 0.954 (0.887-0.983) for 6k iterations per fibre and 0.975(0.939-0.99) for manual fibre
tracking. Man-Whitney test reveals non-significant difference between 2k and 6k iterations
methods (p=0.78). Kruskal Wallis test reveals significant differences between manual and
automated waviness estimation (p=0.002).
Discussion: Our algorithm yields slightly higher waviness (2%) compared to manual
measurement. Concluding better method accuracy is inconclusive given this negligible
difference. Observed results indicate narrow dispersion of collagen waviness in porcine trachea,
and may be compared to distal bronchial regions in the future, enabling more reliable
computational simulation of this tissue, underexplored thus far in the literature.
REFERENCES
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Bone is a complex anisotropic and composite material consisting of different hierarchical structures over
multiple length scales. Fracture mechanisms in bony structures are thus highly difficult to predict, particularly because the nature of bone constituents at all scales undoubtedly influences the bone macroscopical
mechanical behavior. Any kind of alteration in any sub-structure (induced e.g. by age and/or occurrence
of diseases) can cause dramatic variations in the bone overall mechanical response [1].
The structural units of cortical bone at the microscale level are the osteons, which are in turn constituted
of several coaxial, approximately cylindrical lamellae. Osteons were proved to have a key role for the
propagation of cracks at organ level [1]. However, to date only few finite element models focusing on
bone micromechanical aspects have been developed [2]. Moreover, many investigations are based on assumptions which can be very far from the reality. The aim of the present study is thus to furnish a more
detailed modelling of a single osteonal structure. The osteonal structure is modelled via a multiscale
constitutive rationale, based on micro- and nano-scale parameters having a clear histological meaning,
accounting for the different arrangement of the mineralized collagen fibrils within each lamella. In addition, the model accurately accounts for several features characterising the osteons, such as the presence
of interlamellar areas (modelled as weak interfaces) and of lacunae (i.e., oblong cavities reproduced as
ellipsoids). To simulate the progressive fracture, the previous aspects are coupled with a brittle damage
behaviour and the potential occurrence of both an interlaminar and an intralaminar failure has been considered. The mechanical response of osteonal structures has been obtained via a nonlinear finite element
scheme revealing a good agreement with experimental findings available in literature. The proposed
modelling approach may provide indications on microscale failure mechanisms of bone structures that
can be useful for defining refined bottom-up constitutive descriptions of cortical bone tissue.
REFERENCES
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Spatial gradients in articular cartilage structure and function are indicative of tissue integrity.
Textural alterations in MRI images may correlate stronger with tissue health and early
osteoarthritis onset than conventional metrics. Here, we explore the utility of anatomically
relevant spatial gradients in structural and functional MRI data both in vivo and ex vivo as
beneficial biomarkers for earlier detection and prediction of osteoarthritis.
Multicontrast MRI (MRI relaxometry and dualMRI) images and histological data was collected
from osteochondral explants (n=61). Anatomically relevant spatial gradients of the relaxometry
and strain images were calculated normal to the cartilage superficial zone. Spatial gradient maps
were subjected to a cumulative histogram with pixels of interest averaged for a gradient score.
Gradient values were regressed against OA severity and compared to conventional metrics. A
linear OA prediction model was created utilizing the anatomical gradient biometric. Medial
femoral cartilage T2 images of ten subjects from the Osteoarthritis Initiative (OAI) with
sufficient OA onset were chosen for preliminary clinical analysis of anatomical spatial gradients
normal to the cartilage deep zone. All in vivo metric gradient measures significantly correlated
with OA severity, besting conventional metric correlations. The multicontrast anatomical
gradient model produced the closest relationship to OA severity, improving upon previously
published models. The use of spatial gradients in the OAI data indicate a potential benefit of
gradient analysis on clinical datasets. Anatomically relevant spatial gradient analyses of
articular cartilage MRI images, which capitalizes on spatial variations in tissue structure and
function, improves the correlation between and predictive power of MRI measures to earlystage osteoartritis.
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The full characterization of three-dimensional (3D) mechanical behaviour soft tissues is
essential in understanding their function in health and disease. The hierarchical structure of soft
tissues results in their highly anisotropic mechanical behaviors, with the spatial variations in
fiber structure giving rise to heterogeneity. We have developed a novel numerical-experimental
approach to determine the optimal parameters for 3D constitutive models of soft tissues [1, 2]
using optimal design of full 3D kinematically controlled (triaxial) experiments coupled to an
inverse model of the experiment and local fibrous structure. Due to the natural variations in soft
tissue structures, the mechanical behaviors of soft tissues can vary dramatically within the same
organ. Thus, to obtain the responses of soft tissues with different realizations of structures, the
resulting hyperelastic problem needs to be solved with spatially varying parameters and in
certain cases different boundary conditions. To alleviate the associated computational costs at
the time of simulation, we have developed the following neural network-based method. The
solution 𝐮𝐮(𝐱𝐱) was discretized as 𝐮𝐮(𝐱𝐱) = 𝐂𝐂𝐂𝐂(𝐱𝐱) where 𝐂𝐂 are weight matrix, 𝐍𝐍 are basis functions,
x are spatial variables, so was the parameter 𝐦𝐦(𝐱𝐱) = 𝐃𝐃𝐃𝐃(𝐱𝐱) that describe fiber structures and
loading path boundary conditions. The neural network represents the solutions of the form 𝐃𝐃 =
𝑓𝑓++ (𝐱𝐱, 𝐂𝐂; 𝜽𝜽) where 𝜽𝜽 are parameters of the neural network. The resulting neural network was
trained in a physics-informed approach [3] by searching for 𝜽𝜽 that minimizes the potential
energy 𝚷𝚷(𝐮𝐮(𝐱𝐱), 𝐦𝐦(𝐱𝐱)) of the hyperelastic problem on the training dataset generated by sampling
x in a given domain and m for a range of parameters. The present method does not require
generating a large labelled training dataset via a number of simulations, which is
computationally intractable. Due to their learnability characteristics, the neural network was
able to predict solutions with given individual specimen fiber structures and loading path
boundary conditions. The neural network model was trained with satisfactory convergence, it
can be used to give fast predictions of complex 3D deformations in full kinematic space with
population-based fiber structures by forward propagation in the neural network. This will
provide efficient and robust computational models for clinical evaluation to improve patient
outcomes.
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Recent advances in statistical learning theory have enabled mathematical model learning
directly from limited and noisy measurement data. The PDE-FIND algorithm [1] demonstrated
the feasibility of learning partial differential equations (PDE) from data and PDE-STRIDE [2]
(through L0- regularization and stability selection [3]), relaxed the dependencies on tuning
parameters, sample-size, and noise-levels to enable consistent model recovery.
However, in areas like biology, high noise-levels, sensor induced correlations, and strong intersystem variability exist and can render data-driven models nonsensical and inconsistent without
additional constraints on the model set. Hence, it is important to rely on external prior
knowledge as a guide to learn a “biologically plausible and physically consistent” model instead
of the one that gives the highest prediction accuracy.
Here, we propose a statistical learning framework with structured sparsity constraints for
grouping features which enables us to: 1) enforce conservation laws, 2) extract spatially varying
non-observables, 3) encode symmetry relations associated with the underlying biological
process. The resulting sparse optimization problem is solved using Iterative Hard Thresholding
algorithm (IHT) with approximate projections for the non-convex structured penalty [4]. We
showcase successful numerical experiments to learn ODE models of the JAK-STAT signal
transduction pathway with mass conservation priors, to identify PDE model and latent variables
for cortical protein transport problem with priors on spatial variability, and to recover mechanochemical PDE models directly from experimental data in order to explain C. elegans zygote
polarization with symmetry priors. Encoding priors with group sparsity is found to greatly
enhance the learning power and interpretability of the inferred models.
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Peripheral nerve injury (PNI) affects 1M people in Europe and the USA p.a [1]. Patients experience debilitating symptoms resulting in loss of end-organ function and morbidity [1]. The current gold standard
aims to re-establishing a connection between the proximal and distal nerve stumps through microsurgical
autografts [2]. However, this procedure often results in donor-site morbidity, and functional outcomes
are poor in many cases.
A compounding challenge lies in matching grafts to host tissues with different neuron populations (motor, sensory) [3]. Neurites from motor and sensory neurons respond in different ways to their local
microenvironment, for example to durotactic and chemotactic cues [4]. To address these concerns Engineered Neural Tissue (EngNT) [2], an anisotropic cellular hydrogel, is being developed. Lab-based
testing of EngNT has reported comparable regenerative potential to autografts, and the ability for careful
spatial positioning of material and cellular components. Here we seek to propose new EngNT designs
that control the growth of both sensory and motor neurite populations via the spatial distribution of biomaterial and chemical cues. Given the cost and time constraints of exploring these components using
experiments in isolation, we propose the use of computational modelling to inform the design process.
Our computational model describes neurite movement as a random walk, following a Euler approximation of the overdamped Langevin equation [5], which relates the movement of cells to the forces acting
on them. Here, three forces are considered: 1. the mechanical resistance of cells to bending, modelled
as a dependence of the movement on the angle made between concurrent segments of the neurite; 2.
accounts for the biomaterial-based cues from the EngNT architecture, and 3. a bias modulated by additional chemotactic and durotactic cues placed inside the conduit. Additionally, the different populations
are distinguished by their respective growth rates and response to mechanical and chemical cues.
The model was parameterised with in vivo neurite counts at the proximal and distal stumps from experimental studies [2]. This parameterised framework can be used to explore the optimal arrangement of
materials and cells to promote efficient neuronal regeneration following injury, and thus propose new
conduit designs.
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Growth and remodelling (G&R) are intrinsic features of living systems [1]. Skin, for example,
grows in development, it can remodel in response to environmental conditions, and it can also
grow in a controlled way to enable reconstructive surgery. In this last example, called tissue
expansion, a balloon-like device is inserted subcutaneously and inflated gradually to stretch the
skin and induce its growth [2]. Tissue expansion is a powerful and widely used technique, and
yet, we are still unable to control the process at will to generate the desired skin growth pattern.
This lack of predictive capability leads to complications and suboptimal outcomes [2].
In response to this need, computational modeling of G&R of skin has advanced significantly in
the past decade. Our group has contributed to the development of finite element models that
describe skin growth in tissue expansion as well as validation against experiments [3]. In order
to make the translation of these skin G&R models to the clinical setting, a major challenge still
needs to be addressed: model calibration and predictions accounting for uncertainties. Living
tissues show variability in their biological response and material properties, and the treatment
protocol is usually unique to each individual patient.
To address this challenge, here we show how to create surrogate models for tissue expansion
that are accurate, computationally affordable, and trained on a broad input space. To create the
metamodels we use nonlinear multi-fidelity Gaussian process regression [4]. We create finite
element models with different level of detail or fidelity to create the training data. The low
fidelity models are easy to evaluate but not very accurate. The highly detailed models are
computationally demanding. Our motivation to combine different fidelities arises from the
difficulty in training the metamodel with only high-fidelity evaluations. Indeed, since our aim
is to capture the uncertainty associated to biological and material parameters, as well as protocol
parameters, exploring the input space with the high-fidelity model only is infeasible. Instead,
combining the models of different fidelity allows an efficient exploration of the input space.
We are hopeful that the developments shown here will enable to bridge the gap between current
computational models of skin growth and the clinical practice.
REFERENCES
[1]
[2]
[3]
[4]

D. Ambrosi et al., J Mech Phys Solids, 59(4):863-883, 2011.
A.K. Gosain et al., Plast Reconstr Surg, 108, 2000.
A. Buganza Tepole et al., Biomech Model Mechanobiol, 14(5):1007-1019, 2015.
T. Lee, I. Bilionis, and A. Buganza Tepole. Comput Method Appl Mech Eng, 2020.
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INVERSE PROBLEM TO IDENTIFY MUSCLE ACTIVITY IN
SWALLOW MOTION USING GEOMETRICAL AND ANATOMICAL
DATA
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1

Graduate School of Informatics, Nagoya University, Nagoya 464-8601, Japan
1∗
E-mail: onoshinjiro@az.cs.is.nagoya-u.ac.jp
2
Faculty of Engineering and Design, Kagawa University, 760-8521, Takamatsu, Japan
3
Japanese Red Cross Musashino Hospital 180-8610, Musashino, Japan
Key Words: Biomechanics, Inverse Problem, Topology Optimization, H 1 gradient method
The role of computational mechanics have been expanding to medical issues. In order to identify the
causes of misswallowing (aspiration) of elderly people, a numerical simulation of swallow motion has
been performed [1]. In this study, a numerical model concerning swallow motion was constructed by a
CT (Computed Tomography) data. Motion of organs in swallow was created by a 3D modeler based on
a VF (Videofluorography) data. The motion of food bolus was simulated by a particle method. However,
the motion of organs was generated by a displacement in control regions artificially arranged.
In this study, we aim to compute the muscle activity through a mathematical modeling of muscle activity
and a formulation of inverse problem to identify the muscle activity. We assume that an organ consists of
a three-dimensional hyper elastic body, and a muscle activity is formulated as a generation of contractive
anisotropic and inelastic strain. Based on the assumptions, a finite deformation problem of hyper elastic
body by the compulsory displacement on the observed boundary using a given data and by the generation
of the inelastic strain. Using its solution, the inverse problem is contracted as an optimization problem
using the integral of the squared norm of the traction force over the observed boundary as an objective
cost function and the inelastic strain as a seeking variable. Solution of the problem is presented as an
iterative scheme using the H 1 gradient method of θ type for topology optimization problem of density
type [2, Chapter 8].
To solve the elastic problems, the finite element method is employed. A numerical model of organs is
constructed using the geometry obtained from CT and VF data. In this study, we assumed that muscle
fibers are overlaid and their orientation angles are given from anatomy. The numerical result of this
problem explains the detail of the muscle activity during the swallowing.
REFERENCES
[1] T. Kikuchi, Y. Michiwaki, S. Koshizuka, T. Kamiya, and Y. Toyama. Numerical simulation of
interaction between organs and food bolus during swallowing and aspiration. Computers in Biology
and Medicine, 80:114-123, 2017.
[2] H. Azegami. Shape Optimization Problems (in Japanese). Morikita Publishing, Tokyo, 10 2016.
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ISOGEOMETRIC ACTIVE CONTOURS FOR RESPIRATORY
AIRWAYS MODELING
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Chronic Obstructive Pulmonary Disease is caused by pollutants present in the environment. It is characterized by the remodeling of the respiratory airways, leading to persistent symptoms and limitations
of airflow due to changes in their morphology and mechanical properties. To quantify the remodeling
process, geometrical models are obtained from computerized tomography images by generating control
points that must be adjusted to the lumen of the airways. Usually, these control points are projected to
the segmented surface of the airways closed points or adjusted using 2D cross section algorithms, underestimating the morphological changes due to the remodeling of the lumen. This work proposes using
the Snakes active-contour surface model and isogeometric analysis to fit the surface control points. To
this end, images in a state of End Inspiration and End Espiration are taken. Then, geometrical models
are created with the following steps: First, the airways are extracted from a volumetric computerized
tomography image, and the centerlines of each segment are calculated. With the centerlines, cylindrical surfaces are generated using parametrical multi patch NURBS models. Second, the surface of the
cylinders is adjusted to the segmented image boundaries for the correct representation of the airways.
This fitting is made using the Snakes model in combining non-linear isogeometric analysis. The surfaces
obtained will serve as geometric models for using techniques such as the non-rigid elastic registration of
images. Tests were carried out on synthetic images giving a good fitting on different geometries.
REFERENCES
[1] GOLD. Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive
Pulmonary Disease. (2019).
[2] Kass, M. et al. Snakes: Active contour models. International journal of computer vision, 1(4), 321331 (1988).
[3] Cottrell, J. A. et al. Isogeometric analysis: toward integration of CAD and FEA. John Wiley & Sons.
(2009).
[4] Miyawaki, S. et al. Automatic construction of subject-specific human airway geometry including
trifurcations based on a CT-segmented airway skeleton and surface. Biomech. Model. Mechanobiol.
16, 583–596 (2017).
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LOCALLY CONSERVATIVE HIGHER ORDER SPACE-TIME
DISCONTINUOUS GALERKIN METHODS FOR INCOMPRESSIBLE
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The Space-time Discontinuous Galerkin (ST-DG) method is an excellent method to discretize problems
on deforming domains. This method uses DG to discretize both in the spatial and temporal directions, allowing for an arbitrarily high order approximation in space and time. Furthermore, this method automatically satisfies the geometric conservation law which is essential for accurate solutions on time dependent
domains. We present a higher-order accurate Hybridizable or Embedded Discontinuous Galerkin (DG-H
or DG-E) method for incompressible flows. This discretization guarantees a pointwise divergence-free
velocity field on simplicial meshes.
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Data-driven modeling is a hybrid approach that integrates universal physical laws with
experimental material data directly to circumvent the necessity of using phenomenological
constitutive models. A robust data-driven simulation approach based on manifold learning
technique, termed locally convex data-driven (LCDD) computing, is formulated under the
Galerkin meshfree framework [1] to simulate heart valve tissues under finite deformation,
where the material data from biaxial tests were employed. The proposed approach reconstructs
a local material manifold with the convex hull based on the nearest experimental data to the
given state, and seeks for the optimum solution via the projection onto the associated local
manifold. This learning process of local data structure leads to less sensitivity to noisy data and
convergence enhancement. For enhancing numerical efficiency, a penalty relaxation is further
introduced to recast the local learning solver in the context of non-negative least squares that
can be solved effectively. In addition, due to the inherent manifold learning properties, LCDD
performs well for high-dimensional data sets that are relatively sparse in real-world engineering
applications. The employment of meshfree approximation and discretization allows for a
smooth transition of material properties at the interface of different biological material
components and a better approximation of stress/strain fields in the data-driven solver due to
the enhanced smoothness. The numerical results demonstrate the effectiveness of the proposed
data-driven approach for modelling complex biological materials.
REFERENCES
[1] Q. He, and J. S. Chen, A Physics-Constrained Data-Driven Approach Based on Locally

Convex Reconstruction for Noisy Database, Computer Methods in Applied Mechanics and
Engineering, 10.1016/j.cma.2019.112791, 2019.
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Biological systems are spatially heterogeneous on the sub-cellular, cellular, tissue, and organ scales.
In addition to spatial heterogeneity, there is natural variability between samples in both the in vitro
and in vivo settings. This motivates advances in computational biomechanics that are geared towards
understanding and modeling spatial heterogeneity and variability in biological systems. In this talk, we
will discuss our recent work on characterizing and modeling these systems. First, to characterize these
systems, we will draw from the field of spatial statistics. Spatial statistics includes formal techniques to
analyze spatially distributed data, and has been used widely in the analysis of geographic data. Here we
apply these techniques and discuss methods and software that are particularly relevant to characterizing
biological systems.
Once these systems are well characterized, it is possible to construct computational models that reflect
spatial heterogeneity and inter-sample variability. However, these models are often very computationally
expensive which is a major limitation in applications ranging from topology optimization, to uncertainty
quantification, to multi-scale simulation. To address this limitation, recent research has focused on the development of metamodels. Metamodels, or models of models, map defined model inputs to defined outputs in a computationally cheap manner. At present, the most pragmatic metamodel selection for dealing
with spatially heterogeneous material undergoing large deformation has not been thoroughly explored.
Drawing inspiration from the benchmark datasets available to the computer vision research community,
we introduce a benchmark data set (Mechanical MNIST) for constructing metamodels of heterogeneous
material undergoing large deformation. We then show examples of how our benchmark dataset can be
used, and establish baseline metamodel performance. We anticipate that developing benchmark datasets
will enable the broader community of researchers to develop improved metamodeling techniques for capturing the behavior of spatially heterogeneous soft materials that will surpass the baseline performance
that we show here.
REFERENCES
[1] Lejeune, E. and Sacks, M.S. Analyzing valve interstitial cell mechanics and geometry with spatial
statistics ( 2019). Journal of biomechanics, 93, pp.159-166.
[2] Lejeune, E. Mechanical MNIST: A benchmark dataset for mechanical metamodels. (submitted for
publication).
[3] Lejeune, E. Mechanical MNIST (2019) https://open.bu.edu/handle/2144/38693.
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MODELING THE RECEPTOR DYNAMICS DURING THE SPREADING
OF ENDOTHELIAL CELLS
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We developed a chemo-mechano-transport model to study the relocation and recruitment of Vascular Endothelial Growth Factor Receptor-2 (VEGFR2) and integrins on the lipid membrane during the spreading
of an Endothelial Cell (EC) on a substrate enriched of VEGFA/Gremlin and fibronectin, which was concurrently experimentally investigated [1]. The model accounts for the formation and reorganization of
the cytoskeletal contractile machinery, in particular for the clustering of integrins at focal adhesion sites
and the modulation of the stress-fibers.
The model formulation links large strain mechanics to three chemical reactions, two of which describe
the ligand-receptor interactions that rule the mechano-transduction and the triggering of angiogenic
stimuli, whereas the third describes the chemical interaction between the complex given by VEGFR2VEGFA/Gremlin with integrin. Fully coupled mass and momentum balance laws are accompanied by
chemical kinetics in terms of the mass action law. The affinity between the VEGFR2-Ligand complex
and integrin makes the activation signal of the angiogenic stimulus more lasting and more robust.
Thermodynamically, the model can be seen as an instance of the general framework published in [2],
in terms of Helmholtz free energies and constitutive relationships, enriched by models of the activation
and reorganization of the cytoskeleton. Coupling of the cytoskeleton evolution with the chemo-transport
part of the model that accounts for the integrins diffusion and reaction, provides a description of the
mechano-transduction apparatus in ECs.
The governing equations have been rephrased in their weak form. Discretization and FEM numerical
simulations are a further purpose of the present work. The implementation is carried out exploiting the
high performance computing open source software library deal.ii (http://www.dealii.org ).
REFERENCES
[1] V. Damioli, A. Salvadori, G.P. Beretta, C. Ravelli, and S. Mitola. Multi-physics interactions drive
VEGFR2 relocation on endothelial cells, SCI REP-UK, 7(1):16700, 2017.
[2] Salvadori, A. and McMeeking, R.M. and Grazioli, D. and Magri, M., A coupled model of transportreaction-mechanics with trapping. Part I - small strain analysis, J MECH PHYS SOLIDS, 114,1-30,
May 2018.
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Modelling Regenerative Angiogenesis in Peripheral Nerve Injuries
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Around 5% of traumas result in Peripheral Nerve Injuries (PNIs), affecting more than 1M
people per year in Europe and the USA [1]. Paralysis and loss of sensation are hallmarks of
severe PNIs, which can lead to lifelong pain and loss of autonomy for patients. Current
treatments for large-gap PNIs use autografts to bridge between nerve stumps, inducing donorsite
morbidity,
often
yelding
underwhelming
functional
recovery
[2].
Engineered Neural Tissue (EngNT) constructs [3], comprising anisotropic cellular
hydrogels reproducing properties of nerve tissue, are being developed to address these issues.
Designed as supportive microenvironments, they promote neurite and vessel growth and
enable careful spatial seeding of therapeutic cells to facilitate repair processes.
Here, we consider the vascularisation of the injury site after an EngNT transplant,
which is essential to oxygen and nutrients delivery to the cell population. Seeded cells, under
low-oxygen conditions, release vascular growth factors which gradients act as chemical cues
for the formation of new microvascular networks [4].
What seeded cell densities or distributions will facilitate vascularisation and long-term
cell survival? This question is challenging to answer using experiments in isolation, so we
propose to expand the model reported in [5], which has already been parameterised against in
vitro data. This model comprises a system of coupled, non-linear, PDEs overlaid with a
discrete model for vessel growth, reproducing the rich spatio-temporal dynamics between
blood flow, angiogenic processes, oxygen delivery, growth factors and seeded cell viability
during nerve injury repair.
Simulations are performed for a range of cell seeding densities and distributions,
highlighting the impact on angiogenesis and cell survival. Results predict the spatio-temporal
distribution of oxygen and growth factor throughout the repair construct, and the complex
interplay between these distributions, the cell population, and the vasculature. This
computational-experimental approach indicates new avenues for cell seeding strategies that
may accelerate vascularisation of a repair construct and improve cell survival.
REFERENCES
[1] Chen et al. Repair, protection and regeneration of peripheral nerve injury Neural
regeneration research, 10. 11, 2015
[2] Palispis et al., Surgical repair in humans after traumatic nerve injury provides limited
functional neural regeneration in adults, Experimental neurology, 290, 2017
[3] Georgiou et al. Engineered neural tissue for peripheral nerve repair, Biomaterials, 34.30
(2013).
[4] Odedra et al. Endothelial cells guided by immobilized gradients of vascular endothelial
growth factor on porous collagen scaffolds, Acta Biomaterialia, 7. 8, 2011
[5] Coy et al. Journal of the Royal Society Interface, Submitted, 2020
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MULTI-SCALE MODEL OF INERT GAS TRANSPORT IN THE LUNG
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Multiple-breath washout (MBW) is a lung function test [1] during which the nitrogen concentration in
the exhaled air is measured continuously over multiple breaths while the patient inhales pure oxygen.
The peak nitrogen concentration drops breath by breath as nitrogen is washed out of the lung. The rate
of decay and the nitrogen concentration profile during individual exhalations are indicative of pulmonary
ventilation characteristics. Pulmonary diseases may cause ventilation inhomogeneities and delayed nitrogen washout.
We have developed a multi-scale model which can be used to study the gas distribution of inert gas in
the lung during an MBW [2]. The model includes the rigid airways and compliant acinar structures. The
hydraulic resistance of the airways and the mechanical and geometrical properties of the acini can be
modified locally and individually such that different lung configurations with and without disease can
be modeled and compared against each other. The lung model consists of a fractal dichotomous tree of
pipes resulting in asymmetric airway tree. The final tree generations connect to trumpet lobule models
representing terminal airways and acini. The breathing motion is induced by reducing the pleural gap
pressure p p which relates to the volume Vl and the pressure pl in the trumpet lobule according to
0

pl − p p = β[eγVl − eγVl ] + Rl Ql

where Vl0 is the volume at exhaled state, Rl the hydraulic resistance of the lobule, and Ql the flow into
the lobule. The parameters β and γ define the lobule compliance and the non-linearity of the pressurevolume relation. Mass conservation at the airway branchings yields a system of equations for the airway
pressures and velocities which are entered into an advection-diffusion equation to be solved for the gas
distribution in the lung. We will show how different morphological and mechanical parameter settings
lead to different nitrogen washout profiles and how they relate to pulmonary diseases.
REFERENCES
[1] Robinson P.D., Latzin P., Verbanck S., Hall G.L., Horsley A., Gappa M., et al. Consensus statement
for inert gas washout measurement using multiple- and single- breath tests. Eur Respir J. (2013)
41(3):507V22, doi:10.1183/09031936.00069712
[2] Hasler D., Anagnostopoulou P., Nyilas S., Latzin Ph., Schittny J., Obrist D. A multi-scale model of
gas transport in the lung to study heterogeneous lung ventilation during the multiple-breath wash-out
test, PLoS Comp Biol(2019) 15(6):e1007079, doi:10.1371/journal.pcbi.1007079
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MULTISCALE MODELING TO INVESTIGATE THE ROLE OF
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It is known that optimum mechanical signals are necessary to maintain chondrocyte health.
Also, abnormal mechanical signals can lead to departure from the stable articular chondrocyte
homeostasis and a switch to hypertrophy. In this context, multiscale modeling can be used to
elucidate the intracellular processes triggered by mechanical signals that the cell experiences,
thereby leading to changes in cell phenotype and extracellular matrix (ECM) mechanical
properties that, in turn, can be observed at the macro scale (tissue-level).
The aim of this paper is to develop a multiscale model of articular cartilage to study the effect
of mechanical signals on the articular chondrocyte. The different steps in the multiscale
workflow include developing a finite element (FE) model for the human knee joint, a microscale FE model of the chondrocyte with the ECM and pericellular matrix (PCM) and a
regulatory network model capturing articular chondrocyte mechanotransduction. The articular
cartilage is modeled as a fibril reinforced poroviscoelastic (FRPVE) material [1]. By simulating
the stance phase of gait cycle in the FE model of the knee joint, stresses and strains in the
articular cartilage are calculated for a normal loading regime. They act as input boundary
conditions to the cellular (micro-scale) model, which includes the ECM, PCM and the
chondrocyte with their respective mechanical properties as obtained from literature [2]. The
ECM and PCM are also modeled as FRPVE material with the collagen fibrils in the PCM being
tangential to the cell surface. The orientation of the collagen fibrils in the ECM is dependent
on the exact (zonal) location of the cell inside the growth plate. The fibril reinforced material
properties include 3D fibril orientations along split line directions on the cartilage surface and
varying orientation of the fibrils following an arcade-like pattern with varying thickness of the
cartilage. Integrins, which are responsible for the mechanoreception by the cells are modeled
by defining a contact between the cell and the adjoining PCM. The contact forces,
representative of the force sensed by the integrins at the cell-PCM interface, act as mechanical
signals that trigger mechanotransduction processes which are modeled by an intracelular
regulatory network. Using this framework, we simulated different loading scenarios in the
micro-scale model and calculated the contact forces at the cell-PCM interface and the
deformations of the cell. Current studies are focused on coupling the contact forces with the
mechanotransduction pathways.
Acknowledgements: This project has received funding from the European Union’s Horizon
2020 research and innovation programme under Marie Sklodowska-Curie grant agreement No
721432.
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[2] P.Julkunen, W. Wilson, J.S.Jurvelin, R.K.Korhonen, Med. Biol. Eng. Comput. 2009,47,1281.
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Dassault Systèmes Simulia Corporation, Johnston, Rhode Island, United States

Key Words: Cardiac Modeling, Multiscale Multiphysics, Electromechanics, Growth and Remodeling
Heart disease is a major cause of mortality worldwide. To improve the currently available clinical treatment strategies, an improved comprehensive understanding of the acute and chronic behavior of the heart
is vital. Computational modeling offers a platform which integrates detailed geometrical, functional and
microstructural information across multiple spatial and temporal scales in a consistent and objective
manner.
Here, we will discuss the significant evolution that cardiac computational models have undergone over
the past decade, where ventricular ellipsoid models have made way for calibrated and validated subjectspecific four-chamber human heart models (e.g. Figure 1). Superior to modeling isolated cardiac subsystems, these full organ models have served multiple pathways to come to clinical impact. Diagnostically,
the calibration and validation of the subject-specific electromechanical behavior brings forth important
biomarkers through metrics of function and (patho)physiology such as stiffness, contractile work, conduction velocity and rotor formation that currently available non-invasive in vivo measurement techniques cannot readily measure. For therapy planning, these models have shown capable to quantify the
effect that several drugs have on the risk for developing potentially lethal ventricular arrhythmias and
how the whole heart responds to chronic overloading, surgical interventions and/or the inclusion of existing or novel medical devices (e.g. stents, valves, pacemaker leads, annuloplasty rings). Moreover, this
strong device-organ coupling of function provides a novel in-silico bench testing environment which has
become an essential part of the medical device design process paradigm for new devices.
Whilst these applications illustrate the potential of cardiac computational modeling towards personalized
medicine, their use in the clinical routine is still lagging behind. We will review the challenges that the
identification of model simplicity versus fidelity, experimental uncertainty and data-model fusion pose in
this regard. These challenges highlight the need for strong collaborative networks where clinicians, modeling engineers and industrial partners work closely together to properly realize translational potential
in the daily clinical context by bringing forth novel image processing techniques and a fusion of novel
machine learning techniques and multiscale multiphysics modeling.
t=200ms

t=400ms

t=600ms

t=1000ms

Max. Principal Stretch [-]

Figure 1: Maximum principal stretch during simulated cardiac cycle in a four-chamber human heart model.
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Università della Svizzera Italiana, Giuseppe Buffi 13, Lugano, Switzerland, rolf.krause@usi.ch
2

Key Words: Uncertainty Quantification, Multilevel Methods, Cardiac Electrophysiology, Space–time
Methods
We present a novel approach aimed at high-performance uncertainty quantification for cardiac electrophysiology simulations. Specifically, we study the effect of spatially-correlated perturbations of the heart
fibers on the mean and variance of the resulting activation map. Our methodology relies on a close integration of multilevel Monte Carlo methods, parallel iterative solvers, and a space-time finite element
discretization. The resulting sequence of problems is distributed using a multilevel parallelization strategy, allocating batches of samples having different sizes to a different number of processors. As shown
by the experiments, the theoretical rates of convergence of multilevel Monte Carlo are achieved. Moreover, the total computational work for a prescribed accuracy is reduced by an order of magnitude with
respect to standard Monte Carlo methods.
REFERENCES
[1] Barth, A. and Schwab, C. and Zollinger, N. Multi-level Monte Carlo finite element method for
elliptic PDEs with stochastic coefficients. Numerische Mathematik, Vol. 119., (2011).
[2] Harbrecht, H. and Peters, M. and Siebenmorgen, M. Efficient approximation of random fields for
numerical applications. Numerical Linear Algebra with Applications (2015) 4:596–617.
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The human thigh consists of the largest skeletal muscles of the whole body. These powerful
muscles not only transmit forces to the bones via tendons but also transfer radial and shear
forces to the surrounding anatomical structures. Thus, modeling the muscles as isolated axial
units can be considered as an over simplification in many biomechanical studies [1]. Interaction
between the muscles can be taken into account when modeling them as 3D Finite Element (FE)
structures in contact to one another. However, the computational cost of such a method is
considerably high. In addition, in many cases a major part of this computational cost is
committed to gain information that is not going to be used. For instance, even if we are only
interested in the stress/strain distribution inside one of the two FE muscles in contact, the second
muscle still needs to be finely meshed to conserve its surface details required to model contact
precisely. As a result, the current study proposes a new technique to reduce the computational
cost of the FE muscles in contact through replacing the less important muscle by a surface mesh
embedded in a relatively coarse FE voxel mesh. A combination of Computerized Tomography
and Magnetic Resonance Imaging data obtained from a volunteer subject were used to generate
a biomechanical model of the lower limb. The modeling was performed in ArtiSynth which is
an open-source 3D modeling platform supporting combined simulation of multibody and finite
element models [2]. This platform allows to attach a passive embedded mesh to a FE body so
that it deforms in accordance with the motion of the FE body [3]. Considering that the external
forces applied to the passive mesh can be propagated back to the FE body attached to it, contact
can be defined between the embedded mesh and any other structure. In the generated lower
limb model of the present study, this technique has been used to put into contact the Rectus
Femoris (RF) muscle which is defined as a FE body with the Vastus Intermedius (VI) muscle
that is defined as a surface mesh embedded in an approximate FE voxel mesh. The model is
used to simulate various motions of the lower limb and the results are compared with a model
with both RF and VI muscles modelled as FE bodies to test the reliability of the method. The
results show that with the choice of optimized parameters the proposed methodology can be
considered as a substitute to fully FE models while having lower computational cost.
REFERENCES
[1] Stelletta, Julien, Raphaël Dumas, and Yoann Lafon. "Modeling of the thigh: a 3D deformable approach
considering muscle interactions." In Biomechanics of Living Organs, pp. 497-521. Academic Press, 2017.

[2] John E. Lloyd, Ian Stavness, and Sidney Fels, "ArtiSynth: A fast interactive biomechanical modeling toolkit

combining multibody and finite element simulation", Soft Tissue Biomechanical Modeling for Computer
Assisted Surgery, pp. 355-394, Springer, 2012.
[3] John Lloyd, Antonio Sánchez, Erik Widing, Ian Stavness, Sidney Fels, et al.. New Techniques for Combined
FEM-Multibody Anatomical Simulation. J.M.R.S. Tavares & P.R. Fernandes. New Developments on
Computational Methods and Imaging in Biomechanics and Biomedical Engineering, pp.75-92, 2019.

1245

1246

Computational
MS
Organizer(s):
Biomedicine
Maxim Solovchuk
and Biomechanics
and Tony W.H. Sheu

Computational Biomedicine and Biomechanics
MS Organizer(s): Maxim Solovchuk and Tony W.H. Sheu

1247

1248

MS373 -Solovchuk
Maxim
Computational
and Tony
Biomedicine
W.H. Sheuand Biomechanics

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19- 24, 2020, Paris, France

COMPUTATIONAL BIOMEDICINE AND BIOMECHANICS
400
MAXIM A. SOLOVCHUK*, TONY W.H. SHEU †
*

†

, Institute of Biomedical Engineering and Nanomedicine,
National Health Research Institutes, TAIWAN
solovchuk@gmail.com

Department of Engineering Science and Ocean Engineering,
National Taiwan University, TAIWAN
twhsheu@ntu.edu.tw

Key words: Computational Mechanics, Fluid Dynamics, Biomechanics, High Performance
Computing
ABSTRACT
Computational methods play a fundamental role in modern science and health research. This
symposium is aimed to provide a platform to get computational experts to share recent
simulation efforts in areas of biomedical and biofluid dynamics, treatment planning and
computational surgery. The topics include, for example, anatomical modeling from medical
imaging, multiphysics modeling of biological processes, applications of fluid-structure
interactions for biomedical applications. Medical acoustics can also play its role in the
simulation, including hyperthermia and focused ultrasound therapy. This symposium highly
welcomes the topics of animal flow simulation, biological flow-elastic structure interaction
hydrodynamics.
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A REDUCED-ORDER MODEL TO SIMULATE THE EVOLUTION OF A
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Microcapsules consist of a thin elastic membrane that encloses fluid droplets. They can be found in
nature in the forms of cells, bacterias, eggs and can also be artificially produced for multiple industrial
applications. Upon injection in an external flow, the microcapsule is exposed to hydrodynamic forces
which induce large deformations of the membrane. These can be solved numerically by simulating the
complex fluid-structure interactions (FSI) [1], but the major drawback of full FSI modeling strategies is
their long computational time. To overcome this constraint, we propose to use a data-driven ReducedOrder Modelling (ROM) strategy to predict the deformation of a capsule in quasi-real time. We consider
the case of a 3D microcapsule flowing in a microfluidic square channel owing to the possibilities that
such experiments offer to identify the mechanical properties of the capsule membrane [2]. We have built
a reduced-order model based on a database of high-fidelity simulation results by applying the Proper
Orthogonal Decomposition on the membrane displacement and velocity vector fields and using a Diffuse
Approximation technique [3] to map both fields. The time evolution of the membrane shape is retrieved
by integrating the velocity vector field over time. This data-driven model has the benefit to respect the
physics of the capsule-flow interactions. The capsule shape evolution can be computed in less than one
minute on a laptop for any value of the capsule-to-tube size ratio and viscous-to-elastic force ratio.
REFERENCES
[1] Hu, X.-Q. and Salsac, A.-V. and Barthès-Biesel, D., Flow of a spherical capsule in a pore with
circular or square cross-section, J. Fluid Mech. (2012) 705:176–194.
[2] Hu, X.-Q. and Sévénié, B. and Salsac, A.-V. and Barthès-Biesel, D. Characterizing the membrane
properties of capsules flowing in a square-section microfluidic channel: Effects of the membrane
constitutive law. Phys. Rev. E (2013) 87:063008.
[3] B. Nayroles, G. Touzot, P. Villon, Comput. Mech., 10 (1992), pp. 307–318.
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Ion transport can be examined using continuum approach based Poisson-Nernst-Planck equation. However, its applicability is limited to dilute macroscopic flows. In order to model transport of bioions (Na+ ,
Ca2+ , Cl − and K + ) through an ion channel which is typically a nanoscale flow, continuum theory has
been extended. Horng et al. [1] included Lennard-Jones potential in the continuum description of the
flow to introduce finite size effects which was further validated by Kumar et al. [2]. Alternatively, Liu et
al. [4] introduced the concept of voids to model the same phenomenon. To account for the effect of ion
solvation, Born solvation energy was included in the system [3]. Additionally, nonlocal electrostatics [4]
was also introduced to account for spatial variation of dielectric behavior. These extensions of continuum
theory gave rise to different strategies to solve ion channel flow.
Considering the ongoing pandemic, in this study, we are simulating flow past COVID-19, E protein, pentameric ion channel. Further, we are also assessing the selectivity of the channel and the current through
it. E protein is one of the four major structural proteins which forms a pentameric ion channel inside the
host cell and it is involved in replication and budding of the virus. Given its importance in the life cycle
of a virus, it is important to study its ion activity. Apart from studying the channel, we will be exploring
the impact of different continuum models on the solution and the susceptibility of the solution on model
parameters. Numerically, the system is modeled using lattice Boltzmann method (LBM) in conjunction
with immersed boundary method (IBM) to address the boundary conditions arising due to complex channel geometry. Further, to reduce computational cost, code has been parallelized on multiple GPUs using
CUDA platform.
email : kumar.sauarbh@gmail.com (Saurabh, K.), solovhcuk@gmail.com (Solochuk, M.)
REFERENCES
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of ion flow through channels. J. Phys. Chem. 116, 11422-11440.

[2]

Saurabh, K., Solovchuk, M. A. and Sheu, T. W-H. 2020. Solution of ion channel flow using immersed boundary-lattice Boltzmann methods. J. Comp. Biol. 27, 1144-1156.

[3]

Song, Z., Cao, X. and Huang, H. 2018. Electroneutral models for a multidimensional dynamic
Poisson-Nernst-Planck system. Phys. Rev. E 98, 032404.

[4]

Liu,J-L. and Eisenberg, B. 2014. Poisson-Nernst-Planck-Fermi theory for modeling biological ion
channels. J. chem. Phys. 141, 22D532.

1251

The Inertial
Tatiana
Filonets,
Cavitation
MaximThreshold
Solovchuk
inand
SoftTony
Tissue
W.H.
Using
Sheu
a Dual-Frequency Driving Signal

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

THE INERTIAL CAVITATION THRESHOLD IN SOFT TISSUE USING
A DUAL-FREQUENCY DRIVING SIGNAL
Tatiana Filonets1 , Maxim Solovchuk1,2 and Tony W.H. Sheu3
1

Department of Engineering Science and Ocean Engineering, National Taiwan University, No. 1, Sec.
4, Roosevelt Road, Taipei 10617, Taiwan, ROC, tfilonets@gmail.com
2
Institute of Biomedical Engineering and Nanomedicine, National Health Research Institutes, No. 35,
Keyan Road, Zhunan 35053, Taiwan, ROC, solovchuk@gmail.com
3
Department of Engineering Science and Ocean Engineering, National Taiwan University, No. 1, Sec.
4, Roosevelt Road, Taipei 10617, Taiwan, ROC, twhsheu@ntu.edu.tw
Key Words: High intensity focused ultrasound, Acoustic cavitation in soft tissue, Inertial cavitation
threshold, Dual-frequency signal, GPU programming
Acoustic cavitation is the process of the cavities formation, which can be filled with gas or vapor, as the
result of high intensity waves propagating through the medium. With the increase of sound intensity,
ultrasound can be used for non-invasive treatment of tumours in various parts of the body. One of
these non-invasive methods is high intensity focused ultrasound (HIFU). At high powers, bubbles can be
formed in the tissue. Cavitation leads to enhance power deposition and can also help in drug and gene
delivery.
Acoustic cavitation has two different regimes: stable cavitation when a bubble just oscillates around an
equilibrium radius, and inertial cavitation which accompanies by bubble collapse. Therefore, a finding
of the threshold between stable and inertial cavitation is an important problem.
To describe the bubble dynamics, we used Gilmore-Akulichev model which is suitable for a large Mach
number and, hence, can be applied for a relatively big bubble. As the viscoelastic model, we used Zener
model which considers also a relaxation time of tissue. Thus, Gilmore-Akulichev-Zener model is more
general model for the investigation of inertial cavitation threshold in soft tissue.
Because of a large number of investigated parameters, graphics processing units were used for high
performance computing: we wrote the program in CUDA C and obtained optimal combinations of frequencies for different initial bubble radius. The results show that using the dual-frequency driving signal
can reduce the threshold value compared to one frequency signal mode. Numerical simulations also
showed the dependencies of the cavitation threshold on bubble radius.
REFERENCES
[1] Zilonova, E., Solovchuk, M., Sheu, T.W.H. Bubble dynamics in viscoelastic soft tissue in highintensity focal ultrasound thermal therapy. Ultrason. Sonochem. (2018) 40:900–911.
[2] Wang, M. and Zhou, Y. Numerical investigation of the inertial cavitation threshold by dualfrequency excitation in the fluid and tissue. Ultrason. Sonochem. (2018) 42:327–338.
[3] Solovchuk, M., Sheu, T.W.H., Thiriet, M. Simulation of nonlinear Westervelt equation for the
investigation of acoustic streaming and nonlinear propagation effects. J. Acoust. Soc. Am. (2013)
134:3931–3942.
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ABSTRACT
From foetuses, to newborns, to children and adolescents there is a large number of pediatric patients in
need of computational strategies to improve the treatment of their conditions. In fact, the pediatric age
is characterized by very rapid and sudden changes, which make it extremely difficult to test standardized
paradigms of care. In turn, this makes pediatric treatments highly personalized, especially when it comes
to surgeries and prosthetics. While on the one hand there is the difficulty of conducting wide clinical
trials on large patient populations for each stage of growth and development, especially when it comes to
rare congenital disease; on the other hand there is the need to treat these conditions as soon as possible,
sometimes even in the womb, to ensure a good quality of life in these subjects. The growing use of
computational mechanics as patient-specific predictive tools for adult treatments has spurred interest in
engineers, researchers and physicians for the use of computational methods in predicting the outcome of
highly personalized pediatric treatments, for which the need of prognostic tools is high and vital. The
translation of established computational methods used in adults to pediatric patients has its own challenges, from the lack of high-quality images, as children are often spared CT-scans and X-rays, to the
need of an accurate predictions in very rapid times. In this minisymposium we aim to explore the state
of the art of this novel, interdisciplinary area of application of computational mechanics, continuing the
success of a similar minisymposium in WCCM18. Therefore, it will include a review of the computational strategies applied to pediatric care: from fluid dynamic models applied to the identification of the
best surgeries to correct congenital heart defect, to biomechanical computational approaches to assess
growth in children, to numerical models of fetal development, to simulations of pediatric medical device
treatments. The outcome of this minisymposium will be a productive gathering of minds, where experts
from different areas of pediatric computational mechanics will gather together and exchange thoughts
on strategies to overcome the challenges of this area of study and ideas to further the application of
computational mechanics as a clinical tool for pediatric medicine. A Special Issue has also been agreed
with the Journal of Medical Engineering & Physics, Elsevier, as part of the minisymposia in WCCB:
htt ps : //tinyurl.com/pediatricmedicine/. Acknowledgements: This work is supported in part from the
European Union’s Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie
grant agreement No 749185.
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The coarctation of the aorta is a congenital cardiac malformation that results in a severely
narrowed proximal descending thoracic aorta, causing significant perturbation of the
hemodynamics in the entire aortic territory and can be associated with aortic arch hypoplasia.
A two-step surgery is proposed: first, an end-to-end anastomosis in performed to remove all the
ductal tissue surrounding the coarctation, and then the aorta is longitudinally incised and
patched to increase its diameter [1]. The patch is designed in situ in the OR, based on the
surgeon’s experience. This study proposes a combined in silico and in vitro approach, which
aims to support a priori design of the patch, with optimization to restore physiological
hemodynamics in the aorta, for the study of this surgical repair.
Imaging of infants with aortic coarctation associated with arch hypoplasia, who received
surgical treatment at Seattle Children’s Hospital, were segmented. In vivo hemodynamics data
were also collected and used as boundary conditions for CFD simulation. A first patient-specific
CFD model of the pre-treatment aortic arch was created using a fully-resolved finite volume
solver (Fluent, Ansys). A design method for virtual repair was implemented including
participating surgeons’ input: the locations of the start and end of the aorta lumen enlargement
within the aortic arch, as well as the length of the coarcted aorta to be resected during the
surgery. Based on these recommendations, a repaired geometry was generated in-house
(Matlab, Mathworks). The pretreatment simulated hemodynamics were compared to those
resulting from different virtual repairs, optimizing the patch for physiological hemodynamics.
From this optimal virtual repair, the geometry of the surgical repair patch was extracted and
used by the surgeon to perform the in-vitro surgical treatment. From the segmented aortic
geometry, a physical model of the infant’s anatomy was created in a translucent silicone rubber
(Ecoflex 00-20, Smooth on). Based on the previously described in silico approach, the surgeons
performed the patch aortoplasty with the patch optimized by the virtual repair. The repaired
physical model geometry was them scanned by X-ray microtomography and recreated in an
optically clear silicone. The hemodynamics in the repaired aortic arch was then studied with
Particle Image Velocimetry measurements in a flow loop mimicking a physiological waveform.
These experimental measurements were used as a surgical training tool and to validate the CFD
simulation.
This unique approach combining in silico and in vitro studies allowed the surgeons to test
multiple repair options on a patient-specific physical model and to design an optimal patch
before starting the surgery, minimizing cardio-pulmonary bypass time in the pediatric patient.
REFERENCES
[1] R. M. Sade, et al., “Growth of the Aorta after Prosthetic Patch Aortoplasty for Coarctation in
Infants,” The Annals of Thoracic Surgery, vol. 38, no. 1, pp. 21–25, Jul. 1984.
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Girls with Turner syndrome (TS), a chromosomal condition in which a female has complete or
partial absence of the second sex chromosome, present a unique group of patients, with an
increased risk of cardiovascular disease. Congenital heart abnormalities occur in up to 50% of
TS individuals and mortality rates are three times higher compared with the general population,
with the most common cause of death being from cardiovascular disease [1-2]. We hypothesise
that patients with TS present a greater variance in aortic arch morphology and haemodynamics
than their healthy counterparts, because each TS patient is regarded as a unique anatomical and
physiological case study.
In this investigation, we present the first ever computational fluid dynamic analysis of TS
children, with patient-specific physiologically realistic haemodynamic conditions.
Computational models were used to analyse the arterial blood flow in TS children, who are
known to present an increased risk of cardiovascular disease. Three-dimensional patient
geometries of the aortic arch were reconstructed while numerical simulations were performed
within a finite-volume method framework, using patient-specific phase-contrast MRI obtained
boundary conditions. Velocity streamlines and time-dependent metrics, such as the timeaveraged wall shear stress (TAWSS) and oscillatory shear index (OSI), were computed for all
models. Particular attention was paid to regions of low mean and oscillatory haemodynamic
wall shear stresses as our current understanding of subclinical atherosclerosis links these blood
flow-induced biomechanical stimuli with damage to the arterial vascular endothelium.
Preliminary results have found morphological aortic differences between patients to have a
strong effect on the haemodynamic environment and may be a marker for increased
cardiovascular risk.
Acknowledgements: This work is supported in part from the University of Strathclyde Research
Studentship Scheme (SRSS) Student Excellence Awards (SEA) Project No1619, and the
European Union’s Horizon 2020 research and innovation programme under the Marie
Sklodowska-Curie grant agreement No 749185.
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[1] M Silberbach et al., Cardiovascular Health in Turner Syndrome: A Scientific Statement

From the American Heart Association. Circ Genom Precis Med., Vol 11, 2018.

[2] C. Gravholt, Turner Syndrome and the Heart. Am J Cardiovasc Drugs, Vol 2, 2002.

1257

DarioAssimilation
Data
De Marinis and
for Turbulent
Dominik Obrist
Cardiovascular Flows Using An Ensemble Kalman Filter Approach
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

DATA ASSIMILATION FOR TURBULENT CARDIOVASCULAR
FLOWS USING AN ENSEMBLE KALMAN FILTER APPROACH
Dario De Marinis1,∗ , Dominik Obrist1
1

ARTORG Center for Biomedical Engineering Research, University of Bern, Bern, Switzerland,
dario.demarinis@artorg.unibe.ch∗ , dominik.obrist@artorg.unibe.ch

Key Words: Data Assimilation, Ensemble Kalman Filter, Cardiovascular Flow, Turbulence
The clinical relevance of 4D Phase Contrast Magnetic Resonance Imaging for blood flow in the ascending
aorta is limited by spatial and temporal resolution which are insufficient for detailed assessment of flow
related parameters such as turbulent kinetic energy (TKE) or Reynolds shear stress (RSS). The Data
Assimilation (DA) technique can help to enhance the quality of these parameters. The technique consists
in combining sparse and noisy measurement data (observed data) with a numerical (forward) model in
order to obtain an improved prediction of the true state-of-system. A well-known DA method is the
Kalman Filter. Starting from the original idea of Kalman, multiple flavours for DA have been developed,
e.g., the Ensemble Kalman Filter (EKF) [1]: EKF allows to extend the range of applications to nonlinear
systems, such as fluid dynamics problems. The uncertainties of both the measurements and the numerical
solutions can be described by covariance matrices which are not known a priori, but nonetheless required
to model properly the EKF.
We propose to consider the voxel-based observed data as the result of an averaging of the true state over
the voxel volume; such data are interpreted as an LES-filtered flow field (Large Eddy Simulation) and its
corresponding covariance matrix as the subgrid-scale term. In addition, the numerical forecast given by
the forward model are decomposed (phase-averaging) in an expectation value and its fluctuations; such
expectation values are interpreted as a RANS (Reynolds-Averaged Navier–Stokes) flow field and its
corresponding covariance matrix as the RSS. The forward model is a finite-difference flow solver of the
incompressible Navier–Stokes equations for the Direct Numerical Simulation (DNS) of turbulent flows
which is thoroughly validated [2]. At any update time, our DA algorithm returns a filtered numerical
solution which is computed by weight-averaging the forecast and the corresponding measured flow fields
in accordance with the relative weight of the covariance matrices. The resulting 4D flow field is then used
to provide detailed information on the TKE and the RSS in the region of interest.
The accuracy of the proposed DA methodology is validated against pulsatile and turbulent test cases of
increasing complexity: an unsteady flow past a cylinder, and a wall-bounded turbulent flow. Finally the
methodology is applied to enhance the spatial and the temporal resolution of specific blood flow fields in
the ascending aorta provided through an experimental setup and magnetic resonance imaging.
REFERENCES
[1] Evensen, G. The ensemble Kalman filter: Theoretical formulation and practical implementation.
Ocean dynamics (2003) 53:343-367.
[2] Henniger, R. and Obrist, D. and Kleiser, L. High-order accurate solution of the incompressible Navier–Stokes equations on massively parallel computers. Journal of Computational Physics
(2010) 229:3543-3572.
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Swimming ability of sperm is an important factor for fertilization. Sperm can propel by beating its long
flagellum, and it swims like pusher-type swimmer. In normal semen, lots of sperm swim collectively in
viscous dominant environment [1]. Hydrodynamic interaction can enhance their swimming speed [2] and
play a role on the emergence of flow-induced flagellar synchronization [3]. However, it is still unclear
how hydrodynamics affect on the sperm swimming, especially in collective swimming of sperm cells.
In this study, we focus hydrodynamic interactions between two sperm, and investigate the swimming
velocities and trajectories during pairwise interactions.
The size of sperm is about 55µm and the Reynolds number is much smaller than unity. Thus, we assume
surrounding flow is governed by the Stokes equation. The flow field then can be described by a boundary
integral equation, which is solved by a boundary element method. Moreover, due to slenderness of the
flagellum, we employ a slender body theory for the flagellar motion. To couple fluid mechanics and
solid mechanics of the flagellum, the flagellum is assumed as a slender Euler rod, and the equilibrium
equation is solved by a finite element method. We then study the effect of hydrodynamic interactions in
two sperm with parallel and chasing configurations.
As a result, we found that when two sperm swim parallelly, velocities and amplitudes of sperm are increased. We consider that hydrodynamic interaction made larger amplitude, and the increased amplitude
made larger thrust and velocity of sperm. On the other hands, when we set two sperm in series and made
them swim, the forward sperm swim faster but the latter sperm swim slower than solitary swimming.
In this case, we consider that surrounding flow of the forward sperm disturbed swimming of the latter
sperm, and the flow of the latter sperm helped that the forward sperm swims faster. Because sperm swims
like pusher-type swimmer and their surrounding flow is pushed out to forward and back of sperm.
REFERENCES
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Flow-mediated dilation (FMD) is a valuable non-invasive clinical assessment of endothelial
dysfunction, a key indicator of atherosclerosis. The progression of atherosclerosis from
paediatric ages can lead to the manifestation of cardiovascular diseases (CVDs) in later life.
Hence, early lesion detection in younger years using FMD will heavily support timely disease
assessment and treatment. In FMD, the diameter of the brachial artery is measured
ultrasonically before, during, and after the inflation of a cuff applied to the lower arm of a
subject. The cuff is placed distal to the ultrasound probe to capture predominantly endotheliumdependent vasodilation [1]. The process induces a period of reactive hyperaemia, causing the
brachial artery to vasodilate, due to an increase in shear stress that results in release of nitric
oxide. The brachial artery’s peak dilation is used for calculating the percentage difference
between peak and baseline diameter (FMD percentage). Modelling FMD computationally
offers a non-invasive assessment of vascular health and haemodynamic parameters.
The haemodynamics associated with FMD are strongly influenced by fluid-structure
interactions (FSI) between the arterial wall and blood flow. The model therefore utilised a cosimulation approach between STAR-CCM+ and Simcenter Amesim. STAR-CCM+ was used
for modelling the fluid and structure domains and Amesim for modelling the transient boundary
conditions (BCs) required for modelling FMD. The model was used for exploring FMD
calculations in addition to exploring parameters such as pulse wave velocity (PWV), oscillatory
shear index (OSI) and wall shear stress (WSS), which are valuable for the assessment of
atherosclerosis development. The study includes idealised geometries of the bifurcation from
the brachial artery to the radial and ulnar arteries [2]. A parametric analysis is currently being
undertaken for various boundary conditions and bifurcation angles.
Acknowledgments: This work is supported partly by the University of Strathclyde International
Strategic Partner Research Studentships, and the European Union’s Horizon 2020 research and
innovation programme under the Marie Sklodowska-Curie grant agreement No749185.
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The cerebrospinal fluid (CSF) dynamics in the human central nerve system (CNS) are analyzed by means
of numerical simulations employing a lattice-Boltzmann method (LBM). The CSF, which surrounds the
human brain and spinal cord, fills the cerebral ventricles as well as the cranial and subarachnoid spaces
(SAS). Not only in the mechanical protection of the CNS the CSF is also involved in the transport of
nutrients and neuroendocrine substances and the removal of toxic metabolites to preserve the chemical
environment of the brain. Disorders of CNS components disrupt the pulsatility of the CSF which influences a number of vital functions. Computational fluid dynamics can be used to quantify the functional
interactions of the members of the CNS. In this study the numerical analysis of CSF in brain ventricles
and SAS is performed to establish a basis for testing and optimizing therapeutical methods and to further understand the pathophysiology. The MRI-based geometry is exploited to obtain a realistic brain
ventricle system. The computational domain is discretized by a hierarchical Cartesian octree mesh [1].
The numerical procedure based on LBM overcomes the difficulties raised by typical finite-difference
and finite-volume methods on high-performance computing (HPC) systems. The HPC simulations are
able to analyze the kinetic behavior of CSF in a cardiac cycle in great detail as shown in Fig. 1. The
three-dimensional streamlines captured in the 4th ventricle indicate the momentum exchange essential
to understand the chemical transport from brain to spinal cord. The results with further insight into the
flow structures show the LBM to be an accurate and fast tool to numerically predict the CSF dynamics
in the human brain.
REFERENCES
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(a)

(b)

Figure 1: (a) Pressure contours and velocity vectors in the aqueduct of Sylvius and 3rd and 4th ventricles and (b) streamlines inside the 4th ventricle.

1261

M. Boumpouli, E.
Patient-Specific
Blood
Sauvage,
FlowC.
Simulations
Capelli, S. in
Schievano,
the Pulmonary
T. Gourlay
Bifurcation
and A. Kazakidi
of Patients with Tetralogy of Fallot
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

PATIENT-SPECIFIC BLOOD FLOW SIMULATIONS IN THE
PULMONARY BIFURCATION OF PATIENTS WITH TETRALOGY OF
FALLOT
M. Boumpouli¹, E. Sauvage2, C. Capelli2, S. Schievano2, T. Gourlay¹ and A. Kazakidi1
Department of Biomedical Engineering, University of Strathclyde, Glasgow UK,
[maria.boumpouli, terence.gourlay, asimina.kazakidi]@strath.ac.uk
2
University College London, Institute of Cardiovascular Science & Great Ormond Street Hospital for
Children, NHS Foundation Trust, London, UK
[e.sauvage, c.capelli, s.schievano]@ucl.ac.uk
1

Key Words: Computational fluid dynamics, Haemodynamics, Congenital Heart diseases,
Pulmonary Bifurcation.
Dysfunction of the pulmonary valve and narrowing of the branch pulmonary arteries are
common chronic complications in adult patients with tetralogy of Fallot; the most common
cyanotic congenital heart disease with an estimate prevalence 1 in 3000 live births. Clinical
consequences include, but are not limited to, abnormal lung development and elevated
pulmonary vascular resistance. It is, therefore, crucial to better understand and characterise the
haemodynamic environment in the pulmonary bifurcation to better diagnose and treat these
patients. In this study, we have focused on investigating the blood flow dynamics in patientspecific geometries of the pulmonary bifurcation by means of computational models.
3D geometries of the pulmonary junction were reconstructed from MRI images of seven
patients with tetralogy of Fallot. Unsteady flow data of the same patients, retrospectively
acquired with phase-contrast MRI, were also prescribed at the inlet of the main pulmonary
artery. Wall shear stress values around the pulmonary junction, velocity distribution and
pressure ratios were evaluated from the computational model. The calculations were performed
considering an incompressible Newtonian fluid governed by the Navier-Stokes equations, using
a validated finite volume scheme in OpenFOAM®.
There was a great variation in the morphology of the pulmonary bifurcation among the patients,
and blood flow development was highly dependent on such local characteristics. The presence
of branch narrowing appeared to have a large effect in the haemodynamic environment and
wall shear stress values. Finally, certain anatomies were associated with larger areas of
stagnation, which may have an important clinical impact, by promoting thrombus formation.
This study enhances our understanding of the flow development in the pulmonary bifurcation
of tetralogy of Fallot patients. To confirm these findings, future work will include a larger
cohort of patients and possibly the correlation of the flow results with clinical outcomes.
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ABSTRACT
There is a growing number of computational models of thrombosis in cerebral aneurysms that have been
designed with consideration towards clinical use and research. The primary limitation of these models
arises from validation, since ethical concerns prevent the observation and documentation of the clotting
of flowing blood in-vivo to which the output of these models can be compared. Validation is
accomplished by examining groups of variables in isolation and proving that they operate together
realistically. Many of these computational models rely on assumptions to simplify what would otherwise
be computationally expensive and slow simulations. A common assumption for these models is that
from a fluid-dynamics perspective, steady flow is an acceptable simplification of pulsatile flow, which
characterizes blood flow in-vivo.
There is, however, no prior evidence suggesting whether steady flow is an acceptable approximation
when considering clot formation within a flowing environment. To this end, a pulsatile-flow thrombosismodel has been created in ANSYS® Fluent (ANSYS, Lebanon, NH) using a transient-solution implicit
pressure-based solver, wherein an idealized aneurysm geometry is applied, with a data-derived pulsatile
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volumetric flow function supplied at the inlet. A scalar function, derived from Wagenvoord et al., is
supplied at the aneurysm wall, and simulates the release of thrombin, a chemical that is central to the
clotting process [1,2]. The output of an otherwise identical steady-state model is validated with the
output of a steady-flow, Particle-Image-Velocimetry (PIV) experiment that utilizes an identical
geometry, wherein thrombin is injected at the aneurysm, and tracked via a proflavine dye. The validated
steady-state numerical model is then altered to include pulsatility, and is then used to determine whether
clotting outcome of a model by Ngoepe and Ventikos, amongst others, differs with pulsatile flow [3].
This comparison has revealed that thrombin accumulates more quickly and dissipates more slowly,
when utilizing pulsatile flow over steady flow. Pulsatile flow creates unsteady flow patterns within the
aneurysm, which create an environment where less thrombin is carried out of the aneurysm and into the
regular bloodstream. This suggests that pulsatile-flow can significantly increase the duration of clotting,
which may have a significant effect on clotting outcomes for other thrombosis models where the effects
of pulsatile-flow have not been thoroughly considered and forgone in favour of steady flow.
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[3] Ngoepe, M. N., & Ventikos, Y. (2015). Computational modelling of clot development in patient‐
specific cerebral aneurysm cases - Ngoepe - 2016 - Journal of Thrombosis and Haemostasis Wiley Online Library. journal of thrombosis and haemostasis, 14(2), 262-272.
doi:10.1111/jth.13220

1264

Surface
P.
Atzberger
Fluctuating Hydrodynamic Methods for Fluid-Structure Interactions in Cell Mechanics
Surface Fluctuating Hydrodynamic Methods for Fluid-Structure Interactions
in Cell Mechanics
Paul J. Atzberger
Dept. Mathematics and Mechanical Engineering, University of California Santa Barbara
6712 South Hall, Santa Barbara, CA 93106, USA

We introduce surface fluctuating hydrodynamics approaches for investigating transport and fluidstructure interactions within curved fluid interfaces arising in cell mechanics. We focus particularly on
drift-diffusion dynamics of proteins and microstructures within lipid bilayer membranes and related
systems. We show how a mesoscale description of the surface mechanics can be formulated accounting
for geometry in the hydrodynamics and thermal fluctuations. The stochastic equations pose challenges
for use in practice, including, (i) a need for accurate and stable discretizations of geometric terms and
differential operators on the surface, (ii) techniques for hydrodynamics handling surface incompressibility
constraints, and (iii) stiffness from rapid time-scales introduced by the thermal fluctuations. We show how
spectral methods and meshfree approaches can be used to obtain practical computational simulation
methods. We then investigate the role of geometry in hydrodynamic transport and the collective driftdiffusion dynamics of proteins within curved membranes.
Keywords: Fluctuating Hydrodynamics, Mesoscale
Thermostats, Lipid Bilayer Membranes, Soft Materials.
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ABSTRACT
Computational mechanics and numerical methods are powerful tools to assist early diagnosis of diseases and advance modern treatment strategies. However, the complexity and heterogeneity of living
systems poses completely new challenges and demands on mechanical models and numerical solution
methods. To allow for predictive simulations, which are useful to the clinical community and can be
implemented in daily clinical practice, it is essential to combine mechanics with biochemistry or electrophysiology through multi-physics modeling. These models can provide a gateway to bridge the scales
from metabolic processes on the subcellular level to macroscopic continuum mechanics, to incorporate
the tissue response to mechanical stimuli through coupling strategies, and to intelligently integrate experimental data for model calibration and validation. Another important challenge is to not only consider
individual processes independently, but to incorporate the interplay of different functional units in the
context of a whole biological system.
In this minisymposium we focus on novel approaches to master those challenges with a special emphasis
on active biological systems (e.g., muscle, liver, brain, . . . ). We welcome highly interdisciplinary contributions bringing together the expertise of different fields such as (continuum) mechanical modeling,
numerics, data science, and clinical application. The goal of this minisymposium is to create valuable
synergies between researchers working on different biological systems, potentially on different scales, to
bring computational modeling one step closer to clinical practice.
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Alzheimer’s disease is an ultimately fatal, neurodegenerative disease currently affecting 10
percent of people age 65 or older in the United States1. To address this growing public health
problem, we are in need of effective therapeutic interventions, which, in turn, require early
diagnosis and an enhanced understanding of disease causes and progression. Histological
evidence from postmortem analyses suggests that the progression of Alzheimer’s disease is
related to the spreading of misfolded protein aggregates across the brain2. Misfolded amyloid
b and tau protein have been found to propagate in stereotypical spatiotemporal patterns2.
While these patterns are unique to different proteins, they are highly repeatable between
individuals and believed to underlie a common pathogenic principle. Recent theories draw an
analogy to the biology of prion diseases: Corruptive seeds cause healthy proteins to misfold
and spread across the brain along an anatomically connected network3.
Here, we use a network model, which combines misfolding kinetics and diffusion on a
weighted Laplacian graph, to compute the prion-like propagation of hyperphosphorylated tau
protein in Alzheimer’s disease4. We systematically compare the neuropathological pattern
predicted by our brain network model to the patterns observed in longitudinal positron
emission tomography images from the Alzheimer’s Disease Neuroimaging Initiative5. The
computational efficiency of our network model enables an efficient calibration of the model
parameters to real patient data using Bayesian hierarchical modeling. In the future, our
calibrated quantitative model could replace the commonly used qualitative models to describe
the role of misfolded tau in the pathogenic cascade of Alzheimer’s disease6. Ultimately, our
model may assist in the development of new diagnostic criteria and potential treatments by
providing quantitative insight into the typical time-dependent evolution of disease biomarkers
in neurodegeneration.
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Vascular smooth muscle cells (SMC) play an important role in tissue healing. In their homeostatic states, they display a contractile phenotype and act as the main short-term regulators
of wall stress by sensing the surrounding stretch or wall shear stress through endothelial cell
(ETC) signaling. A sustained change in mechanical environment triggers a phenotype switch.
Cells in their synthetic phenotype are more proliferative and produce extracellular matrix where
necessary.
Tissue manipulation during surgery is a common cause of injury to the tissue. For example, immediately after arterial clamping, Geenens et al. [1] report endothelial denudation and damage
to the extracellular matrix. A decreased functional integrity of the tissue is observed through
myograph testing. Through healing over time, the structural and functional integrity is partly
restored. However, maximally avoiding tissue damage acutely and especially on the longer term
is important. This study attempts to reproduce the experiments by [1] in order to obtain a reliable
predictive model for acute and long-term damage to arterial tissue after mechanical overloading.
A mouse aorta geometry was first modeled in Abaqus under normal physiological conditions.
Then, clamping of the artery was simulated, while an acute damage model was used to quantify
loss of ETC, SMC and collagen, depending on the local deviation from the homeostatic stretch
or strain energy. This loss of integrity caused an increased wall stretch, driving healing of the
tissue, through a remodeling algorithm. SMC (de)differentiation, proliferation and collagen production was taken into account, as well as collagen decay, endothelial healing and inflammation
of the tissue. Subsequently, excision of the artery, followed by a simulation of a myograph experiment, was simulated. The active SMC behavior was modeled in detail based on [2], where
dependencies on the vasoactive agents phenylephrine, nitric oxide, and acetylcholine have been
added.
In total, six different myograph experiments were simulated, both right after clamping at three
different clamping loads (0.0 N, 0.6 N and 2.7 N) and after 30 days of subsequent healing.
After parameter tuning, the results showed a similar behavior as observed experimentally by [1].
Therefore, the presented models reliably capture the functional integrity of arterial tissue after
acute damage and after healing. However, future tests should show whether the (rate of) loss
and production of different constituents are well represented.
REFERENCES
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Neurons and myelinating Schwann cells in peripheral nerves must withstand mechanical
stresses associated with body growth and limb movements. Although some biomechanical
aspects of peripheral nerves are known, the link between nerve biomechanics and tissue
microstructure during development and maturation is poorly understood. We used atomic force
microscopy to investigate the mechanical properties of living mouse peripheral nerve tissue ex
vivo at distinct stages of development, and correlated the elastic moduli with various cellular
and extracellular aspects of the underlying tissue microstructure with confocal microscopy. Our
data show that local nerve tissue stiffness is spatially heterogeneous and evolves biphasically
during maturation. In addition, we found the intracellular microtubule network and the
extracellular matrix collagen type I as major contributors to the nerves’ biomechanical
properties, but surprisingly not cellular density and myelin content as previously shown for the
central nervous system. Furthermore, isolated primary Schwann cells from peripheral nerves
show a remarkable biomechanical resilience suggesting a mechano-protecting role to peripheral
axons. Overall, these findings characterize the mechanical microenvironment that surrounds
Schwann cells and neurons and will further our understanding of their mechanosensing
mechanisms during nerve development. These data also provide the design of artificial nerve
scaffolds to promote biomedical nerve regeneration therapies by considering mechanical
properties that better reflect the nerve microenvironment.
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BONE AS A WAVEGUIDE FOR ULTRASOUND INDUCED SHEAR
WAVES
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Low intensity modality of focused ultrasound (fUS) have recently attracted a lot of attention primarily for
neuromodulation applications. While longitudinal waves induced by fUS have been extensively studied,
the transverse waves are often overlooked, due to the low shear resistance of soft tissues for the most part.
Yet, if fUS is imposed in the vicinity of a bone, shear waves with magnitudes comparable to pressure
waves will propagate through the bone. We investigate wave propagations in human head through a
realistic computational model with a region in the frontal lobe subjected to fUS. We demonstrate that the
skull guides the shear waves towards cochlea. This, in turn, explains the off-target auditory responses
observed in neuromodulation experiments [1, 2]. We further validate the idea of bone as a waveguide for
shear waves by looking into a mouse model. We subject the mouse tail to fUS and demonstrate that the
spine serves as a waveguide and carries the transverse waves to the mouse skull.
REFERENCES
[1] Sato, T., Shapiro, M. G. and Tsao, D. Y. Ultrasonic neuromodulation causes widespread cortical
activation via an indirect auditory mechanism. Neuron. (2018) 98, 5:1031–1041.
[2] Guo, H., Hamilton II, M., Offutt, S., Gloeckner, C. D., Li, T., Kim, Y., Legon, W., Alford, J. K. and
Hubert, H. Ultrasound produces extensive brain activation via a cochlear pathway. Neuron. (2018)
98, 5:1020–1030.
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Computational Modeling and Experimental Analysis of Soft Tissue
Tensional Homeostasis
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In contrast to classical engineering materials, soft connective tissues are usually not stress-free at
steady state, but rather have a preferred "homeostatic" mechanical state characterized by a certain
non-zero target stress. To stabilize this preferred state against external perturbations such as injury
or disease, cells constantly read environmental cues, transduce them into intracellular signals and
promote tissue homeostasis by adapting their own mechanical state, e.g. by adjusting the
production of contractile forces [1]. So far, little is known about which mechanical quantity cells
exactly sense and seek to maintain in their extracellular micro-environment and how their actions
(at the micro-scale) translate into adaptations at tissue and organ level (at the macro-scale) [2].
In this talk, we will study cell-mediated tensional homeostasis based on results from
micromechanical simulations and biaxial experiments. The simulations were performed with a
novel computational framework in which individual biological cells and matrix filaments like
collagen are discretized by finite elements and can mechanically interact with each other. Like
this, different hypotheses about the target mechanical quantity of tensional homeostasis can be
developed and systematically tested to unravel the micromechanical foundations of this
fundamental process. We demonstrate that our framework can reproduce experimental results
from cell seeded tissue equivalents performed with a custom-built biaxial bioreactor. Initially
stress-free collagen gels seeded with fibroblasts were uniaxially and biaxially loaded over several
hours while collecting displacement and force data. We will show the influence of various factors
like collagen concentration, cell density as well as type of boundary conditions on soft tissue
tensional homeostasis.
REFERENCES
[1] J.D. Humphrey, E.R. Dufresne, M.A. Schwartz, Mechanotransduction and extracellular

matrix homeostasis. Nat. Rev. Mol. Cell Biol., Vol. 15, pp. 802–812, 2014.
[2] F.A. Braeu, R.C. Aydin, C.J. Cyron, Anisotropic stiffness and tensional homeostasis
induce a natural anisotropy of volumetric growth and remodeling in soft biological tissues.
Biomech. Model. Mechanobiol., Vol 18, pp. 327-345, 2019.
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CONCERNING OSMOTIC PRESSURE IN HYPERELASTIC BIPHASIC
FIBER REINFORCED ARTICULAR CARTILAGE
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Cartilage creates a joint connection that is as frictionless and damping as possible. It is a complex multiphase material comprised of a liquid phase and a collagen fiber-reinforced porous solid. The mechanical
properties of cartilage are highly dependent on the interaction of the isotropically distributed, electrically
negative charged proteoglycans and the highly anisotropic and inhomogeneously distributed collagen
fiber network. The negatively charged proteoglycans lead to an electrical gradient which in turn causes
an osmotic negative pressure. This causes a swelling inside the cartilage whereby the collagen fibers are
mechanically prestressed and thus reduce the total pressure acting on the cartilage matrix.
Osteoarthritis occurs more and more frequently in the population. It changes the composition of the proteoglycans [1] which results in a decrease in osmotic pressure, leading to increased abrasion. In addition,
a defibration of the collagen fibers occurs [2], causing a decreasing tensile strength and viscoelasticity in
fiber direction. In order to account for these degeneration processes a model using the Theory of Porous
Media [3] as a homogenization approach is developed. The model describing the mechanical behavior of
articular cartilage is based on the biphasic model presented in [4]. It includes the incompressible poroelastic solid matrix reinforced with collagen fibers and the incompressible fluid in the pores. To determine
the true stress-free reference configuration, the influence of osmotic pressure must be incorporated [5].
REFERENCES
[1] DEGROOT, J. ET AL., Age-related decrease in proteoglycan synthesis of human articular chondrocytes: The role of nonenzymatic glycation. Arthritis Rheum. (2001) 42:1003–1009.
[2] DEJICA, V.M. ET AL., Increased type II collagen cleavage by cathepsin K and collagenase activities with aging and osteoarthritis in human articular cartilage. Arthritis Res. Ther. (2012) 14:R113.
[3] EHLERS, W., Foundations of multiphasic and porous materials. Porous Media: Theory, Experiments and Numerical Applications (2002) 3–86.
[4] PIERCE, D.M. ET AL., A hyperelastic biphasic fibre-reinforced model of articular cartilage considering distributed collagen fibre orientations: continuum basis, computational aspects and applications. Comput. Methods Biomech. Biomed. Engin. (2012) 16(12):1344–1361.
[5] WANG, X. ET AL., On incorporating osmotic prestretch/prestress in image-driven finite element
simulations of cartilage. J. Mech. Behav. Biomed. Mater. (2018) 86:409–422.
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Effect of Inter-doublet Coupling on Spontaneous Oscillation in Cilia
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Cilia are slender organelles that cells use to move fluid or propel themselves through fluid. We
have cilia throughout our bodies: clearing mucus from our airways, moving cerebrospinal fluid
in our brains, transporting eggs and propelling sperm cells in our reproductive systems. The
structure of a cilium is given by the active cytoskeleton known as the axoneme. This structure
comprises a cylindrical array of 9 microtubule doublets and a central pair of microtubule
singlets. Radial spokes and circumferential links connect the axially-oriented microtubules.
Driving the motion of this structure is an array of protein motors called dyneins that create interdoublet sliding forces between adjacent doublets. While this structure is well understood, the
mechanism by which dynein forces are regulated to create coordinated beating in cilia is not.
It has previously been shown in equations of two coupled beams, and in finite-element models
of the axoneme [1], that propagating wave-like oscillations can arise from dynamic (flutter)
instability even if dynein forces are constant. These dynein forces act as non-conservative
“follower” loads (Fig. 1a). Here we investigate the effects of inter-microtubule linking,
damping, dynein force, and nonlinearities on the emergence and shape of those oscillations.
This work is carried out in a custom finite-element code created in MATLAB that allows for
efficient stability analysis through eigenvalue studies of the loaded system with parameter
sweeps, as well as time-domain simulation. Fully-nonlinear time-domain simulations are
carried out in commercial finite element software (COMSOL Multiphysics, Burlington, MA).
The results of this study illustrate important nonlinear relations between coupling parameters
and system stability, providing insight into the mechanism of this important biological systems.
Comparison of simulation to observed behaviour also enables us to estimate parameters in
nanoscale structures.

(a)

(b)

(c)

Figure 1. (a) Schematic model of inter-doublet coupling. (b) Root locus plot showing stability of system as a
function of damping in inter-doublet links. (c) Surface plot of critical dynein force for growing oscillation as a
function of multiple parameters.

REFERENCES
[1] Bayly P. V. and Dutcher S. K., Steady dynein forces induce flutter instability and propagating
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Gastric peristalsis: a computational framework based on active-strain
electromechanics
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Gastric peristalsis realizes some of the main physiological functions of the stomach. It is
characterized by propagating periodic contraction waves resulting from the complex
interaction of several multiscale phenomena. The gastric electrophysiological system
generates so-called slow waves. These periodic bioelectric signals spread diffusively and
drive the depolarization of smooth muscle tissue. Consecutively, the depolarization initiates
activation-contraction mechanisms. Therefore, the description of gastric peristalsis
necessitates a coupled multiphysics, multiscale model incorporating gastric electrophysiology,
active smooth muscle contractility and passive mechanical properties of the gastric wall [1].
We present a constitutive framework for the phenomenological description of the gastric
electro-mechanical system [2]. Electrophysiology is modelled with a phenomenological
description at the cell scale and by two coupled monodomain formulations at the continuum
scale. Smooth muscle contractility is described by an active-strain finite elasticity approach
while the passive mechanical behaviour is accounted for via a quasi-incompressible
hyperelastic material formulation [3].
The proposed framework can reproduce essential phenomena, including the propagation of
stable, physiological peristaltic waves as well as pathological gastric dysrhythmias. The latter
induces complex spatio-temporal mechanical patterns potentially linked to thermo-electric
symptoms observed during gastroparesis [4].
In summary, the present computational framework is suitable for large scale in silico analyses
and could serve as a workhorse for future studies investigating the electromechanics of
healthy and diseased stomachs in view of optimized treatments.
REFERENCES
[1] Brandstaeter, S. et al., Mechanics of the stomach: A review of an emerging field of biomechanics,
GAMM Mitteilungen, 42(3), pp. 1–29, 2019.
[2] Brandstaeter, S. et al., Computational model of gastric motility with active‐strain
electromechanics, J. Appl. Math. Mech., 98(12), pp. 2177–2197, 2018.
[3] Ruiz-Baier, R. et al. Mathematical modelling of active contraction in isolated cardiomyocytes,
Math Med Biol, 31(3), pp. 259–283, 2014.
[4] Gizzi et al., On the electrical intestine turbulence induced by temperature changes, Phys Biol, 7,
pp.016011, 2010.
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INSIGHTS INTO THE MICROSTRUCTURAL ORIGIN OF BRAIN
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Mechanical aspects play an important role in brain development, function and disease. Currently, mainly
phenomenological material models are used to predict the behavior of brain tissue through numerical
simulations. The model parameters often lack physical interpretation and only provide adequate estimates for brain regions which have a similar microstructure and age as the ones that were used for
calibration. A material model that is based on microstructural components showing similar regional and
age-dependent variations as the macroscopic mechanical properties could overcome these drawbacks
and provide a framework to additionally capture the active response of brain cells to mechanical stimuli.
To date, however, the microstructural mechanisms that occur during mechanical loading of brain tissue
remain poorly understood.
Here, we concurrently record the mechanical response and microstructural organization of porcine brain
tissue in order to understand the link between macroscopic mechanical loading and rearrangements on
the cellular level. First, we visualize microstructural components of fresh tissue using vital histological
staining. Subsequently, the stained specimens are subjected to cyclic loading and unloading as well as relaxation experiments. We measure the tissue response under different loading modes and simultaneously
track microstructural components through a microscope.
On the microstructural level, we observe that the cells move with the extracellular matrix as it is deformed under loading. Interestingly, relative movements between neighboring cells are minor compared
to the overall cell displacement. The deformation of single cells is small and can hardly be resolved with
the microscope used for tracking. Our experiments distinctly allow us to track viscoelastic effects as
the cells do not immediately return to their initial position upon unloading. Based on these data, we determine microstructure-based time constants, which we include into viscoelastic constitutive models for
brain tissue. Our analyses show how the rearrangements on the cellular scale translate into viscoelastic
effects on the tissue scale and constitute an important step towards microstructurally-motivated models
for brain tissue. The results also allow us to draw conclusions towards the mechanical role of the different microstructural components: while most research in neuroscience still focuses exclusively on the
cells, the active interactions between the cells and extracellular matrix as well as the fluid phase seem to
have a significant effect on the overall tissue mechanics.
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INTERGRATING MACROMOLECULAR DATA IN A TISSUE-LEVEL
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Mechanical forces are known to play a critical role in regulating chondrocytes during
development [1]. Yet, how biophysical stimuli and cellular signalling interact to control the
process of joint development is still not fully understood.
Combining experimental analyses at whole joint, tissue and molecular level with a finite
element model of growth, we study how limb motion in a regenerating axolotl elbow regulates
joint morphology. Axolotl salamanders are capable of regenerating complete adult limb
skeletons that are morphologically similar to human limbs. Using in vivo click chemistry to
fluorescently label macromolecules and light sheet miscroscopy to image, we visualize the in
vivo synthesis of macromolecules to obtain information on cell proliferation, protein synthesis
and RNA transcription as well as tissue growth and bone rudiment shape. We incorporate this
information in our computational model of tissue growth to predict bone rudiment shape.
We model the tissue as a biphasic material [2] consisting in a fluid-saturated nonlinear porous
solid. Continuum growth was implemented via the multiplicative decomposition of the
deformation gradient tensor of the solid component. Cartilage growth in the simulations is
dictated by a combination of experimental data from our cell count and the predicted hydrostatic
stresses induced by joint motion. The resulting joint morphology matches our experimental
observations of salamander limbs, confirming that mechanical forces due to limb motion
directly determine joint shape.
Future work will incorporate reaction-diffusion equations governing the biochemical stimuli
that influence joint development. We will integrate the tissue-level growth response with this
molecular-level biochemical model, informed by our macromolecular experimental data.
REFERENCES
[1] T. Mammoto, A. Mammoto and D. E. Ingber, Mechanobiology and developmental

control. Annual Review of Cell and Developmental Biology, Vol. 29, 27–61, 2013.
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In surgical repair of severed peripheral nerves, the use of autografts is currently the gold
standard for moderate to large nerve gaps because this approach minimizes tension at the
repair site. While a high level of tension has been shown to be harmful for the regeneration
process, using low levels of tension to stimulate growth is now being explored as an
alternative to grafting [1]. Repair via gradual nerve elongation would circumvent various
disadvantages of autografts such as donor site morbidity and the need for regenerating axons
to traverse two suture areas. However, elongating the nerve too quickly could lead to
structural and functional damage [2]. Therefore, the success of gradual nerve elongation as a
repair strategy depends on knowledge of the thresholds governing structural and functional
failure. To study these thresholds, we developed a computational model of stretch-mediated
axon growth that combines mechanics and electrophysiology. The mechanical model
incorporates both viscoelasticity using a neo-Hookean standard linear solid and growth using
a stress-driven growth law [3]. While the mechanical model alone is sufficient to predict
structural disconnection, studies have shown that the threshold for irreversible functional
deficit is lower than the threshold for physical disconnection. We therefore include
electrophysiological function using the Hodgkin-Huxley model [4]. To couple the mechanical
and electrophysiological frameworks, the reversal potentials for both sodium and potassium
are expressed as functions of plasma membrane stretch [5]. By incorporating mechanics,
growth, and electrophysiology, we are able to predict thresholds on axon elongation and
elongation rates based on both structural and functional disruption.
REFERENCES
[1] K.M. Vaz, J.M. Brown, and S.B. Shah, Peripheral nerve lengthening as a regenerative

strategy. Neural. Regen. Res., Vol. 9, pp. 1498-1501, 2014.
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[3] L.M. Wang and E. Kuhl, Viscoelasticity of the axon limits stretch-mediated growth.
Comput. Mech., online first, doi:10.1007/s00466-019-01784-2, 2020.
[4] A. Hodgkin and A. Huxley, A quantitative description of membrane current and its
application to conduction and excitation in nerve. J. Physiol., Vol. 117, pp. 500-544,
1952.
[5] A. Jérusalem, J.A. García-Grajales, A. Merchán-Pérez, and J.M. Peña, A computational
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During fetal development, the human brain undergoes large topological changes and volumetric growth.
The corresponding folding of the outer cortex- also known as gyriÞcation- is driven by the migration of
neurons from the ventricular zone towards the cortex. The accumulation of neurons in the cortex leads
to primary folds that form consistently across all healthy brains around week 10; yet, the concise mechanistic mechanisms behind these folding patterns remain poorly understood.
We developed an image registration-based approach to investigate this spatio-temporal evolution of microstructure and topology during gestation. SpeciÞcally, we determine the distribution of migrating
neurons during the onset of primary folds. Image registration is a powerful approach to quantify such
large topological changes [1]. It allows us to compute a transformation map and the neuron density that
maximizes the correspondence between images from consecutive gestational weeks. We use MRI data
from a fetal brain atlas that is based on 81 fetuses scanned multiple times throughout gestation [2].
Our registration method minimizes a physics-based energy functional that penalizes the correspondence
of voxel intensities between two images and the spatial transformation mapping such that it obeys the
hyperelastic material response of brain. In order to capture cortical growth, we use a multiplicative
split of the deformation gradient into an elastic and a growth part. We assume isotropic volume-growth
proportional to the local neuron density and constitute that the elastic response of the brain follows a
classical neo-Hookean strain energy. Given the spatial transformation mapping between two consecutive
gestational weeks ranging from 21 through 27, we solve an inverse problem to Þnd a feasible cell density
distribution that is constrained by nonlinear elasticity and the growth laws. By combining the spatial
transformation map and cell density distributions, we identify the cell migration patterns underlying the
formation of primary folds. Our method will allow us to rationalize the origin of gyriÞcation and provide
a novel tool to study the physics behind brain malformations during early development.
REFERENCES
[1] A. Pawar, Y.J. Zhang, C. Anitescu, Y. Jia, T. Rabczuk. DTHB3D Reg: dynamic truncated hierarchical B-spline based 3D nonrigid image registration. Communications in Computational Physics
(2018) 23:1–12.
[2] A. Gholipour, C.K. Rollins, C. Velasco-Annis, A. Ouaalam, A. Akhondi-Asl, O. Afacan, C.M.
Ortinau, S. Clancy, C. Limperopoulos, E. Yang, et al. A normative spatiotemporal MRI atlas of the
fetal brain for automatic segmentation and analysis of early brain growth ScientiÞc Reports (2017)
7:467.

1281

Modeling Initial
Katharina
Immel,and
Vu-Hieu
Long-Term
Nguyen,
Stability
Guillaume
of Cementless
Haiat andHip
Roger
Implants
A. Sauer
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

MODELING INITIAL AND LONG-TERM STABILITY OF
CEMENTLESS HIP IMPLANTS
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Cementless implants have become more and more common for joint replacement surgery.
These implants establish initial stability during the surgery through an interference fit in the hip
bone, while long-term stability is obtained by bone growing around and into the porous surface
of the implant, a process called osseointegration. As debonding of the bone-implant interface
due to aseptic loosening and insufficient osseointegration still occur and may have dramatic
consequences, predicting implant stability and failure is one of the major goals in implant
research.
In most finite element (FE) models of hip implants, frictionless contact or perfectly bonded
contact elements are used. However, frictionless contact is a strong assumption for the contact
behaviour between the rough and porous bone and implant surfaces and is not able to model
bonding or properly represent the nonlinear contact behaviour. On the other hand, bonded
contact elements cannot model the debonding of the interface [1].
This work presents different 3D FE modeling approaches to access initial and long-term
stability using the example of an acetabular cup implant. First, we present an approach to assess
the initial stability of the implant in a patient's pelvis, based on Coulomb’s friction contact and
standard FE. The influence of different patient and implant-specific parameters is analysed in
order to determine optimal stability for different configurations. Second, we analyze long-term
stability with regard to the influence of the degree of osseointegration and distribution patterns
of bone tissue on the implant. Here, a modified Coulomb's friction law is used, which can model
the adhesive debonding of (partially) osseointegrated implants [2]. In addition, a NURBSenrichment approach for 3D contact elements is used for an efficient modeling of the geometries
and their contact [3].
REFERENCES
[1] C. Caouette, M. N. Bureau, M. Lavigne, P. A. Vendittoli and N. Nuno, A new interface

element with progressive damage and osseointegration for modeling of interfaces in hip
resurfacing. Proc. Inst. Mech. Eng. H, Vol. 227, pp. 209−220, 2013
[2] C. J. Corbett and R. A. Sauer, NURBS-enriched contact finite elements, Comput. Meth.
Appl. Mech. Engng., Vol. 275, pp. 55−75, 2014.
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Multi-component modelling of brain tissue
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The coupled behaviour of individual participating components governs a variety of processes
occurring in healthy and diseased brain tissue. In this regard, the Theory of Porous Media
(TPM) provides an excellent framework for a consistent modelling procedure, cf. [1].
In this talk, we will start with an introduction of a general brain-tissue model accounting for the
complex tissue composition. Building on this, selected model applications and extensions are
discussed. Examples are the drug-delivery problem and the description of brain-tumour growth
and atrophy. Thereby, we will discuss the model enrichment via experimental data, cf. [2].
Furthermore, we will show current investigations to apply model-order-reduction techniques
(namely proper-orthogonal-decomposition and/or discrete-empirical-interpolation method) in
order to significantly reduce the calculation time towards a potential clinical use, cf. [3].
REFERENCES
[1] W. Ehlers and A. Wagner, “Multi-component modelling of human brain tissue: a

contribution to the constitutive and computational description of deformation, flow and
diffusion processes with application to the invasive drug-delivery problem”, Computer
Methods in Biomechanics and Biomedical Engineering, Vol. 18, pp. 861-879, (2015).
[2] P. Schröder, A. Wagner, D. Stöhr, M. Rehm & W. Ehlers. “Data‐driven simulation of
metastatic processes within brain tissue”. Proceedings in Applied Mathematics and
Mechanics, Vol. 17, pp. 221-222, (2017).
[3] D. Fink, A. Wagner and W. Ehlers. “Application-driven model reduction for the simulation
of therapeutic infusion processes in multi-component brain tissue”, Journal of
Computational Science, Vol. 24, pp. 101-115, (2018).
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Natural Modes of Oscillation of the Human Brain in Vivo
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Traumatic brain injury (TBI) is a serious public health issue because of the wide occurrence
and potential for lasting cognitive deficits. TBI is caused by rapid brain deformation associated
with high skull accelerations. We sought to determine if the brain responds mechanically at
specific frequencies to which it may be vulnerable. In this study we use dynamic mode
decomposition (DMD) to analyze full-field 3D strain data from tagged MRI experiments.
Tagged magnetic resonance imaging (MRI) was used to estimate 3D displacement and strain
fields during mild head acceleration (neck rotation or neck extension) in 20 human volunteers
[1]. DMD analysis [2] was then used to extract the dominant mode of oscillation (“mode 1”)
from strain fields. For validation and comparison, DMD was also applied to data from
simulation and from tagged MRI experiments using a gel cylinder phantom.
Subjects experienced mild strains; the 95th percentile octahedral shear strains were 0.043 ±
0.009 and 0.029 ± 0.003 for neck rotation and neck extension respectively. DMD estimates
of typical mode 1 coefficients, natural frequencies, and mode shapes are shown in Fig. 1. For
neck rotation (N=10) the mean (± std. dev) frequency of mode 1 was 7.10 ± 1.18 Hz and for
mode 2 was 14.90 ± 1.65 Hz respectively. For neck extension (N=10) the frequency of
mode 1 was 11.20 ± 1.07 Hz.
In conclusion, we observed consistent
natural frequencies in the human brain. In
neck rotation the brain exhibited lower
natural frequency than in neck extension.
These results could inform the design of
helmets and other protective devices.
REFERENCES
[1] D. Gomez et al., 3-D measurements of
acceleration-induced brain deformation via
harmonic phase analysis and finite-element
models. IEEE Trans. Biomed. Engr. Vol
66, No. 5, pp. 1456–1467, 2018.
[2] P.
Schmid,
Dynamic
mode

decomposition of numerical and
experimental data. J. Fluid Mech. Vol
656, pp. 5-28, 2010.

Figure 1: Mode 1 modal coefficients (𝑎𝑎1 (𝑡𝑡))
and mode shapes (𝝍𝝍1 (𝒓𝒓)) in experimental
phantom (a-c) and human brain in neck rotation
(d-f) and extension (g-i).
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NUMERICAL MODELING OF HEAT AND MASS TRANSFER
DURING CRYOPRESERVATION USING
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Directed Interval Arithmetic.
In this paper, a numerical analysis of heat and mass transfer process proceeding in articular
cartilage sample subjected to a cryopreservation process is presented. A two-dimensional,
axially symmetrical problem is considered. Additionally, in the mathematical model,
thermophysical parameters such as thermal conductivity and volumetric specific heat are
given as fuzzy numbers. The problem discussed has been solved using the fuzzy finite
difference method with α-cuts.
The tissue parameters appearing in the mathematical model of the problem discussed can
change in a wide range because they depend on numerous individual traits such as age, sex,
occupation etc. Here, this uncertainty has been included in the mathematical description by
means of fuzzy thermophysical parameters for articular cartilage sample.
The base of the heat transfer model is given by the fuzzy Fourier equation supplemented by
the boundary and initial conditions. The phenomenon of cryoprotectant transport (Me2SO)
through the extracellular matrix is described by the fuzzy mass transfer equation. In the
model, the liquidus-tracking method protocol for the cryopreserved articular cartilage sample
is simulated [1].
The problem discussed has been solved using the fuzzy finite difference method algorithm
using α-cuts and the rules of directed interval arithmetic are shown [2]. The application of αcuts allows one to avoid complicated arithmetical operations in the fuzzy numbers set because
α-cuts are closed intervals.
In the final part of the paper, examples of numerical computations are shown. The obtained
results of the numerical simulation were compared with the experimental results, realized for
deterministically defined parameters.
REFERENCES
[1] Yu, X.; Zhang, S.; Chen, G. Modeling the addition/removal of dimethyl sulfoxide
into/from articular cartilage treated with the liquidus-tracking method. Int. J. Heat Mass
Transf., Vol. 141, pp. 719–730, 2019.
[2] A. Piasecka-Belkhayat and A. Korczak, Numerical modelling of the transient heat
transport in a thin gold film using the fuzzy lattice Boltzmann method with α-cuts, J. of
Applied Mathematics and Computational Mechanics, Vol. 15 (1), pp. 123-135, 2016.
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On the effect of cellular processes and ECM components on
cortical folding in the developing brain.
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The highly folded morphology of the mammalian brain strongly correlates with brain
function and most probably results from mechanical instabilities during brain
development. Throughout the cortical folding process, the microstructure of the brain
keeps actively changing, which results not only in a macroscopic and microscopic
reorganization of brain structure but also in alterations of the brain’s mechanical
properties. Interestingly, the fully developed brain shows a negative correlation between
cell density and stiffness, while this relation seems to be reversed in the early stage of
brain development [1].
In addition the emerging intercellular connections and
extracellular matrix (ECM) components will lead to regional and temporal stiffness
variations [2]. The latter can have a significant effect on both, the cortical folding pattern
on the organ scale and the cell behavior on the cellular scale (through mechanosensing),
but have not yet been considered in mechanical models for cortical folding. Understanding
this complex interplay between cell behavior, ECM components, tissue stiffness, and the
evolution of macroscopic brain shape is key to computationally assist the diagnosis and
treatment of diseases associated with malformations of cortical development.
Here, we present a multifield computational framework, which couples an advection-diffusion
model with finite growth [3]. We systematically study the effects of cell proliferation and
migration as well as the accumulation of ECM components on tissue stiffness and growth in
the developing brain. We show how differential growth along with stiffness variations
largely control the evolving cortical folding pattern. The current study provides an
important step towards understanding the complex interplay between the brain’s
microstructural evolution, stiffness, and its macroscopic shape. It has important implications
for the improvement of diagnosis and treatment strategies for malformations of cortical
development such as lissencephaly, polymicrogyria, and focal cortical dysplasia.
REFERENCES
[1] Budday, S., Sarem, M., Starck, L., Sommer, G., Pfefferle, J., Phunchago, N., Kuhl, E., Paulsen,
F., Steinmann, P. (2019). Towards microstructure-informed material models for human brain
tissue. Acta Biomaterialia.
[2] Long, K. R., Newland, B., Florio, M., Kalebic, N., Langen, B., Kolterer, A., Wimberger, P. &
Huttner, W. B. (2018). Extracellular matrix components HAPLN1, lumican, and collagen I cause
hyaluronic acid-dependent folding of the developing human neocortex. Neuron, 99(4), 702-719.
[3] de Rooij, R., & Kuhl, E. (2018). A physical multifield model predicts the development of volume
and structure in the human brain. Journal of the Mechanics and Physics of Solids, 112, 563-576.
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Open database of in vivo brain deformation due to mild head impact for the
evaluation of computational models of traumatic brain injury
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Traumatic brain injury (TBI) results from a rapid tissue deformation in response to head impact
or acceleration. Accurate computational modelling can provide insight into the mechanisms of
injury and help identify protective strategies. Evaluation against experimental measurements is
perhaps the most important step towards generation of accurate computer models, enabling
refinement of geometry, boundary conditions, material coefficients, and other modelling
parameters. However, while measurements of brain deformation have been made in cadaveric
specimens [e.g., 1], brain deformation measurements in living human brains are extremely
limited. As a result, we present here brain deformation measurements in six healthy volunteers
during a mild head impact.
Dynamic tagged magnetic resonance imaging (MRI) was used to measure brain deformation in
a mild impact during neck extension (N=3) and neck rotation (N=3). Average peak deceleration
load was 219.6 +/- 10.5 rad/s2 for neck rotation and 329.3 +/- 15.9 rad/s2 for neck extension.
Three-dimensional brain displacements at 18 ms temporal resolution were quantified at 1.5 mm
spatial resolution over the entire brain using the harmonic phase finite element method [2];
Lagrangian strains were calculated using a local fitting approach. Strain fields varied spatially
over time, and peaked in the first frame acquired after impact. Average maximum principal
strain (MPS) values at peak deformation were 0.0220 +/- 0.0014 for neck rotation and 0.0142
+/- 0.0018 for neck extension; the volume fraction with MPS greater than 3 percent was 0.202
+/- 0.055 for neck rotation and 0.022 +/- 0.017 for neck extension.
These data is now publicly available at https://www.nitrc.org/projects/bbir. The files include the
original tagged MRI data, derived measurements of displacement and strain in NIFTI or Matlab
format, and measured kinematic parameters. The data set includes anatomical and structural
MRI data (T1-weighted images and diffusion tensor image). All images have been: (1) spatially
aligned with the tagged MRI data, (2) labelled reflecting major tissue structures, and (3)
processed to extract diffusion parameters. The provided deformation, anatomical, and structural
can in principle be used to generate subject-specific computational models, and to directly
compare simulation predictions against experimental measurements.
REFERENCES

[1] A. Alshareef, et al J. Neurotrauma, Vol. 35, pp. 780–789, 2018
[2] A. Gomez et al. IEEE Trans. Biomed. Engr. Vol. 66, No. 5, pp. 1456–1467, 2018
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Quantifying the effect of brain tumor growth and removal
on cortical folding
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ABSTRACT
Modeling and simulation of the structures in the brain are essential for the prevention, diagnosis, and
treatment of abnormal tumor growth. Tumor growth and removal affect the geometry of both the
intracranial structures and the outer cortical folding profile1. Changes in these geometries may have
detrimental effects on brain functionality2. Therefore, having the ability to model such shifts provides
valuable information to surgeons and doctors for potentially harmful tumor growth projections.
However, to our knowledge, changes in the cortical folding patterns due to tumor growth and removal
in a developed brain have not yet been quantified. As such, in order to devise a methodology for such
a quantification, we propose a computational continuum-based framework for modeling of
malformation growth and removal. Here we show that the gyrification index and the cortical folding
contour are affected by a growing tumor, and that upon its removal, the original folding pattern is not
restored if the tumor is located close to the cortex. Previous investigations have shown that the cortical
folding patterns change depending on the presence, growth factor, and location of the tumor 3, which
we confirm with the simulated gyrification index data. Overall, the relative changes in the gyrification
index over time were found to be more significant for tumors formed closer to the cortical layer. The
removal of the tumor has not been previously quantified, so we modeled the effect of tumor removal
on the cortical folding patterns in the proposed simulation framework as well. Our results show that
the folding patterns of the cortex are influenced by prior tumor presence even after the tumor has been
removed, which may affect the neuronal connections in the brain. Our simulations reinforce the idea
that, although surgical procedures can effectively remove the dangerous tissue, they may not be able to
restore healthy brain function for some tumors.

REFERENCES
[1] Stewart, D. C., Rubiano, A., Dyson, K. & Simmons, C. S. Mechanical characterization of human
brain tumors from patients and comparison to potential surgical phantoms. PLOS ONE 12,
e0177561 (2017).
[2] Irle, E., Peper, M., Wowra, B. & Kunze, S. Mood changes after surgery for tumors of the cerebral
cortex. Arch. Neurol. 51, 164–174 (1994).
[3] Razavi, M. J., Reeves, M. & Wang, X. Mechanical role of a growing solid tumor on cortical
folding. Computer Methods in Biomechanics and Biomedical Engineering 20, 1212–1222 (2017).
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The importance of mechanics for brain functionality is increasingly appreciated. Mechanical factors
not only play a role during normal brain development and aging but also during injury and disease.
Therefore, computational mechanics have become a powerful tool to study and predict the behavior of
the human brain [1]. A great challenge in this respect is that brain tissue is highly heterogeneous: Its
mechanical properties change both in space and time. Previous constitutive models have mainly been
phenomenological in nature: Their parameters often lack clear physical interpretation, and they only
implicitly capture regional differences in tissue properties through region-specific parameter sets. A
promising step to refine constitutive models is to correlate the mechanical behavior to the underlying
microstructural composition, which varies in space and evolves over time.
By combining biomechanical testing of human brain specimens from different anatomical regions, the
cortex, basal ganglia, corona radiata, and corpus callosum, under multiple loading conditions, simple
shear, compression, and tension, with subsequent microstructural analyses, we investigate the relations
between microstructure and mechanics. Based on the experimental data, we propose a microstructureinformed Ogden-type strain energy, which is a function of the density of cell nuclei and inherently
captures regional heterogeneities [2]. We critically evaluate the scope of application and limitations of
the proposed model. The presented approach will help us to understand and predict regional and temporal
variations in tissue stiffness, which is not only critical for the progression of disease but also for planning
of surgical procedures, or designing protective devices for our brain.
REFERENCES
[1] S. Budday, T. C. Ovaert, G. A. Holzapfel, P. Steinmann, and E. Kuhl, Fifty Shades of Brain: A Review on the Mechanical Testing and Modeling of Brain Tissue, Archives of Computational Methods
in Engineering (2019) 1–44.
[2] S. Budday, M. Sarem, L. Starck, G. Sommer, J. Pfefferle, N. Phunchago, E. Kuhl, F. Paulsen, P.
Steinmann, V.P. Shastri, and G.A. Holzapfel. Towards microstructure-informed material models for
human brain tissue, Acta Biomaterialia (2019).

1289

Stephanie Spinal
Zebrafish
Möllmert,
CordMaria
Repair
A.IsKharlamova,
Accompanied
Tobias
By Transient
Hoche, Anna
Tissue
V.Stiffening
Taubenberger, S. Abuhattum, Veronika Kuscha, Thomas Kurth, Michael Brand and Jochen Guck
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

ZEBRAFISH SPINAL CORD REPAIR IS ACCOMPANIED BY
TRANSIENT TISSUE STIFFENING
S. Möllmert1, *, M. A. Kharlamova2, T. Hoche3, A. V. Taubenberger4, S. Abuhattum5,
V. Kuscha6, T. Kurth7, M. Brand8 and J. Guck9
1

Max Planck Institute for the Science of Light and Max-Planck-Zentrum für Physik und Medizin,
Staudtstraße 2, 91058 Erlangen, Germany
stephanie.moellmert@mpl.mpg.de and https://gucklab.com/
2

3

Zentrum für Molekularbiologie der Pflanzen, Cellular Nanoscience,
Auf der Morgenstelle 32, 72076 Tübingen, Germany
maria.kharlamova@uni-tuebingen.de

Institut für Zellbiologie des Nervensystems, Technische Universität München,
Biedersteiner Strasse 29, 80802 München, Germany
tobias.hoche@tum.de
4

5

Biotechnology Center, Technische Universität Dresden,
Tatzberg 47/49, 01307 Dresden, Germany
anna.taubenberger@tu-dresden.de

Max Planck Institute for the Science of Light and Max-Planck-Zentrum für Physik und Medizin,
Staudtstraße 2, 91058 Erlangen, Germany
shada.abuhattum@mpl.mpg.de

9

6

Center for Regenerative Therapies, Technische Universität Dresden,
Fetscherstraße 105, 01307 Dresden, Germany
veronika.kuscha@tu-dresden.de

7

Center for Regenerative Therapies, Technische Universität Dresden,
Fetscherstraße 105, 01307 Dresden, Germany
thomas.kurth@tu-dresden.de

8

Center for Regenerative Therapies, Technische Universität Dresden,
Fetscherstraße 105, 01307 Dresden, Germany
michael.brand@tu-dresden.de

Max Planck Institute for the Science of Light & Max-Planck Institut für Physik und Medizin,
Staudtstraße 2, 91058 Erlangen, Germany
jochen.guck@mpl.mpg.de and https://gucklab.com/

Key Words: Atomic Force Microscopy, Tissue Stiffness, Mechanical Properties, Tissue
Mechanics, Mechanosensing, Zebrafish Spinal Cord Regeneration.

1290

S. Möllmert et al.

Severe injury to the mammalian spinal cord results in permanent loss of function due to the
formation of a glial-fibrotic scar. Both the chemical composition and the mechanical properties
of the scar tissue have been implicated to inhibit neuronal regrowth and functional recovery.
By contrast, adult zebrafish are able to repair spinal cord tissue and restore motor function after
complete spinal cord transection owing to a complex cellular response that includes axon
regrowth and is accompanied by neurogenesis. The mechanical mechanisms contributing to
successful spinal cord repair in adult zebrafish are, however, currently unknown. Here, we
employ AFM-enabled nanoindentation to determine the spatial distributions of apparent elastic
moduli of living spinal cord tissue sections obtained from uninjured zebrafish and at distinct
time points after complete spinal cord transection. In uninjured specimens, spinal gray matter
regions were stiffer than white matter regions. During regeneration after transection, the spinal
cord tissues displayed a significant increase of the respective apparent elastic moduli that
transiently obliterated the mechanical difference between the two types of matter, before
returning to baseline values after completion of repair. Tissue stiffness correlated variably with
cell number density, oligodendrocyte interconnectivity, axonal orientation, and vascularization.
The presented work constitutes the first quantitative mapping of the spatio-temporal changes of
spinal cord tissue stiffness in regenerating adult zebrafish and provides the tissue mechanical
basis for future studies into the role of mechanosensing in spinal cord repair.
REFERENCES
[1] S. Möllmert, M. A. Kharlamova, T. Hoche, A. V. Taubenberger, S. Abuhattum, V. Kuscha, T.
Kurth, M. Brand and J. Guck, Zebrafish spinal cord repair is accompanied by transient tissue
stiffening. Biophys J., (accepted December 2019) https://doi.org/10.1016/j.bpj.2019.10.044.
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ABSTRACT
The field of computational modeling and simulation in cardiovascular biomechanics and
biomedicine has seen rapid advancement in the recent years. Computational modeling of
cardiovascular phenomena provides a non-invasive modality for understanding the underlying
mechanics of cardiovascular diseases, as well as guiding device design and treatment
planning. The future of computational cardiovascular biomechanics lies in patient-specific
simulation of real disease events, enabling simulation assisted diagnostics, device design and
deployment, and treatment planning decisions. The primary challenge in this regard is that
patient-specific phenomena involve the synergistic interplay of multiple underlying physical
or chemical processes, coupled to each other across several spatial and temporal scales.
Computational multiphysics modeling has thus gradually emerged as a new frontier in
advanced modeling of cardiovascular systems, aiming to resolve physiological and
pathological phenomena in real patient-specific scenarios. Advancements in this field require
engagement of engineering principles from various disciplines, and calls for inter-disciplinary
research efforts that go beyond current multiscale computational mechanics approaches in
cardiovascular biomechanics.
This minisymposium will bring together scientists working across various domains to provide
a platform for discussing the state-of-the-art and future directions in multiphysics, multiscale
modeling of cardiovascular systems. Fundamental as well as applied contributions from a
wide range of topics focusing on theoretical and computational approaches for cardiovascular
phenomena will be discussed. The term multiphysics in this context refers to coupled physical
interactions including not only fundamental fluid and solid mechanics, but also multiscale
transport phenomena, biological growth and remodeling, electrophysiology, biochemical
interactions including drug delivery and other related aspects. The topics include (but are not
restricted to):
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¥   Coupled multiphysics models for cardiac mechanics.
¥   Multiphysics and multiscale models for vascular biology and biomechanics – arterial
and venous systems.
¥   Patient-specific multiphysics modeling of cardiovascular diseases – stroke,
thrombosis, atherosclerosis, embolisms.
¥   Numerical methods and algorithms for multiphysics coupling – staggered and
monolithic approaches; mesh-based, mesh-free, and particle based methods.
¥   Assimilation of experimental data into multiphysics models.
¥   Integration of cardiovascular imaging into multiphysics models.
¥   Applications in cardiovascular surgical treatments for patients.
¥   Applications in design, deployment, and operation of endovascular devices in vivo.
¥   Thrombotic and embolic risk assessment for biomedical devices and mechanically
assisted circulation.
¥   Computational tools and specialized software for multiphysics cardiovascular
simulations.
As per participation in prior versions of this minisymposium, we anticípate around 15-20
abstracts, and around 50-100 attendees.
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New contributions We present a Virtual Element Method (VEM) for a nonlocal reaction-diffusion system of the cardiac electric field. To this system, we analyze an H 1 -conforming discretization by means
of VEM which can make use of general polygonal meshes. Under standard assumptions on the computational domain, we establish the convergence of the discrete solution by considering a series of a priori
estimates and by using a general L p compactness criterion. Moreover, we obtain optimal order spacetime error estimates in the L2 norm. Finally, we report some numerical tests supporting the theoretical
results.
REFERENCES
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We consider the mathematical and numerical modeling of cardiac electromechanics with application to
the left ventricle of the human heart [2]. We proceed by integrating state–of–the art models for the
electrophysiology of the tissue, mechanical activation at the cellular level, and the passive mechanical response of the muscle, thus yielding a coupled electromechanical problem within the active stress
paradigm. We consider the spatial approximation of the Partial Differential Equations therein involved
by means of the Finite Element method and the time discretization by Backward Differentiation Formulas. We numerically solve the coupled electromechanics problem by exploiting suitable intergrid transfer
operators [4], as well as staggered approaches [1] for addressing the different spatio–temporal scales,
respectively; for these numerical schemes, we critically discuss their accuracy properties and computational efficiency for simulating the whole cardiac cycle. In addition, we develop a multiscale model for
cardiac electromechanics that accounts for miscroscopic active force generation at the cellular level [3]
by exploiting model order reduction techniques based on Machine Learning algorithms to enable efficient numerical simulations of multiscale electromechanics. We present and discuss several numerical
results of the electromechanics problem in the human left ventricle obtained in the high performance
computing framework.
This project has received funding from the European Research Council (ERC) under the European
Unions Horizon 2020 research and innovation programme: grant agreement No 740132, iHEART –
“An integrated Heart Model tor the Simulation of the Cardiac Function”, 2017–2022.
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[2] Quarteroni A. Dedè L., Manzoni A. and Vergara C. Mathematical Modelling of the Human Cardiovascular System. Cambridge University Press (2019).
[3] Regazzoni F., Dedè L. and Quarteroni A. Active contraction of cardiac cells: a reduced model for
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[4] Salvador M., Dedè L. and Quarteroni A. An intergrid transfer operator using radial basis functions
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Liver cancer is among the leading causes of cancer-related mortality worldwide. The
preferred treatment for unresectable cases of primary liver cancer is intra-arterial
chemotherapy (IAC), in which chemotherapeutics are delivered into blood vessels directly
supplying a tumor. The effectiveness of IAC is limited by the large fraction of drugs, e.g.
Doxorubicin, that pass into systemic circulation and cause cardiac toxicity. These excessive
drugs can be captured by the Chemofilter (CF) – a 3D-printable, catheter-based device
deployed in a vein downstream of the liver during IAC. The CF chemically adsorbs
Doxorubicin via ion-exchange with a surface-coated resin, thereby reducing systemic
concentrations. In this study, alternative configurations of the CF device were compared by
evaluating their hemodynamic and filtration performance through multiphysics
computational fluid dynamics simulations. Two designs were evaluated, a honeycomb -like
assembly of parallel hexagonal channels (honeycomb CF) and a cubic lattice of struts
(strutted CF). Device design was optimized using a sensitivity analysis of flow and
geometry parameters. The electrochemical binding was modelled based on concentrated
solution theory, where diffusion and ion migration were incorporated into an effective
diffusivity term. The Navier-Stokes and Advection-Diffusion-Reaction equations were
coupled using ANSYS Fluent. The computationally optimized CF design contained three
honeycomb stages, each twisted, perforated, and aligned with the flow direction to enhance
mixing and drug binding. These multiphysics simulations predicted an overall 66.8%
decrease in concentration with a 2.9 mm-Hg pressure drop across the optimized device
compared to a 50% concentration decrease
observed during in-vivo experiments with the
strutted CF (Fig.1). These simulations
demonstrate the utility of the CF in removing
excessive drugs from circulation while
minimizing pressure drop and eliminating
flow stagnation regions prone to thrombosis.
Simultaneously, these results prove the
importance of the multiphysics modelling
strategy in device optimization and
experimental burden reduction.
Fig. 1. Transport in the strutted (top) and honeycomb
(bottom) Chemofilters (colored by mass fraction).
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Aortic dissection is a life-threatening condition, in which pathologically altered layers of the aorta rupture and thereby allow for blood flow between the medial layers. The propagation of this so-called false
lumen is dominated by a complex interplay of pulsating blood flow and tissue deformation, which are in
turn highly influenced by the position of the entry tear and geometry of the intimal flap. Consequently,
the multiple interacting fields composing the coupled problem must be considered to obtain results relevant for management and treatment decisions.
Despite the remarkable advancements in the field of computational biomechanics and haemodynamics
during the recent years, numerical simulations of fluid-structure interaction in patient-specific cardiovascular settings remain challenging. Yet, it has been shown, that results - and with them - the gained
insights and conclusions may differ significantly when accounting for the full coupled multiphysics problem, i.e., incorporating the effects of a deforming domain [1, 2].
Within this work, the vessel wall is modeled as an incompressible hyperelastic continuum, reinforced by
distributed collagen fibres [3] and the haemodynamics are governed by the Navier-Stokes equations for
incompressible flows. A strong coupling is achieved via a partitioned scheme [4], which simultaneously
enables the application of robust state-of-the-art solvers for the individual subproblems while using parameters in the physiological range.
The main objective of this contribution is to capture the high mutual dependence of the underlying
physics in a patient-specific simulation of aortic dissection. Furthermore, the modeling of supporting
tissue is investigated, resulting in recommendations for simplified approaches.
REFERENCES
[1] Alimohammadi, M.; Sherwood, J.M.; Karimpour, M.; Agu, O.; Balabani, S. and Dı́az-Zuccarini,
V.: Aortic dissection simulation models for clinical support: Fluid-structure interaction vs. rigid
wall models. BioMedical Engineering Online (2015) 14:34.
[2] Reymond, P.; Crosetto, P.; Deparis, S.; Quarteroni, A. and Stergiopulos, N.: Physiological simulation of blood flow in the aorta: Comparison of hemodynamic indices as predicted by 3-D FSI, 3-D
rigid wall and 1-D models. Medical Engineering & Physics (2013) 35: 784–791.
[3] Li, K.; Ogden, R.W. and Holzapfel, G.A.: A discrete fibre dispersion method for excluding fibres
under compression in the modelling of fibrous tissues. Journal of the Royal Society Interface (2018)
15:138.
[4] Küttler, U.; Gee, M.; Förster, C.; Comerford, A. and Wall, W.: Coupling strategies for biomedical
fluid-structure interaction problems. International Journal for Numerical Methods in Biomedical
Engineering (2010) 26:305–321.

1300

Failure of
Sumesh
Sasidharan,
MyocardialPeter
Tissue:
Bovendeerd
Simulation
and
ofJacques
Blood Perfusion
Huyghe
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

FAILURE OF MYOCARDIAL TISSUE: SIMULATION OF BLOOD
PERFUSION
Sumesh Sasidharan¹, Peter H. M. Bovendeerd2 ,Jacques M. Huyghe1,2
1

Bernal Institute, University of Limerick, Ireland,sumesh4sai@gmail.com
Department of Biomedical Engineering, Eindhoven University of Technology, Eindhoven, The
Netherlands, p.h.m.bovendeerd@tue.nl
jacques.huyghe@ul.ie

2

Key Words: Coronary Blood Perfusion, Cardiac Modelling, Poromechanics
Technological advances in computational mechanics allow to simulate failure of any
part of airplanes, pumps, compressors, electric power stations, foundations, bridges, etc.
Billions of dollars have been invested to calculate 3D stress configuration in engineering
structures. Because the criterion of failure in engineering structures is generally excess stress.
Failure of the human heart is responsible for 6 million deaths per year worldwide.
Models of cardiac mechanics have been developed to analyse cardiac pump function
from tissue to organ scale. All of these models focus on stress and strain. [1] However, heart
failure is not associated with fracture. Failure of a heart is usually induced by a mismatch
between blood perfusion and metabolic needs of the cardiomyocytes. A tree of venous vessels
mostly parallel to the arterial tree drains the blood. Because failure is associated with blood
perfusion and present day models do not address this failure mechanism [9], there is an urgent
need for a computational strategy for blood perfusion in deforming myocardial tissue.
Upscaling of the vessel trees [2-4] to a continuum opens the way to computation of coronary
blood flow in a multi compartment poro-mechanical model of the beating heart. Arterial,
arteriolar, capillary, venular and venous blood are treated as separate compartments [5]. As a
result, the supply of oxygen to the tissue is modelled.
The present interest in tissue engineering as means to support heart function, and the
great difficulties associated with angiogenesis in myocardial tissue engineering, calls for a
virtual environment for testing cardiac interventions, so that the time to market of newly
designed devices and therapies can be shortened substantially. The present work aims to
investigate the state-of-the-art experiment models for myocardial ischemia considering its
weakness and strengths inorder to prescribe the best approach in selecting models for
myocardial perfusion studies.
ACKNOWLEDGEMENT
The authors acknowledge financial support from the BRAV3 project, Horizon 2020, SC1-BHC-07-2019
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Pathological clotting of blood, commonly referred to as Thrombosis, is the primary cause of diseases
like heart attack and stroke - which, together, make up one of the leading causes of death and disability
worldwide. Thrombus (blood clot) formation, growth, and behavior, are governed by a range of physiological processes which span a wide spectrum of spatial and temporal scales, and are yet intimately
connected to flow and transport. Local hemodynamic phenomena at the thrombus interface are of specific importance in this context, as they govern: (a) state of flow induced forces on the thrombus; (b)
transport of coagulation agonists around the thrombus; and (c) permeation of drug or other species into
the thrombus. Evaluation of these phenomena for real human arterial thrombi is challenging owing to the
complexity of physiological arterial blood flow, and the arbitrary thrombus morphology and microstructure characteristic of human thrombi.
Here, we present our investigations into developing efficient computational methods for addressing the
aforementioned challenges, and provide quantitative insights on hemodynamics and transport around the
thrombus interface. Our multi-physics framework is based on a combination of image-based modeling
of thrombus specimen, hybrid particle-continuum stabilized finite element method for hemodynamics
modeling, and Lagrangian particle analysis for transport processes. We have employed this framework
to evaluate unsteady hemodynamics locally around thrombus samples reconstructed based on microscopy
images. Using a discrete particle representation of the thrombus microstructure, we have also developed
techniques for rapid parametric variations of the thrombus microstructural properties. Based on these, we
will illustrate results from numerical experiments on evaluating hemodynamic forces around the thrombus interface for varying thrombus shapes and microstructures. We will also illustrate how our methods
enable resolving biochemical species transport across the thrombus boundary, and how thrombus shape
and structure influences this transport. Finally, we will conclude with insights on the implications of
our numerical results in determining potential for thrombosis disease progression, and for evaluating
thrombolytic therapy efficacy.
REFERENCES
[1] Mukherjee, D. and Shadden, S.C. Modeling Blood Flow Around a Thrombus Using a Hybrid
Particle-Continuum Approach.. Biomechanics and Modeling in Mechanobiology. 17(3):645-663.
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Myocardial infarction (MI) causes maladaptive dilation of the heart, which elevates heart wall
stress and progresses MI toward heart failure. Reducing myocardial stress has been achieved
by constraining cardiac deformation via implantation of acellular biomaterials into the heart
wall. However, there is still a lack of understanding of the local mechanical events that occur
as a result of hydrogel inclusions. Key application characteristics include the injected polymer
volume, stiffness, and spatial placement. In the present study, we simulate the tissue-scale
impact of the presence of hydrogel inclusions on the local stress and strain fields of the
surrounding myocardium. We apply a finite element approach based on full 3D structuralmechanical measurements of hydrogel-injected myocardium, integrating optimal 3D loading
paths, high-resolution material orientations, a novel constitutive model, and inverse modeling
techniques [1,2]. We used this simulation platform to evaluate the effect on the local tissue
stress and strain response as a function of injection (i) location, (ii) volume, and (iii) mechanical
properties. These characteristics were also evaluated for myocardial material properties at two
time points, both short-term (24 hours) and long-term (4 weeks) post-infarction. Fixeddisplacement simulations were conducted to determine changes in effective tissue stiffness, and
fixed-force simulations were conducted to emulate in-vivo loading conditions and estimate
myocardial stress and strain fields. The significant stiffening we observed in hydrogel-injected
tissues led to localized reductions in myocardial strain of 29 ± 10% at maximum hydrogel
volume, compared to uninjected tissue. This level of local strain reduction was consistent across
all deformation types, as well as dependent on the volume and mechanical properties of the
injected hydrogel, suggesting that this behavior is likely also present in-vivo. Our study thus
indicated that modulation of the effective tissue stiffness from polymer inclusions results in
local strain reductions, governed by the volume and properties of the hydrogel, which may serve
as a mechanism for the reduction of post-MI myocardial remodeling. This mechanism can
ultimately be harnessed in cardiac simulations to develop optimal, patient-specific hydrogel
injection therapies.
REFERENCES
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Computer simulations are of increasing significance in 21st century medical research.
Particularly in the field of hardly measurable physiological parameters for the investigation of
pathologies, they offer a powerful opportunity to deliver new insights.
To resemble patient specific cardiac anatomy as precisely as possible to reality, models are
based on medical imaging data. Usually whole heart image stacks are acquired in end diastatic
state. Although blood pressure and tissue stress are minimal in this state, they are not zero and
the latter cannot be extracted from the image. Thus, a pressure-free state has to be reconstructed
as an initial point for simulation.
Under the assumption that the pressure-free state corresponds to the stress-free state, the
iterative algorithm presented by Bols et al. can be applied for calculating a pressure-free whole
heart geometry. Based on that, the stress distribution in end diastolic state can be estimated.
In this work, we systematically studied the influence of geometrical parameters on the
convergence of this unloading algorithm. An idealized left ventricle was represented by a
prolate spheroid which was cut in half along the horizontal axis. Convergence of the algorithm
depended on the curvature of the geometry with better convergence for convex shapes with a
higher curvature. Furthermore, the choice of mechanical material parameters showed a big
effect on the algorithm’s convergence. Especially a higher rigidity of the model increased the
convergence rate significantly. Hereby a linear dependency between pressure and displacement
was of great importance. For example, increasing the model stiffness by a factor of ten halved
the resulting residual norm, which is used as a quality criterion, in the first iteration of the Bols
algorithm. Another major impact on the convergence had the choice of the number of degrees
of freedom, which is defined by the type of FEM elements: The more degrees of freedom were
used, the poorer was the convergence rate.
All in all, convergence was primarily determined by the rigidity and curvature of the geometry.
REFERENCES
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Current clinical practice of determining the treatment modality and rupture risk for fusiform
aneurysms based on maximum diameter is very crude and do not take into account certain important
characteristics of individual aneurysms. Hence, there is need to co-relate rupture risk, rupture location,
ILT (Intra-luminous thrombus) deposition etc with hemodynamic and bio-mechanical stresses on these
aneurysms. However it should be pointed out that these stresses are greatly influenced by the different
geometric size and shape indices. Previous fluid-structure interaction (FSI) studies by the authors [3]
on model two dimensional fusiform aneurysms (abdominal aortic aneurysm (AAA)) investigating the
influence of shape indices revealed that the maximum diameter to height ratio (DHr) could be used as
a critical parameter. Hence the present study assess if the earlier 2D observation hold for three
dimensional FSI simulations on idealised AAAs with low and high values of DHr adopted from the
work by Martufi et.al.[2]. The present study assumes AAA as an idealised axisymmetric diverging and
converging section with linear elastic blood vessel wall of uniform thickness. FSI simulations were
carried out employing pulsatile velocity and pressure waveforms at the inlet and the outlet
respectively. The coupling of the aneurysmal wall motion and blood flow at the interface between the
fluid and solid is achieved by the Arbitrary Lagrangian Eulerian (ALE) method employed in the
commercial code COMSOL. Validation of the FSI methodology is achieved by simulating the case
study of pressure wave propagation in a flexible tube and comparing against Kang et.al.[1]. Proper
mesh convergence studies were carried out to obtain mesh independent simulations. This study will

further augment our understanding on the influence of DHr on the wall shear stress (WSS)
and peak wall stress (PWS) parameters. Various WSS parameters like meanWSS, Timeaveraged WSS (TAWSS), Oscillatory shear index (OSI), wall shear stress gradients (WSSG)
etc are extracted and reported along with the vonmises stress and radial displacement of the
vessel wall. A thorough analysis of topological flow structures under the influence of DHr is
in progress. Parametric studies on aneurysms with smaller diameter but same DHr will also be
carried out. Hence this work is a feasibility study on the possibility of using DHr over the
maximum diameter as the critical parameter, determining the rupture risk for the treatment
modalities.
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Bioprosthetic heart valve replacement is one of the most common interventions for valvular diseases.
However, replacing both the Aortic and Mitral valves with bioprosthetic valves may cause undesirable
changes to the cardiovascular hemodynamics, such as changing the blood flow mixing patterns. To
access these changes, we built a 3D finite element cardiac model of a human heart using cubic-Hermite
meshes coupled with a circulation model to obtain the deformation of all four chambers for a complete
cardiac cycle. We used the moving walls of the chambers as boundary conditions to perform a fluidstructure interaction (FSI) simulation on the left cardiovascular system (including the left ventricle, atria,
and the aorta). The valves were considered as a thin structure under tensile loading, and their material
properties were described using a Fung-type material model. The FSI of the bioprosthetic heart valves
implants were simulated using the immersogeometric method. The replacement of the Mitral valve with
a symmetric BHV changes the hemodynamics dramatically in a ventricular geometry with no atrium.
The simulation results show two openings for the Mitral valve, one major and one minor during the
cardiac cycle due to atrial kick. The reproduction of these detailed hemodynamics and structural features
of the cardiac cycle demonstrates the ability of our framework to replicate the in-vivo hemodynamics
of the left cardiovascular system.
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Stroke causes 6.5 million death each year [1] and 87% of all stroke-related deaths are due to acute ischemic stroke (AIS). Mechanical thrombectomy can achieve recanalization, typically in larger vessels or
in patients with contraindications to systemic thrombolysis. Current devices, e.g., Solitaire (Medtronic)
and Trevo (Stryker) stent retrievers and suction thrombectomy (Penumbra), typically achieve recanalization only in 85% of patients. These devices could be improved by using cyclic aspiration instead of
static suction. In a benchtop model [2] cyclic aspiration significantly outperformed static aspiration in
removal speed, overall clearance, and with lower operating pressures. There are very few computational
studies of aspiration in AIS. To our knowledge, there have been no experimental studies of AIS aspiration, and no computational models of cyclic aspiration in in particular. Here we present a first attempt to
fill this gap by modeling the rate dependent response of a blood clot lodged in a cerebral artery as well
as the response of the interface between clot and the arterial wall. The clot is modeled as using a largedeformation nonlinear viscoelastic model formulated within the theory of continua with evolving natural
reference configurations (see [3] for details). The chosen material class recovers the Kelvin-Voigt solid
to the Oldroyd-B fluid as special cases. The interface is modeled as a nonlinear rate-dependent cohesive
zone (CZ) [3] inspired by studies on coarsely ligated biofilms and tearing in atherosclerotic plaques.
The CZ model also includes a representation of interfacial damage accumulation and failure. The simulations were carried out using the Lagrangian formulation in [4]. After verification via the Method of
Manufactured Solutions, the computational solver was initially validated in an experimental flow chamber tracking a thromboembolus analog’s surface motion. Here we will present a range of simulations
exploring interfacial deformation and failure and its interaction with the clot deformation response. Our
presentation will also include some physiological-relevant cases where more upstream CZ opening was
observed compared to the thromboembolus analog cases and greater displacement was also achieved
with the lower-frequency aspiration (0.5 Hz vs 1 Hz).
REFERENCES
[1] Benjamin EJ et al. (2017), Circulation, 135(10):e146–e603.
[2] Simon S et al. (2013), Journal of NeuroInterventional Surgery, 6(9):677–683.
[3] Good B et al. (2019), Biomechanics and Modeling In Mechanobiology, electronic form ahead of
publication: DOI: 10.1007/s10237-019-01247-w.
[4] Hron J et al. (2014), Journal of Non-Newtonian Fluid Mechanics, 210:66–77.
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Cardiac assist devices like continuous flow ventricular assist device (CF-VAD) provide
several benefits, including improved durability or higher energy efficiency [1]. Despite these
benefits, some disadvantages appeared. Among pediatric applications, pulsatile heart pumps
are widely used [2]. The development of pulsatile VADs for children has been limited mainly
by their size and rapid growth. For a better understanding of flow phenomena, computational
flow dynamics (CFD) simulation is commonly used. The significant development in
computational methods and the increase in computing power enabled the use of this tool in
bioengineering.
This paper presents the shape optimization for the inlet valve geometry of the pulsatile
VAD using metamodeling framework and fluid-structure interaction (FSI). The main task of
the inlet valve is preventing the backflow to occur and keep proper valve washing as well as
low hemolysis, induced by high shear stress. The finite element model of the valve was
generated using a parametric model. The FE model was associated with a fluid flow analysis
environment. For the selected set of main dimensions of the inlet valve, the simulation results
of the FE model were validated by comparison with data available in the literature.
As the next step, the design parameters sensitivity analysis of the metamodel was
conducted. The pressure and velocity were examined through all phases of the cardiac cycle.
The shear stress at wall leaflet structures was observed for all design points. For selected design
variables and shear stress constraints, the minimization of the leaflet’s mass was carried out
with the application of the design of experiment (DOE) method. As a result of optimization, the
optimal valve leaflet shape was found. The developed modeling methodology can be easily
adapted to investigate biomedical problems especially in the process of creating devices
supporting cardiac circulation.
REFERENCES
[1]
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R. Hetzer, M. Loebe, Y. Weng, V. Alexi-Meskhishvili, and B. Stiller, “Pulsatile
Pediatric Ventricular Assist Devices: Current Results for Bridge to Transplantation,”
Semin. Thorac. Cardiovasc. Surg. Pediatr. Card. Surg. Annu., vol. 2, no. 1, pp. 157–
175, Jan. 1999.
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The in-vivo quantification of the mechanical function of the heart is a most relevant issue in clinical
cardiology. Local contractility of the tissue, that is the ability of the myocardium to pump blood, is
indeed clinically relevant for therapeutic planning (e.g., lead placement in cardiac resynchronization
therapy) and outcome prediction (reverse remodeling), especially in presence of a scar.
Current imaging techniques, however, only provide an indirect assessment of contractility. Abnormal
regional wall motion (or strain), obtained from echocardiography, cardiac MRI or even electroanatomic
mapping [1], has been associated to a loss of contractility. Nonetheless, regions with low contractility
may still move, due to the dynamic of the surrounding tissue. Additionally, absence of wall motion is
not necessarily associated with absence of contractility.
From a mathematical perspective, we can predict the displacement of the myocardium on the basis of the
equations the stress balance due to external forces, passive stress and local contraction of the tissue. It
is therefore, tempting to address the above problem of measure indirectly the contractility by means of
an inverse procedure, that is reconstructing the contractility field by minimizing the mismatch between
simulated and measured displacement.
To this aim, we have been inspired by the recent literature on this subject [2] and applied an adjoint-based
approach to solve the PDE-constrained parameter identification problem. In this work, however, we have
also considered Total Variation (TV) regularization and compared it to standard Tikhonov regularizations
for the scar identification problem. We found that TV performs very well in this context, yielding an
accurate reconstruction of the contractile region even when observation is limited to the boundary of the
domain (e.g., known kinematics of the endocardium only).
We also show that the standard zeroth-order Tikhonov regularization may lead to non-physiological
reconstruction of the contractility in the presence of fibers non-tangent to the boundary. While this may
sound uncommon in realistic heart geometries, this observation sheds some light on the poor stability of
the reconstruction near the boundaries.
We conclude the presentation with an application of clinical interest reconstructing the contractility of the
whole cardiac muscle from endocardial displacement, using data obtained from catheter-based mapping.
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ABSTRACT
Computational Mechanics meanwhile plays a prominent role in the analysis and modeling of
the human vascular system and its diseases. Simulations of the vascular mechanical system
and its interaction with the biological processes can advance the understanding of
physiological and pathological mechanisms and may open a door to the development of new
treatment options and medical devices. Though classical mechanical concepts of course hold,
they are challenged by quite a few aspects when applied to problems that incorporate living
tissue material and in vivo patient specific geometries: There usually exist a large uncertainty
and variation in (highly nonlinear and anisotropic) material properties, a multiscale nature of
the materials at hand, a lack of access to samples for experimental testing, a clear definition of
a reference frame, difficulties in geometry capturing and the mechano-biochemical interplay,
where mass conservation and time-constant material properties are not guaranteed, just to
name a few. Therefore, robust and efficient numerical models are needed that appropriately
consider the complex interplay between the various involved fields, such as solids, fluids,
transport and diffusion, biochemical and electrical processes involved. Additionally,
appropriate data capturing, quantification of the uncertainties and modeling error involved, is
necessary to build trust and applicability of computational models to real world clinical
questions and problems and to drive development of new treatment techniques and diagnostic
tools. Therefore, this minisymposium on computational vascular mechanics focuses on
aspects that are necessary to achieve predictive capability and hence clinical relevance.
Contributions that consider
o
o
o
o
o
o
o
o
o

Uncertainty quantification and large patient cohorts
Inverse methods and parameter identification
Reduced order models of clinical relevance
Patient-specific constitutive modeling
Multifield methods in a patient-specific context
Multiscale methods applied to real world problems
Integrated imaging & computation approaches
Development and validation of boundary conditions
Real-time computational mechanics

are particularly welcome in this minisymposium.
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An abdominal aortic aneurysm (AAA) is a pathological dilatation of the infrarenal aorta, which can be
fatal in case of rupture. Previous research studies have shown that personalized computational models
may provide better rupture risk indicators than the maximum diameter criterion used in clinical practice, e.g. the recent work by Polzer et al. [1]. Uncertainties about important vessel wall quantities in
patient-specific models, however, remain a challenge and need to be quantified accordingly, while the
simulation models have to remain sufficiently accurate. To that end, we present a framework that incorporates elaborate personalized models and patient-specific probability distributions built from available
experimental data. The modeling of these uncertainties is accomplished via Gaussian process regression
following the approach by Biehler et al. [2] and enables the prediction of invasive vessel wall properties
based on non-invasively accessible features. To establish a cheap link between uncertain input quantities
and peak wall stress in the aneurysm, we make use of Kriging surrogate models that are trained using an
active learning strategy. Finally, a rigorous estimate of the probability of rupture for the particular AAA
can be calculated using an index similar to the PRRI [3]. The framework is retrospectively applied to a
cohort of patients and compared to existing approaches for AAA rupture risk estimation.
REFERENCES
[1] S. Polzer et al., “Biomechanical indices are more sensitive than diameter in predicting rupture of asymptomatic abdominal aortic aneurysms,” Journal of Vascular Surgery, Jun. 2019, doi:
10.1016/j.jvs.2019.03.051.
[2] J. Biehler et al., “Probabilistic noninvasive prediction of wall properties of abdominal aortic
aneurysms using Bayesian regression,” Biomechanics and Modeling in Mechanobiology, vol. 16,
no. 1, pp. 45–61, Feb. 2017, doi: 10.1007/s10237-016-0801-6.
[3] S. Polzer and T. C. Gasser, “Biomechanical rupture risk assessment of abdominal aortic aneurysms
based on a novel probabilistic rupture risk index,” Journal of The Royal Society Interface, vol. 12,
no. 113, p. 20150852, Dec. 2015, doi: 10.1098/rsif.2015.0852.
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Introduction: Abdominal aortic aneurysm (AAA) is a permanent gradually increasing dilatation
of abdominal aorta; its potential rupture is associated with about 50% mortality. Clinical
guidelines suggest intervention when AAA diameter exceeds 55 mm the above data confirm a
very low specificity. Consequently, many researchers focus their work on improvement of this
situation and on estimation of factors which could discriminate between risky and safe AAAs
more accurately. Among others, wall stress-based criteria and also wall tension-based criteria
appear very promising2. However the stress based criteria requires knowledge about wall
thickness which is currently unknown on patient specific basis. Possible solution is in replacing
wall stress by wall tension (force/sample width) which independent on wall thickness
Methods: 43 patients with intact AAA were analyzed computationally and their peak wall
tension (PWT) was recorded. Then, probabilistic rupture risk index (PRRI) was calculated as
follows:
𝑃𝑃𝑃𝑃𝑃𝑃
𝑝𝑝𝑝𝑝𝑝𝑝𝑈𝑈𝑈𝑈 𝑑𝑑𝑑𝑑,
(1)
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇 = ∫0
where 𝑝𝑝𝑝𝑝𝑝𝑝𝑈𝑈𝑈𝑈 refers to probability density function of ultimate tension (UT) which was obtained
from previous population based study. For comparison the 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎 was also calculated using
previously defined stress-based algorithm1 . Both values were compared using non-parametric
Sign test.
Results: computation of 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇 took 1/3 of the time necessary for estimation of 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎 . Median
of the difference 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇 = 3.95% which was not found statistically significant
(p=0.068). Further we observed 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇 was increased compared to 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎 in all cases where
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎 < 1.5% . Contrary, 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇 was decreased compared to 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎 in all cases where
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎 ≥ 1.5%.
Discussion: Despite we found 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇 was globally statistically not different compared to
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎 its overall distribution much less dispersed compared to 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎 which means
discrimination between safe and risky AAAs was worse compared to 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎 . For that reason
we suggest not to use wall tension based metric over stress based metric in biomechanical
rupture risk assessment of AAA.
REFERENCES
[1] Polzer, S., & Gasser, T. C. (2015). Biomechanical rupture risk assessment of
abdominal aortic aneurysms based on a novel probabilistic rupture risk index. Journal
of the Royal Society Interface, 12(113). https://doi.org/10.1098/rsif.2015.0852
[2] Polzer, S., Gasser, T. C.., & Staffa, R. et al (2019). Biomechanical indices are more
sensitive than diameter in predicting rupture of asymptomatic abdominal aortic
aneurysms. Journal of Vascular Surgery. https://doi.org/10.1016/J.JVS.2019.03.051
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An acute exposure to Hand-Arm transmitted-Vibration can reduce the Wall Shear Stress (WSS)
between the blood and the arterial endothelium. Several studies have highlighted that the Low
Shear Stress (LSS) could alter the endothelium morphology and functions [1]. After a sustained
exposure to vibration, this LSS could cause various vascular pathologies such as the vibrationinduced Raynaud’s Syndrome. This disorder is characterized by an arterial growth and
remodelling potentially induced by an intimal hyperplasia phenomenon.
The proliferation and migration of the Vascular Smooth Muscle Cells (VSMCs) are the
keystone of the intimal hyperplasia phenomenon [2]. These biological mechanisms are
governed by multiple growth factors secreted by the endothelium after exposure to LSS. Studies
have shown that LSS induce the production of the Platelet-Derived Growth Factors (such as the
PDGF-AB) leading to an increase of the VSMCs proliferation rate [1]. In our study, an AgentBased Model (ABM) of the WSS-modulated VSMCs proliferation is presented. The proposed
ABM features two types of cell layers: Endothelial Cells, subjected to laminar flow and
VSMCs. Literature-derived equations linking the evolution of the SMCs proliferation rate to
the WSS values have been used [3]. Three values of WSS were tested: one basal physiological
(3 Pa) and two LSS values (1 and 2 Pa). The model is implemented in NetLogo© Software and
is on the way to be validated using experimental data issued from biological tests on cultured
VSMCs under flow.
Our Agent-Based proliferation model will be adapted to an arterial geometry and coupled with
a Finite Element (FE) model that mimics the anisotropic hyperelastic mechanical behaviour of
the artery. This mechanobiological model will help in predicting the arterial growth and
remodelling induced by the Hand-Arm transmitted-Vibration.
REFERENCES
[1] Ziegler, T., Bouzourene, K., Harrison, V. J., Brunner, H. R., & Hayoz, D. (1998).

Influence of oscillatory and unidirectional flow environments on the expression of
endothelin and nitric oxide synthase in cultured endothelial cells, Arterioscleris
Thrombosis and Vascular Biology 18, 686–692.
[2] Newby, A. C., & Zaltsman, A. B. (2000). Molecular mechanisms in intimal hyperplasia.
Journal of Pathology, 190(3), 300–309.
[3] Keshavarzian, M., Meyer, C. A., & Hayenga, H. N. (2018). Mechanobiological model of
arterial growth and remodeling. Biomechanics and Modeling in Mechanobiology, 17(1),
87–101.
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Cardiovascular diseases are the major cause of death worldwide. This makes it crucial to better understand their initiation and progression, which are oftentimes influenced by the local blood flow. For
example, the formation of artherosclerotic plaques is closely related to the prevailing hemodynamics. Three-dimensional fluid-structure interaction simulations have become a versatile tool to investigate these hemodynamics in selected arterial segments. Reduced models, including one- and zerodimensional (Windkessel) models are used to describe larger parts of the cardiovascular system and can
provide boundary conditions for three-dimensional models. Simulations based on a multi-scale modeling approach like this can be solved using a partitioned coupling approach [1]. This allows to solve the
different subproblems (three-dimensional fluid and structural model, reduced models) using individual
solvers.
In our presentation we will focus on the needed numerical methods in order to realize the coupling between the different solvers using the in-house coupling software comana [2]. This includes the coupling
algorithm as well as individual tasks therein, such as inter process communication, convergence acceleration and interpolation. The modeling and simulation approach is exemplary applied to investigate
the hemodynamics in the connection of a bypass-graft and an artery. These end-to-side anastomoses
are prone to the development of plaques due to abnormal wall-shear stresses and numerical simulations
can help to optimize their design with respect to shape and material. Further, we will present an extension of the modeling approach that allows to consider venous blood flow. It is applied to investigate the
hemodynamics in the region of a left renal vein that is compressed due to the Nutcracker syndrome.
REFERENCES
[1] Radtke, L. and Larena-Avellaneda, A. and Debus, E.S. and Düster, A. Simulation der FluidStruktur-Interaktion in arteriellen Bypässen. Gefäßchirurgie (2017) 22:400–406.
[2] König, M. and Radtke, L. and Düster, A. A flexible C++ framework for the partitioned solution of strongly coupled multifield problems. Computers & Mathematics with Applications (2016)
72:1764–3341.
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Collagen is the most abundant protein in mammals and equips soft biological tissues with
stiffness, strength and fracture toughness. The abnormal alteration and degradation of
collagen is involved in a large number of Extra Cellular Matrix (ECM) disorders.
Consequently, modeling the load-carrying mechanisms of collagen may not only further
contribute to our understanding of soft biological tissues biomechanics, but could also help to
better understand collagen-related tissue disorders.
This work proposes a finite-strain constitutive model that considers the recruitment and
sliding of collagen fibrils as the key factor in determining the characteristics of soft tissue
biomechanics at higher load levels. Similar to other published models, our model employs
Probability Distribution Functions (PDFs) to express the progressive recruitment and
subsequent sliding of collagen fibrils. The kinematic description follows the multiplicative
decomposition of the deformation gradient, and the constitutive description is partly based on
earlier work [4, 1]. Although very simplistic, the model accounts for the sliding of the
adjacent collagen fibrils and thus the translation of mutually interconnected proteoglycans
cross-linking bridges, by virtue at a non-linear (hardening) model at the fibril level. Finally, in
order to account for the dispersed alignment of collagen fibers observed in soft tissues,, we
apply the general theory of fibrous connective tissue [3]. The integration over the unit sphere
is carried out by t-designs [2], and the model has been implemented into the Finite Element
(FE) package FEAP (University of California at Berkley).
The stress-stretch properties predicted for a single collagen fiber (MATLAB, The
MathWorks, Inc.) were used to explore parameter sensitivity, to verify the FE implementation
and to test the plausibility of the physical assumptions made in our model. Finally, the tearing
apart of an Achilles tendon segment demonstrated the organ-level application of the proposed
constitutive model and yielded good quantitative and qualitative agreement with data
observed from in-vitro experimental testing..
REFERENCES
[1] [1] A. Hamedzadeh, T.C. Gasser, and S. Federico. On the constitutive modelling of recruitment and
damage of collagen fibres in soft biological tissues. Eur. J. Mech. A/Solids, 72:483–496, 2018.

[2] [2] R. H. Hardin and N. J. A. Sloane. McLaren’s improved snub cube and other new spherical designs in
three dimensions. Discrete Comput. Geom., 15:429–441, 1996.

[3] [3] Y. Lanir. Constitutive equations for fibrous connective tissues. J. Biomech., 16:1–12, 1983.
[4] [4] G. Martufi and T. C. Gasser. A constitutive model for vascular tissue that integrates fibril, fiber and
continuum levels. J. Biomech., 44:2544–2550, 2011.
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PATIENT-SPECIFIC SIMULATION OF BLOOD FLOW IN THE LEFT
VENTRICLE ASSOCIATED WITH MITRAL VALVE DISEASE
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Personalized heart simulation is a technology with the potential to save lives by improved diagnosis and
guided clinical interventions, and to reduce costs in the healthcare system. In [1] we developed a clinical
pathway for patient-speciﬁc ﬁnite element simulation of the left ventricle (LV) hemodynamics, based
on 4D transthoracic echocardiography (TTE) data acquisition, and the open source simulation platform
FEniCS-HPC [2]. In this paper we present novel work towards the simulation of mitral valve disease
and clinical interventions using this patient-speciﬁc simulation platform. The LV model is extended
with a data-driven parameterized model of the mitral valve (MV) opening and closing represented as the
MV oriﬁce after planar projection, which functions as a time dependent inﬂow boundary condition for
the LV simulation model. The fully open MV surface area is estimated from patient-speciﬁc echocardiographic data, and the MV shape is constructed from two half ellipses with dynamically changing
semi-major/minor axes. We present a study where this LV+MV model is used to simulate mitral stenosis
and regurgitation, and the effect of clinical interventions.

Figure 1: Simulation of healthy MV (left) and MV stenosis (right); MV oriﬁce and velocity at time of E-wave.

REFERENCES
[1] Larsson D et al. Patient-speciﬁc left ventricular ﬂow simulations from transthoracic echocardiography: robustness evaluation and validation against ultrasound Doppler and magnetic resonance
imaging. IEEE transactions on medical imaging 2017; 36(11): 2261–2275.
[2] Hoffman J, et al. FEniCS-HPC: Coupled Multiphysics in Computational Fluid Dynamics. In: Di
Napoli E. et al. (eds) High-Performance Scientiﬁc Computing. JHPCS 2016. Lecture Notes in Computer Science, vol 10164. Springer Cham, 2016: 58–69.
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ABSTRACT
This mini-symposium aims to bring together computer modeling experts in the fields of
cardiovascular and pulmonary biomechanics. Both theoretical and applied work will be
showcased. Our goal is to provide a forum for discussion and exchange of ideas that will lead
to the development of more realistic physical and physiological models, and their inclusion in
large-scale simulations.
Topics include – but are not limited to – computational methods and models for:
¥
¥
¥
¥
¥
¥
¥
¥
¥
¥
¥

Fluid-structure interaction in cardiovascular and respiratory mechanics
Computational methods for medical device modeling and performance evaluation
Parameter estimation and inverse problems in cardiovascular mechanics
Computer methods for disease research and surgical planning
Cardiovascular tissue growth and remodeling
Flow-induced physiological changes in blood - hemolysis, thrombosis, cell adhesion
Flow and transport in tissues and scaffolds
System level modeling techniques for cardiovascular and pulmonary circulation
Flow and transport in lungs
Data-driven and machine learning techniques in computational biomedical engineering
Uncertainty quantification for complex problems in biomechanics
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Cardiovascular diseases are the most common cause of death worldwide, and more speciﬁcally, 30% of
global mortality is due to coronary artery disease [1]. The treatment of such disease largely involves the
implantation of coronary stents. The usage of such devices often gives rise to in-stent restenosis, due
to the vessel inﬂammatory reaction which can lead to long-term lesions (40% occurance rate), or stent
thrombosis.
For this reason, the analysis of blood ﬂow dynamics in stented arteries is of great interest. The NavierStokes equations serve as the mathematical model, together with both steady and unsteady boundary
conditions which aim at describing the pulsatile ﬂow in coronary arteries. The inﬂuence of stent struts
on microdynamics (recirculation areas, presence of vortices) is evaluated. Both Newtonian and shearthinning constitutive models [2] are compared, with particular focus on wall shear stress as an indicator
of the possible areas of inﬂammation or thrombosis.
In order to help the healing process and reduce the risk of restenosis, stents are coated with a layer
of drug that is released into the blood. The elution and deposition of the drug in the vessel wall is analyzed by means of an advection-diffusion equation and tailored boundary conditions. Since the healing
process spans over a time frame of weeks, an appropriate time scale has to be considered and adapted to
the boundary conditions [3]. Given the two different time scales required for the drug elution process and
the blood microdynamics, a MOR technique is proposed. All the simulations are performed by means of
ﬁnite element method and implemented in an in-house code.
REFERENCES
[1] N. Townsend, L. Wilson, P. Bhatbagar, K. Wickramasinghe, M. Rayner & M. Nichols, Cardiovascular disease in Europe: Epidemiological update 2016. European Heart Journal, 37.42 (2016)
3232-3245.
[2] F. J. H. Gijsen, F. N. van de Fosse & J. Janssen, The inﬂuence of non-newtonian properties of blood
on the ﬂow in large arteries: Steady ﬂow in a carotid bifurcation model. Journal of Biomechanics,
32 (1999) 601-608.
[3] P. Zunino, C. D’Angelo, L. Petrini, C. Vergara, C. Capelli & F. Migliavacca, Numerical simulation
of drug eluting coronary stents: mechanics, ﬂuid dynamics and drug release. Computer Methods in
Applied Mechanics and Engineering, 198 (2009) 3633-3644.
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Cardiac modelling is a valuable tool which can be used to gain understanding of healthy and pathological
heart function. Within the cardiac modelling community, there is a wide range of models and methods
from which to choose from but little consideration is given as to how these are employed. Numerous
constitutive models have been introduced in order to emulate the nonlinear behaviour of cardiac tissue.
Constitutive model decision on the conservation of mass and hydrostatic pressure are also treated differently within the community (considering the myocardium to be compressible, nearly incompressible or
incompressible). Finally, models are typically simulated using finite element frameworks; however the
specific formulation of the finite element problem (and spaces) often varies. The choice of constitutive
model, mass conservation constraints, and implementation can have a large impact on, not only the ability of the model to accurately represent cardiac motion given a set of boundary conditions, but also on
the computational cost of running simulations.
This study compares the global solutions (e.g. state variables, and important quantities such as cavity volumes and wall volumes) as well as computational performance of varying constitutive models, mass conservation constraints and finite element integration schemes. Specifically, a modified Holzapfel-Ogden
material law [1], with and without a volumetric-isochoric split of the invariants [2], and a Guccione [3]
exponential form were employed. These constitutive laws were run with a compressible, nearly incompressible and incompressible formulation of the conservation of mass constraint in both quadratic and
linear tetrahedral meshes. With each of these perturbations, simulations of passive inflation and active
contraction, under physiological loading conditions, were run in both left ventricular and biventricular
model models. Results from this systematic analysis of commonly used cardiac models highlights the
impact and importance of these model choices in simulating the heart.
REFERENCES
[1] G. A. Holzapfel, R. W. Ogden, Constitutive modelling of passive myocardium: a structurally based
framework for material characterization, Philos. Trans. Royal. Soc. 367 (1902) (2009) 3445–3475.
[2] D. R. Nolan, A. L. Gower, M. Destrade, R. W. Ogden, J. P. McGarry, A robust anisotropic hyperelastic formulation for the modelling of soft tissue, J. Mech. Behav. Biomed. Mater. 39 (2014)
48–60.
[3] J. M. Guccione, K. D. Costa, A. D. McCulloch, Finite element stress analysis of left ventricular
mechanics in the beating dog heart, J. Biomech. 28 (10) (1995) 1167–1177.
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Severe carotid artery stenosis is recommended to be treated surgically to reduce the risk of
ischemic stroke. However, the surgery could cause a complication, known as cerebral
hyperperfusion syndrome (CHS), for some patients. Despite low incidence, CHS is associated
with significant mortality unless managed adequately. Therefore, it is important to identify
patients with a potential risk of CHS prior to surgery.
A 1D–0D hemodynamic simulation is a promising tool for predicting surgical outcomes with a
reasonable computational cost. Especially, simulation incorporating clinical data allows for the
prediction in a patient-specific manner [1]. In this approach, quantifying the effects of clinical
data uncertainties is a necessary task to obtain a reliable result since such uncertainties vary
results widely [2]. However, uncertainty quantification (UQ) through running 104–105 times
simulations requires high computational cost that cannot be handled in medical institutions
where time and computational resources are limited.
This study aims to construct a data-driven surrogate model that replaces computationally
expensive simulation, enabling fast execution of UQ even on a desktop computer. To this end,
we train a deep neural network by utilizing a dataset obtained from 1D–0D simulation. The
training dataset is created by randomly sampling 60 input parameters (e.g., arterial geometries,
peripheral resistances) in physiologically reasonable ranges and obtaining the corresponding
outputs (e.g., flow rates, pressures) from the simulation. We investigate the prediction accuracy
of the surrogate model and the number of samples required for training. We also examine the
suitability of using surrogate for UQ through execution with real patient data.
REFERENCES
[1] H. Zhang, N. Fujiwara, M. Kobayashi, S. Yamada, F. Liang, S. Takagi, M. Oshima,

Development of a numerical method for patient-specific cerebral circulation using 1D–0D
simulation of the entire cardiovascular system with SPECT data. Ann. Biomed. Eng.,
Vol. 44, pp. 2351–2363, 2016.
[2] C. Yuhn, F. Liang, S. Takagi, M. Oshima, Impact of clinical data uncertainties on the
patient-specific prediction of hemodynamics following carotid artery surgery. CMBE 2019
Proceedings, Vol. 2, pp. 497–500, 2019.
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Veno-arterial extra-corporeal membrane oxygenation (VA-ECMO) is a type of mechanical circulatory
support used in cardiogenic shock and refractory cardiac arrest. Indications are currently increasing for
this treatment and case-load for reference centers is growing every year. Optimization of such treatment
strategy mainly consists in appropriate settings of the machine on the one hand and implementation of
treatments acting on haemodynamic system on the other hand; therefore understanding of interactions
between patient and machine is of crucial importance. Taking into account the complexity of such
mechanical circulatory support, novel strategies to improve the management of patients undergoing VAECMO are critically needed. Essentially, such method should integrate multiple interacting parameters.
In this talk, we present the implementation and calibration of a deep neural network (DNN), which is
trained with data obtained from a lumped model of the cardiovascular system presented in [1]. The
lumped model takes into account the presence of a left ventricular assist device (LVAD) [2] or a VAECMO. The DNN takes as input systemic and pulmonary arterial pressure curves and returns as output
parameters of the lumped model that characterizes left ventricular function. This way, inputs are relevant
measurable clinical values, whereas predicted outputs are values which cannot be easily evaluated in
clinical practice, to be used in the 0-D model in order to recover all other physiological values.
For a given patient, and only with simple and easily accessible values (systemic and pulmonary arterial
pressures), the trained DNN allows to recover the parameters of the 0D model which best represent the
patient himself. It is then possible to better understand his condition, and eventually simulate effects
of changes of LVAD or VA-ECMO parameters. Finally, performance of the DNN is tested with several
architectures.
REFERENCES
[1] Ursino M. Interaction between carotid baroregulation and the pulsating heart: a mathematical
model. Am J Physiol Heart Circ Physiol. (1998) 275:H1733–47.
[2] Bonnemain J, Malossi A C I, Lesinigo M, Deparis S, Quarteroni A, and Segesser L K. Numerical simulation of left ventricular assist device implantations: comparing the ascending and the
descending aorta. Med Eng Phys. (2013) 35:1465-1475.
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Early diagnosis of aortic aneurysms based on the classification of transfer
function parameters estimated from two photoplethysmographic signals
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Cardiovascular diseases are the leading cause of death worldwide. Particularly aortic aneurysms are
problematic: they affect 12-14 % of the population, early diagnosis is challenging because of the lack
of symptoms, and in case of rupture, mortality is high [1]. Aortic aneurysms are underdiagnosed:
Existing diagnostic techniques, such as Doppler sonography, transesophageal echocardiography,
computed- or magnetic resonance tomography, either lack sensitivity or require specialized expertise,
are invasive and costly which hampers effective screening. The objective of this study is to develop an
easy-to-use, non-invasive diagnostic method, based on the classification of two peripheral
photoplethysmographic signals, to generate suspicious facts about the presence of aortic aneurysms at
the family physician level.
Computational models of the cardiovascular system typically make it possible to simulate blood pressure
and flow waveforms based on changes in the anatomy of the arterial network, e.g. bifurcations,
aneurysms or stenoses. The attempt of this study, however, is to inversely deduce the underlying network
morphology from peripheral pressure time series. In our previous study [2], we considered in-silico
pressure-pressure transfer functions between two peripheral and sensitive measurement locations, by
estimating parameters of an AutoRegressive-MovingAverage (ARMA)-model using a subspace GaussNewton search method. Parameters allowed to distinguish the pathological state of the underlying
network morphology for three cases of aortic aneurysms.
Within this study, however, a similar approach is applied to in-vivo data, which was collected in a
clinical study including 55 patients performed at the Tübingen University Hospital. ARMA-coefficients
were estimated using baseline-corrected, zero-mean signals from the arteria brachialis and femoralis in
two cases: besides the control group, the estimations were performed on signals arising from aneurysms
located in the thoracic and abdominal aorta. Four best ARMA-coefficients were identified by
maximising a mean distance measure to pre-select high quality classification features. Subsequently
pathological states were identified using a naive Bayes classification algorithm, achieving sensitivity
and specificity of greater than 75 %. Classification quality was compared for different pre-processing
methods, other signal-based transfer-function and feature selection techniques to improve diagnostic
precision in terms of location and degree of the disease.
The new approach has shown basic classification quality in a proof-of-concept clinical setting, however
to overcome remaining uncertainties, training of the classifier with a larger number of patients is
necessary. Nevertheless, we assume, that the method will improve the interpretation of cardiovascular
signals in the early diagnosis of aortic aneurysms in near future.
REFERENCES
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Left ventricular assist devices (LVADs) play an important role helping patients suffering from
heart diseases, as they are primarily used as a bridge to transplant technology [1]. We examine
the interaction between blood flow in the left ventricle, LVAD, and the cannula inserted into
the ventricle. We want to study stagnation and low velocity areas in the ventricle under different
operational conditions of the LVAD, as such areas can lead to thrombosis.
From a computational mechanics perspective, defining appropriate boundary conditions plays
a vital role in this project for the structural and fluid mechanics part, respectively. In a first
simple approach, the ventricle wall (structure) is assumed to be static and simple boundary
conditions are implemented. Subsequently, the movement pattern of the ventricle wall is rebuilt
according to the pressure-volume curve of patients suffering from dilated cardiomyopathy. The
fluid boundary conditions at the valves, which are modeled as simplified planes, progress from
simple boundary conditions to resistance boundary conditions, which resemble the circulation
in the blood vessels. Eventually, this will lead to a closed loop formulation of the body
circulation. The interaction between ventricle wall and fluid is imposed by the wall movement.
The LVAD’s pump flux is set as a time-dependent Dirichlet boundary condition.
For the different stages of the simulations, an in-house-code [2] as well as an open-source solver
[3] are used. Both codes use stabilized finite element methods to discretize time and space. The
fluid is subject to the incompressible Navier-Stokes equations with a Newtonian material law.
The stagnation time as a key result of the simulations is obtained by coupling a transport
equation for the residence time to the fluid equations.
REFERENCES
[1] M. Behbahani, M. Behr, M. Hormes, U. Steinseifer, D. Aurora, O. Coronado and M.

Pasquali, A Review of Computational Fluid Dynamics Analysis of Blood Pumps. European
Journal of Applied Mathematics, 20 (2009) 363-397.

[2] L. Pauli, Stabilized Finite Element Methods for Computational Design of Blood Handling

Devices, PhD Thesis, RWTH Aachen University, (2016).

[3] A. Lan, A. Updegrove, N.M. Wilson, G.D. Maher, S.C. Shadden and A.L. Marsden, A

Re-Engineered Software Interface and Workflow for the Open-Source SimVascular
Cardiovascular Modeling Package. Journal of Biomedical Engineering, 140:2 (2018)
024501.
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The incidence of valvular heart disease increases rapidly with age, and in the United States,
approximately 13% of the population aged 75 years or older suffers from at least moderate
aortic or mitral valve disease [1]. The only treatment for severe valvular disease remains repair
or replacement. Pulse duplicator systems are widely used in academia and industry and by
regulators to design and assess the performance of prosthetic heart valves. This study leverages
a fluid-structure interaction model of bioprosthetic valve dynamics in a ViVitro pulse duplicator
system [2]. Our model is based on a version of the immersed boundary method that allows for
the use of general hyperelastic material models for the immersed structures [3]. Using this
simulation framework, we present direct comparisons between model predictions and bulk flow
properties (flow rates, pressure differences) and measurements of leaflet dynamics (valve area)
obtained from the experimental pulse duplicator system as well as initial work towards
comparing flow profiles to experimental flow profiles obtained using particle image
velocimetry (PIV) in the ViVitro pulse duplicator. We study the role of leaflet geometry and
elasticity on the dynamics of the device that may be relevant to leaflet durability. Our results
suggest that a fully coupled FSI approach is needed to capture the full leaflet dynamics.
REFERENCES
[1] V.T. Nkomo, J.M. Gardin, T.N. Skelton, J.S. Gottdiener, C.G. Scott, and M. Enriquez-

Sarano, Burden of valvular heart diseases: a population-based study. Lancet, Vol. 368, pp.
1005–1011, 2006.
[2] J.H. Lee, A.D. Rygg, E.M. Kolahdouz, S. Rossi, S.M. Retta, N. Duraiswamy, L.N. Scotten,
B.A. Craven, and B.E. Griffith, Fluid-structure interaction models of bioprosthetic heart
valve dynamics in an experimental pulse duplicator. Ann Biomed Eng, accepted for
publication.
[3] B.E. Griffith and X.Y. Luo, Hybrid finite difference/finite element version of the immersed
boundary method. Int J Numer Meth Biomed Eng, Vol. 33, pp. e2888 (31 pages), 2017.
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Key Words: Computational Biomechanical Models, Pulmonary Heart Valve, Murine
Experiment, Finite Element Modeling.
Introduction. Current development of replacement heart valve is limited by the need for
expensive and time-consuming large animal models. Murine (i.e. mouse) models have
noticeable practical advantages in high throughput, and as an effective tool in elucidating
genetic factors underlying valve disease. However, murine heart valves are very small (~1mm),
making both real time imaging and ex vivo mechanical testing impractical. For this reason, the
functional mechanics of murine pulmonary valves (MPVs) is still largely unknown. In this
study, our aim is to present an integrated imaging/computational method that allows, for the
first time, derivation of unloaded MPV shape and functional mechanical properties using a
series of pressured µCT-derived geometries.
Data sources. After MPVs were excised, each was pressurized hydrostatically and fixated for
µCT imaging (resolution ~ 5µm) at transvavular pressures of 0, 10, 20, and 30 mmHg.
Computational Methods. From the µCT images, we measured a list of geometric quantities
of interests (QOIs) for each MPV and the composing leaflets, in terms of length, area and
curvature. In particular, we developed a high-fidelity smooth representation for each leaflet
using a fourth-order non-uniform rational B-spline (NURBS) surface from which the effective
curvature was obtained. After normalization, various dimensional QOIs indicated a constant
trend of statistical significance under pressure change. These relations allowed us to constrain
the geometric models for the unloaded MPV shape. In addition, the normalized effective
curvature was found increasing as pressure increases. We used this relation to calibrate the
material properties and other geometric model parameters. In our simulation, we modeled each
leaflet of the MPV as a hyperelastic Kirchhoff-Love shell of Fung type. As the transvalvular
pressure changes, the equlibrium state of the valve was derived by minimizing the total potential
energy (Python code implented in FeniCS and ShNAPr) with contact energy between the pairs
of leaflets specified by a volumetric potential energy [1].
Results and Conclusions. Using this constrained approach, we were able to determine, for the
first time, the functional MPV shape and mechanical behaviors. This approach can be used in
conjunction with novel in-vivo imaging technologies to provide a means to extract the murine
PV behaviors in simulated disease scenarios.
REFERENCES

[1] Kamensky D. et al., CMAME, Vol. 330, pp. 522−546, 2018.
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Key Words: Multiphysics and Multiscale Problems, Computing Methods, Pulmonary Surfactant.
Introduction: Pulmonary surfactant plays a vital role in reducing the surface tension of the liquid lining
in alveoli and airways. Surfactant is necessary to reduce the work required to expand the lungs with each
breath. Acute respiratory distress syndrome (ARDS) induces surfactant dysfunction that results in
abnormal surface tension on the air-liquid interface. Over 200,000 ARDS cases has been reported per
year in United States alone, with a mortality rate of 40%. The support of a mechanical ventilator is
necessary for ARDS patients to survive. However, mechanical ventilation may initiate or exacerbate
lung injury because the high surface tension causes abnormal physical forces on the sensitive epithelium
of lung [1]. Pulmonary surfactant exists primarily on the air-liquid interface or in the bulk fluid as
micelles. Only primary interfacial surfactant changes the surface tension. When the surface area of the
interface is decreased, the interfacial surfactant concentration increases. Since there is the maximum
concentration of the interfacial surfactant, the molecules on the interface will be rejected into underneath
the surface (monolayer collapse). Thereafter, when the surface area is increased, the rejected surfactant
will repopulate the surface again (re-spreading). In this study, we built a computational model of human
lung and investigated how the micro-scale behavior of surfactant affects the behavior of entire lung.
Methods: The computational model of lung was built, first of all, defining the shape of lung lobes that
consists of voxel data. A branching network of airways was generated within the model lobes using the
algorithm proposed by [2]. There are maximum 15 bifurcations in a path from the trachea to a terminal
bronchus, which connects to an acinus. Each acinus was defined by a segment of voxel data of the model
lobes. The pressure-radius/volume relationship of airways and acinus are based on the model proposed
by [3] and by [4]. The tethering force on the airways due to the surrounding acini is estimated with the
model proposed by [5]. The pressure in the lining liquid in each airway and acinus is computed with the
surface curvature and the dynamic surface tension, which is a function of the time-dependent primary
layer surfactant concentration. The surfactant transport model is based on the model by [6]. Air-flowrate,
pressure and radius of each airway, and pressure and volume of each acinus were computed coupled
with the transport of surfactant in each airway and acinus [7].
Result: Fig.1 shows the surface tension profile at the end of expiration. The surface tension of small
airways decreased down to 5 dynes/cm, by increasing the primary layer
surfactant concentration. Similarly, the surface tension in acini attains
minimum at the end of expiration.
Conclusion: Dynamic behavior of surfactant results very low surface
tension near end of expiration where the size of airways and acini are
minimum. This prevents alveoli and small airways from collapsing. We
will demonstrate how surfactant dysfunction creates focal increases in
parenchymal strain that can exacerbate ARDS by disrupting cellular
barrier function.
References
[1] Rubenfeld, et al. (2005), N. Engl. J. Med., 353(16):1685–1693.
[2] Tawhai, et al. (2000), Ann Biomed Eng., 28(7): p. 793-802.
[3] Lambert et al., (1982), J. Appl. Physiol., 52.1, 44-56.
[4] Fujioka, et al., (2013), J. Biomech., 46.2, 319-328
[5] Ryans et al., (2019), J Appl Physiol, 126(5):1204-1213
[6] Krueger and Gaver III., (2000), J. colloid and interface sci. 229.2, 353-364.
[7] Ryans et al., (2016), Ann Biomed Eng., 44: 3619.
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supervised learning; wall shear stress.
Abdominal aortic aneurysms (AAA) are localized, commonly occurring dilations of the aorta.
In the event of rupture only immediate treatment can prevent morbidity and mortality. The AAA
maximal diameter and growth are the current metrics to evaluate the associated risk and plan
intervention. However, these criteria have limited risk predictive power. If the disease is known
to be associated with altered morphology and blood flow, intra-luminal thrombus (ILT) deposit
and clinical symptoms, the growth mechanisms are yet to be fully understood.
In this longitudinal study of 138 scans, morphological analysis and blood flow simulations for
32 patients with clinically diagnosed AAAs and at least 3 follow-up CT-scans per patient, are
performed and compared to control subjects. The aim is first to investigate which metrics
stratify patients between 3 risk groups. The healthy group is composed of 9 control patients;
the low risk group incorporates AAA with Dmax below 55 mm for men and 50 mm for women
and ΔDmax below 5 mm/year, and AAA above these criteria are in the high risk group.
Composite metrics are built using neural networks from clinical, morphological, and
hemodynamical data, and their ability to predict if a patient will become at high risk tested.
As AAA heterogeneous growth is currently not understood, potential correlations between
hemodynamical metrics and AAA growth are explored at a local spatial scale. Each AAA lumen
surface is split along its rotational and longitudinal axes, with respect to the centerline curvature,
resulting in 600 patches, on which these metrics are computed.
Performance of these models built from supervised learning is assessed by ROC AUCs (Area
Under Curve): they are respectively, 0.73 ± 0.09, 0.93 ± 0.08, 0.96 ± 0.10 for clinical,
morphological, and hemodynamical features separately. Mixing all metrics, an AUC of 0.98 ±
0.06 is obtained. The classification process aimed at anticipating if the patient will evolve to a
high-risk state or stay at low-risk in the foreseeable future. Morphological and hemodynamical
metrics performed better than current metrics. Local analysis highlighted the strongly
heterogeneous character of the growth relation to flow metrics.
REFERENCES
[1] F Joly et. al., A cohort longitudinal study identifies morphology and hemodynamics

predictors of abdominal aortic aneurysm growth Annals Biomed Eng. 48, 606-623 2020.
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Key words: Computational biomechanics, High Performance Computing
ABSTRACT
Computational modeling is used increasingly as a powerful tool to understand certain mechanical behavior of the human body, such as the dynamics of the blood flows, the shear stress on the wall of the
artery, the bioelectric phenomena of the heart. Such modeling is important for the study of both healthy
and diseased patients, and sometimes are useful for the planning of surgery. In this mini symposium, we
present some latest development of numerical methods, such as parallel domain decomposition methods, and their high-performance implementations for solving Newtonian and non-Newtonian fluid flows
problems, linear and nonlinear elasticity problems, electrophysiology problems. Several classes biomechanical problems will be targeted including the cerebral artery, the coronary artery, the pulmonary artery,
the abdominal aorta, and the heart.
Below is the list of 10 people who have agreed to speak at the proposed min-symposium:
Robin Shandas (University of Colorado Denver), Xiaoyu Luo (University of Glasgow), Simone Scacchi (University of Milano), Li Cai (Northwestern Polytechnoical University), Feng-Nan Hwang (National Central University, Taiwan), Robert Blake (Lawrence Livermore National Laboratory), Christian
Vergara (Polytechnic of Milano), Luca Pavarino, (University of Pavia), Rongliang Chen (SIAT, Chinese Academy of Sciences), Xiao-Chuan Cai (University of Colorado Boulder).
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A PARALLEL DOMAIN DECOMPOSITION METHOD FOR
COMPUTATIONAL BIOMECHANICS
Xiao-Chuan Cai
Department of Computer Science, University of Colorado Boulder, Boulder, CO 80303, USA.
cai@cs.colorado.edu, https://www.colorado.edu/faculty/cai/
Key Words: Biomechanics problems, domain decomposition method, linear and nonlinear preconditioning, parallel computing
We consider solving system of nonlinear algebraic equations arising from the discretization of partial
differential equations from computational fluid dynamics, computational solid mechanics, and fluidstructure interaction problems. The system of differential equations is discretized with a fully implicit
finite element method on unstructured meshes in 3D and solved by a Newton-Krylov algorithm. For nonlinearly difficult problems, Newton is preconditioned with a nonlinear elimination preconditioner, and
for linearly difficult problems, Krylov is preconditioned with an overlapping Schwarz method. The linear/nonlinear preconditioners can be applied simultaneously. To show the applicability of the approach,
we consider the incompressible Navier-Stokes equations for the modeling of blood flows and hyperelasticity equations for the modeling of arterial walls. In addition, we show the parallel performance of the
approach for solving large scale problems on machines with tens of thousands of processor cores.
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HPC solvers for re-entry phenomena in cardiac biomechanics
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Key Words: cardiac bidomain model, scalable HPC solvers, cardiac re-entry.
Understanding the generation and maintenance of the cardiac re-entrant mechanisms is one of
the most important issues in computational cardiac biomechanics. We present the results of 3D
numerical simulations investigating the role of infarct scar dimension, repolarization properties
and anisotropic fiber structure in the genesis of cardiac re-entry. The simulations are based on
the Bidomain model, a reaction-diffusion system of Partial Differential Equations, coupled with
an ionic membrane model describing the dynamics of ionic currents. If we are interested in
including mechanical effects, these models are coupled with the equations of static ﬁnite
elasticity for the cardiac tissue deformation and with an active tension model for the dynamics
of cross-bridge binding and myoﬁlament tension. These models are discretized in time with a
splitting semi-implicit technique, while in space we use isoparametric Q1 ﬁnite elements. The
computational domain adopted is an idealized left ventricle affected by an infarct scar extending
transmurally. Scalability of the resulting solver is achieved by using Multilevel Additive
Schwarz preconditioners for the solution of the Bidomain system and BDDC preconditioned
Newton-Krylov solvers for the non-linear ﬁnite elasticity system. Parallelization is based on the
PETSc parallel library. The results of several 3D parallel simulations run on HPC architectures
show the scalability of both linear and non-linear cardiac solvers, and how they can be
employed for studying different types of re-entry phenomena.
REFERENCES
[1] P. Colli Franzone, V. Gionti, L.F. Pavarino, S. Scacchi, C. Storti, Role of infarct scar

dimensions, border zone repolarization properties and anisotropy in the origin and
maintenance of cardiac reentry, Math. Biosci. 315, 108228, 2019.

[2] P. Colli Franzone, L.F. Pavarino, S. Scacchi, A Numerical Study of Scalable Cardiac

Electro-Mechanical Solvers on HPC Architectures, Frontiers in Physiology 9, 268, 2018.

[3] P. Colli Franzone, L.F. Pavarino, S. Scacchi, Effects of mechanical feedbacks on the

stability of cardiac scroll waves: a Bidomain electro-mechanical simulation study, Chaos,
27, 093905, 2017.
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In this talk, we consider both loosely coupled/explicit and implicit algorithms for the fluidstructure interaction (FSI) problem based on a Robin interface condition for the fluid problem
(Robin-Neumann (RN) scheme).
We first study the dependence of the stability of the explicit-RN method on the interface
parameter in the Robin condition. In particular, for a model problem we find sufficient
conditions for instability and stability of the method. In the latter case, we found a stability
condition relating the time discretization parameter, the interface parameter, and the added mass
effect. Numerical experiments confirm the theoretical findings and highlight optimal choices
of the interface parameter that guarantee accurate solutions.
Then, we consider the Optimized Schwarz method designed for computational domains that
feature spherical or almost spherical interfaces. In this context, we provide a convergence
analysis of the implicit-RN scheme for a FSI model problem and discuss optimal choices of
constant interface parameters. To validate the theoretical findings, we present 3D numerical
results in almost spherical domains inspired by hemodynamic applications, in particular we
consider the case of realistic abdominal aortic aneurysms.
Finally, we apply our strategies to an application to carotid arteries, where a reduced model for
plaque modelling is proposed and validated against CINE MRI measures of wall displacements.
C. Vergara would like to thank the European Union’s Horizon 2020 research and innovation
programme under the Marie Skłodowska-Curie grant agreement No 765374 "`ROMSOC"' for
funding.
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The development of effective solvers for the solution of mathematical models of the cardiac electromechanical activity has increasingly grown in the last decade. In particular, the need to handle the
multiscale systems arising from the discretization of such models has required the development of specific techniques to both accurately represent physiological data and reduce the computational costs of the
resulting large-scale simulations.
In this work, we focus on the numerical simulation of the cardiac electrical activity, by solving a system
constituted by a nonlinear parabolic reaction-diffusion equation describing the propagation of the electric
impulse in the cardiac tissue, coupled with the Roger-McCulloch ionic membrane model.
Applying a finite element discretization in space and the Backward Euler method in time, we need to
solve at each time step a nonlinear system. Therefore, for the solution of this monolithic discretized
nonlinear system, we propose here Newton-Krylov type methods, where the decomposition of the problem is performed after the Newton linearization. Fast convergence is ensured by preconditioning with
non-overlapping domain decomposition techniques.
We investigate numerically the quasi-optimality and scalability of these preconditioners by implementing a three-dimensional parallel code based on the PETSc library from the Argonne National Laboratory.
The results obtained provide a basis for an extension of this study to the inclusion of more complex
realistic membrane models and to monolithic discretizations of cardiac electro-mechanical models.
This is a joint work with Simone Scacchi (Univ. of Milan) and Luca F. Pavarino (Univ. of Pavia).
REFERENCES
[1] Munteanu M. and Pavarino L.F., Decoupled Schwarz algorithms for implicit discretizations of nonlinear monodomain and bidomain systems., Math. Mod. Meth. Appl. Sc. (2009) 19.7: 1065-1097.
[2] Munteanu M., Pavarino L.F. and Scacchi S., A scalable Newton–Krylov–Schwarz method for the
Bidomain reaction-diffusion system, SIAM J. on Sc. Comp. (2009) 31.5: 3861-3883.
[3] Murillo M. and Cai X.C., A fully implicit parallel algorithm for simulating the non-linear electrical
activity of the heart, Numerical linear algebra with applications (2004) 11.2-3: 261-277.
[4] Zampini S., Dual-primal methods for the cardiac bidomain model, Math. Mod. Meth. Appl. Sc.
(2014) 24.4: 667-696.
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ABSTRACT
To understand and, thus, treat cancer, experts in the field employ sophisticated in vitro and in
vivo modelling approaches. Such systems have permitted investigators elucidate tumor
pathophysiology, including genetic and biochemical mechanisms of cancer. Moreover, in
vitro and in vivo models are extensively used for cancer-drug testing purposes. However,
despite the progress made, it is becoming evident that targeted, reliable and successful
treatment of cancer necessitates an integrative, multiscale, cancer-biology system approach.
To address this, in silico models have emerged and have proven a very powerful tool to study
and understand cancer development, the complexity and heterogeneity of its microenvironment, the transport of anti-cancer drugs and the effects of radiotherapy.
The purpose of this minisymposium is to act as a forum for presenting the state of the art
mathematical and computational modelling approaches and techniques in the field of cancer
biophysics, mechanobiology, and in cancer therapy modelling. Therefore, in this
minisymposium, we aim to foster the exchange of knowledge and ideas in cancer research
between engineers, physicists, mathematicians, tissue engineers, biologists and clinicians. We
solicit contributions addressing challenges related to mathematical and computational
modelling in cancer research, with particular emphasis in:
¥
¥
¥
¥
¥
¥

multiscale modelling methods: from tissue to cell, to protein and molecular levels;
challenges related to numerical methods for single-scale or/and multiscale cancer models;
in silico simulations integrated with in vitro or/and in vivo laboratory experiments;
coupled imaging and numerical modelling techniques;
drug delivery, in silico drug testing, and nanomedicine modelling procedures;
personalized models in cancer chemotherapy or/and radiotherapy.
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Cancer growth is a highly complex process that involves the interaction of heterogeneous dynamics.
Thus, enhancing our understanding of cancer growth dynamics would benefit the prognosis and
inform on clinical treatment strategies. Along those lines, computational modelling and simulation
constitutes a powerful tool for making sense of experimental observations and gaining insights into
the mechanisms of cancer growth [1]. Here, we present a three-dimensional, multiscale, hybrid, in
silico modelling framework of cancer, which describes the multi-variate phenotypic behaviour of
tumour and host cells. The model accounts for the processes of cell migration and adhesion, the
influence of the extracellular matrix, the presence of extracellular substances and their diffusion, and
their impact on cellular dynamics. The proposed framework is hybrid, such that it combines
continuum-based and discrete modelling approaches: the finite element and agent-based method
respectively, with software platforms FEB3 [2] and BioDynaMo [3] being employed here. Also, our
framework is multiscale, such that it allows to model mechanical interactions in 3D – from tissue to
cell scale – in a computationally efficient manner. Hence, large-scale systems matching realistic
spatial dimensions can be accurately simulated. In this contribution, we focus on the simulation of
glioma progression and assess the balance between host and cancerous cells, while investigating the
impact of the go-or-grow phenotype. Moreover, the influence of cell–cell and cell–matrix interactions
on the macroscopic dynamics such as tumour growth, brain tissue perfusion and tumour necrosis are
investigated. Finally, we use our framework to reproduce characteristic differences between lowgrade and high-grade glioma growth that agree with experimental findings.

REFERENCES
[1] J. Alfonso, K. Talkenberger, M. Seifert, B. Klink, A. Hawkins-Daarud, K. Swanson, H.
Hatzikirou, A. Deutsch (2017), The biology and mathematical modelling of glioma invasion: a
review, Journal of The Royal Society Interface. doi:10.1098/rsif.2017.0490.
[2] V. Vavourakis, P. Wijeratne, R. Shipley, M. Loizidou, T. Stylianopoulos, D. Hawkes (2017), A
validated multiscale in-silico model for mechano-sensitive tumour angiogenesis and growth, PLoS
Computational Biology. doi:10.1371/journal.pcbi.1005259.
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The BioDynaMo Project: Experience Report, in: Advanced Research on Biologically Inspired
Cognitive Architectures. doi:10.4018/978-1-5225-1947-8.ch006.
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Advanced mathematical and computational modeling of tumor growth might have a tremendous impact on the understanding of the physical principles underlying cancer and on the development of novel
therapies. One major aspect of cancer biophysics is mass transport across multiple scales and its deregulation [1]. Nutrients and anti-cancer drugs have to be transported across biological barriers bridging
multiple scales. We have therefore developed a computational multi-scale model to simulate vascular
tumor growth [2, 3] based on a hybrid embedded/homogenized formulation of mass transport inside the
vasculature. The larger vessels of the vasculature are fully resolved and embedded into the surrounding
tissue as one-dimensional inclusions. The smaller vessels, i.e., the capillary bed, are homogenized, which
results in a double porosity formulation, where the first pore space is the interstitium and the second one
the homogenized part of the vasculature. Two suitable numerical coupling schemes between the 1D
and the 3D representation of the vasculature are formulated and compared to each other. Both allow for
independent meshes. A mortar-type approach proves to be superior to a Gauss-point-to-segment method.
We demonstrate how our method can be applied to predict vascular tumor growth including angiogenesis.
Here, the larger pre-existing vessels are resolved while the neovasculature is homogenized. Furthermore,
our approach is applied to mass transport inside real-world blood vessel networks where the larger vessels
can be acquired through suitable imaging techniques while the smallest vessels cannot be obtained invivo. Finally, a comparison between a fully-resolved and our hybrid method is performed.
REFERENCES
[1] Michor F, Liphardt J, Ferrari M, Widom J. What does physics have to do with cancer?. Nat Rev
Cancer (2011) 11(9): 657–670.
[2] Kremheller, J., Vuong A.-T., Yoshihara L., Wall W.A. and Schrefler B.A. A monolithic multiphase porous medium framework for (a-)vascular tumor growth. Comput Method Appl M (2018)
340:657–683.
[3] Kremheller, J., Vuong, A.-T., Schrefler, B.A. and Wall, W.A. An approach for vascular tumor
growth based on a hybrid embedded/homogenized treatment of the vasculature within a multiphase
porous medium model. Int J Numer Meth Bio (2019), 35:e3253.
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A NEW MATHEMATICAL FRAMEWORK FOR EPIGENETICS
MODELLING USING INTERNAL VARIABLES
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Mathematical modeling and simulation are essential tools for a better understanding of complex biological processes, such as cancer evolution, as they allow us to better understand the underlying mechanisms
and interactions, to test new hypothesis and to check what if situations, which may be costly, complicated
or even impossible to test experimentally.
Nevertheless, these models still have some limitations. They do not take into account how cells keep in
memory their past states and adapt themselves to the environment. Recently, epigenetics has arisen as
an important field in biological research for explaining these changes in cells. It has been proved that
epigenetics plays a key role in cancer initiation and evolution, affecting every step in its progression [1].
There have been some attempts to describe these phenomena computationally from a discrete point of
view, where the oxygen level acts as a moderator variable in the differentiation of a cell line to different
phenotypes [2], although this phenotype partition remain always arbitrary to some extent.
Based on the concept of internal variables, we propose here a new mathematical model to simulate cell
epigenetics using cell balance differential equations under a mixed Eulerian-Lagrangian framework. In
this model, we use the internal variables (which are convected with the cell flow) to describe how cells
react and modify their behavior under different conditions and stimuli.
We show that the proposed model is able to capture the metabolic changes that occur, for example, when
cells suffer an oxygen deprivation, when compared with memoryless conventional models. Besides,
we illustrate its potential in therapeutic applications (e.g. therapy design), where aspects such as drug
resistance play a major role.
REFERENCES
[1] Jones, P. and Baylin, S. The fundamental role of epigenetic events in cancer. Nat. Rev. Genet. Vol.
3, pp. 415-428, 2002.
[2] Ayuso, Jose M. et al. Glioblastoma on a microfluidic chip: Generating pseudopalisades and enhancing aggressiveness through blood vessel obstruction events. Neuro Oncol. Vol. 19, pp. 503-513,
2017.
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Abnormal tumour vascular morphology biases haematocrit distribution
and contributes to heterogeneity in tissue oxygenation
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Oxygen heterogeneity in solid tumours is recognised as a limiting factor for therapeutic
efficacy. The link between abnormal vascularisation and abnormal oxygenation is
multifactorial, including nonuniform vessel distribution, vessel non-perfusion, and slow flow.
In this study, we propose a novel source of oxygen heterogeneity in tumour tissue associated
with the abnormal transport of red blood cells (RBCs) in tumour vascular networks.
We extract average vessel lengths L and diameters d from tumour allografts of three cancer cell
lines and observe a substantial reduction in λ = L/d, an accepted parameter governing RBC
dynamics, compared to physiological conditions. Numerical simulations describing the
transport of RBCs [1] reveal: a) asymmetric cross-sectional RBC distribution following a
bifurcation, and b) that the average measured λ value is too small for symmetry recovery
between consecutive branching points leading to uneven haematocrit split in the downstream
branching point. We argue that this memory effect can explain observations of
haemoconcentration/haemodilution in tumour vasculature [2]. Based on the RBC simulations,
we propose a new haematocrit splitting rule that accounts for disruption due to pathologically
small λ values. We integrate this rule into a model of tumour oxygen transport [3] and observe
a haematocrit memory effect in densely branched vessel networks leading to highly
heterogeneous oxygenation.
Finally, we demonstrate the clinical relevance of our findings by showing an increase in average
λ following treatment with the DC101 anti-angiogenic cancer agent. Based on our results, we
postulate the existence of a tumour oxygen normalisation mechanism associated with an
increase in the λ value after anti-angiogenic treatment. Future studies should elucidate its
relative importance compared to established mechanisms of normalisation (e.g. permeability
reduction, vessel decompression).
REFERENCES
[1] T. Krüger, Computer simulation study of collective phenomena in dense suspensions of red blood cells
under shear. Springer Spektrum, 2012
[2] W. S. Kamoun et al., Simultaneous measurement of RBC velocity, flux, hematocrit and shear rate in
vascular networks. Nature Methods, Vol. 7, pp 655–660, 2010.
[3] J. A. Grogan et al., Microvessel Chaste: An Open Library for Spatial Modeling of Vascularized Tissues.
Biophysical Journal, Vol. 112, pp 1767–1772, 2017.
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Mechanical forces acting on tumor cells regulate the signaling pathways responsible for cellular behavior
in a process known as mechanotransduction [1]. Knowing these intrinsic or applied forces will lead us
to new forms of reliable and complementary treatment against cancer. Hence, the influence of the mechanics of continuous media on neoplastic bodies has been researched over the last decades, developing:
i) experiments to quantify stress on tumors and ii) tumor mechanics formulations [2]. In this frame, the
aim of this work is to propose a new biomechanical approach that couples the mechanical behavior of
the neoplastic tissue to a nonlinear reaction-diffusion model that takes into account the finite speed of
growth propagation and tumor dynamics.
Cancer cell density evolution is controlled by migration, proliferation and cell volume growth. Volume
growth is defined by tumor mass acquisition and its mechanical parameters. This term is obtained from
the elastic strain energy [3]. The equations have been numerically solved using explicit finite differences. The algorithm was implemented in an axisymmetric, Matlab-based, CUDA-accelerated GPU.
Simulations were carried out for different ranges of coefficient proliferation rates, different spreading
mechanisms, mechanical parameters and rate of mass acquisition based on data already published for
cancer cells. The model is preliminarly validated against experiments.
Results suggest that mechanical parameters decrease proliferation rate and carrying capacity effect. Further research is recquired to incorporate effect of nutrient and oxygen supply, intratumoral forces, mechanical properties of surrounding media, anisotropic transport phenomena and the mechanical parameters evolution over time.
REFERENCES
[1] F. Broders-Bondon et al., Mechanotransduction in tumor progression: the dark side of the force. J
Cell Biol. (2018) 217(5): 1571-1587
[2] T. Stylianopoulos, L. Munn and R. K Jain, Reengineering the physical microenvironment of tumors
to improve drug delivery and efficacy: from mathematical modeling to bench to bedside. Trends in
cancer. (2018) 4(4):292-319.
[3] B. Shraiman, Mechanical feedback as a possible regulator of tissue growth. Proceedings of the
National Academy of Sciences.(2005) 102(9):3318 -3323
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COMPUTATIONAL MODELING OF PROSTATE CANCER GROWTH
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Prostate cancer (PCa) is a major pathology among ageing men worldwide. Currently, most prostatic
tumors are detected at an early stage. However, the limited individualization of monitoring and treatment
strategies have led to significant rates of overtreatment and undertreatment. Computational modeling of
PCa growth has the potential to overcome these issues by providing personalized predictions of tumor
growth that can assist physicians in clinical decision-making. In this context, pathological forecasting
relies on computer simulations based on a system of partial differential equations that describes the
key mechanisms involved in tumor growth and that is parameterized using readily available clinical and
imaging data. Here, we present our current efforts to model the growth of organ-confined PCa. Our
simulations leverage Isogeometric Analysis to address the computational challenges of this problem.
The patient-specific mesh of the prostate is built from the segmented anatomy of the organ over medical
images. Our simulations recapitulate many of the clinical manifestations of PCa and provide new insights
in tumor evolution and monitoring with direct implications in the clinical management of this disease.
REFERENCES
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H. Tissue-scale, personalized modeling and simulation of prostate cancer growth, Proc. Natl. Acad.
Sci. U.S.A. (2016) 113(48):E7663-E7671.
[2] Lorenzo, G., Hughes, T.J.R., Dominguez-Frojan, P., Reali, A., and Gomez, H. Computer simulations suggest that prostate enlargement due to benign prostatic hyperplasia mechanically impedes
prostate cancer growth. Proc. Natl. Acad. Sci. U.S.A. (2019) 116(4):1152-61.
[3] Yankeelov, T.E., Atuegwu, N., Hormuth, D., Weis, J.A., Barnes, S.L., Miga, M.I., Rericha, E.C.,
and Quaranta, V. Clinically relevant modeling of tumor growth and treatment response. Sci. Transl.
Med. (2013), 5(187):187ps9.
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Continuous Models for heterogeneous multi-cellular aggregates
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Continuous models are often used in the context of cancer, to study large populations of cells
[1] [2]. But even, in the case of cancer stem cells, this approach has been selected and has
shown pertinent results [3].
In collaboration with the experimentalists of the team Benaroch in Institut Curie, we compare
the formation and evolution of multicellular aggregates of cancer cells, with and without
immune cells, for different types of cancerous cells. The presence of these immune cells,
especially the macrophages, has a counter-intuitive effect on the proliferation and survival of
cancer cells in some cases [4].
We perform numerical simulations (using the software Comsol Multiphysics) in 2 and 3D in
the geometry and under the conditions of nutrient distribution of the experiments, as well as
analytical computations in a simplified geometry. This allows a close comparison of the
results derived with the modelling and the experiments, confirming our understanding of the
phenomena, and allowing inferring from the experiments some typical quantities, such as cellcell adhesion energies, characteristic time scales, nutrient cell consumption rates, and the
dependence of the growth rates on the concentrations of the different types of cells.
This modelling treats different phenomena such as the cellular aggregation, the compaction of
the aggregates but also the nucleation of new aggregates by immune cells leading to evil
consequences.
Focusing first on cancer cells taken alone, we will present the case of cancer cells mixed with
immune cells.
REFERENCES
[1] Balois,T., Ben Amar, M. Morphology of melanocytic lesions in situ. Sci. Rep.4, 3622;
DOI:10.1038/srep03622 (2014).
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aggregate.InterfaceFocus4: 20140033.
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Reports, Nature Publishing Group, 2019, 9 (1),15607.

[4] Yin M, Li X, Tan S, et al. Tumor-associated macrophages drive spheroid formation during early
transcoelomic metastasis of ovarian cancer. J Clin Invest. 2016;126(11):4157–4173. doi:10.1172/JCI87252
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Tumours and their microenvironment are reported to be abnormal, one of the abnormalities
being excessive solid stress leading to vessel compression [1]. However, the impact of a vessel
compression on the distribution of red blood cells (RBC) at bifurcations has not been previously
addressed. We hypothesise that RBC partitioning at a bifurcation is impacted by an upstream
vessel compression and that this effect can amplify in networks leading to heterogeneous tissue
oxygenation. HemeLB, an open-source software, is used to simulate the flow of a suspension
of deformable RBCs. HemeLB implements a validated method based on the lattice Boltzmann
method, the immersed boundary method and the finite element method [2]. Idealised
geometries representing a compression followed by a bifurcation are used. The inlet and outlet
boundary conditions are used to control the flow ratio in the daughter branches.
Two cases are investigated, a compressed vessel leading immediately to a bifurcation, and a
compressed vessel followed by a decompression leading to a bifurcation as models of global
and localised vessel compression. In both cases the RBC cross-sectional distributions are
narrowed by the compression [3]. The narrowing is a consequence of RBC cross-streamline
migration due to an increased shear rate in the compression. In the first case, the disproportional
partitioning of RBCs to the higher flow rate branch is enhanced at 10% and 20% haematocrit.
In the second case, the vessel decompression creates a haematocrit dependant mechanism for
the RBCs to recover their pre-compression distribution. At 10% haematocrit, the recovery is
sufficiently slow for RBC partitioning to be impacted over an axial length of 40 vessel
diameters. Whilst at 20% haematocrit, the increased cell-cell interaction shows that after a
couple of vessel diameters the impact on RBC partitioning is negligible. An analytical reduced
order model is proposed and validated to describe the partitioning of RBCs after a vessel
compression to model network haemodynamics in a computationally tractable manner.
In summary, our simulations reveal a previously unreported effect of vessel compression on
haematocrit partitioning at bifurcations. The proposed reduced order model will facilitate the
future study of the impact of vessel compression on a network-scale haematocrit dynamics.
REFERENCES
[1] T. Stylianopoulos et al., Reengineering the tumor microenvironment of tumors to improve
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Hepatocellular carcinoma (HCC) is an aggressive type of cancer, linked to poor survival rates,
largely due to its resistance to conventional chemotherapy along with our limited understanding
of its highly intricate nature. Indeed, a cascade of biomechanical changes in the tumour-host
microenvironment occur during tumour development, including tissue stiffening, angiogenesis,
remodelling of the extracellular matrix and elevated stresses [1]. In-silico modelling has
emerged as a powerful tool for deciphering the role of such biomechanical abnormalities to
HCC pathophysiology and accordingly suggesting novel treatment strategies. However,
existing models incorporate few experimental/imaging data, and often rely on generic
constitutive laws with literature parameter values, to model the tumour-host microenvironment.
In addition, microstructural elements that are crucial in tumour development and treatment
efficiency are modelled ad hoc with isotropic or random distributions.
In this work, we propose an advanced mechanical characterisation framework which integrates
comprehensive rheological and imaging data with a multiscale biomechanical description of
the tumour-host microenvironment. Rheological data were acquired using a mechanical test rig
within an MRI scanner, enabling the simultaneous imaging and mechanical testing of tumour
tissue. Besides cine and 3D tagged MRI offering kinematic characteristics on the macroscale,
imaging data included Diffusion Tensor MRI and spatial maps of collagen/elastin densities
offering a description of the microstructure. Mechanical characterisation relied on a finite
element model simulating the experimental procedure, while model personalisation involved
the incorporation of the specimens’ geometry, microstructure and kinematics [2]. Several softtissue constitutive laws were considered for both the extracellular matrix and microstructure.
The tests considered suggest that the concurrent rheology and imaging offer a clear advantage
for accurate characterisation against approaches relying on single-site displacements.
Additionally, they highlight the importance of accounting for the tumour’s microstructure in
order to achieve a physiologically accurate biomechanical description of tumour tissue.
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Angiogenesis, the growth of capillaries from pre-existing ones, plays a key role in cancer
progression. Tumors release tumor angiogenic factors into the extracellular matrix that trigger
angiogenesis once they reach the vasculature. The neovasculature provides nutrients and
oxygen to the tumor. In the extracellular matrix, the interstitial fluid moves driven by pressure
differences and may affect the distribution of tumor angiogenic factors, and, in turn, tumor
vascularization. In this talk, I will present our recent modeling work to investigate the influence
of fluid flow in tumor angiogenesis [1]. Our model determines the interstitial flow produced by
a time-evolving capillary network using a continuous approach. The flow model is coupled to
a model of angiogenesis that includes tip endothelial cells, filopodia, capillaries and tumor
angiogenic factor. The tumor angiogenic factor transport equation considers diffusive
mechanisms, but also the convective transport produced by interstitial flow. Our simulations
predict a significant alteration of the new vascular networks, which tend to grow more
prominently against the flow, as shown by recent experiments.
REFERENCES
[1] G. Vilanova, M. Bures, I. Colominas, H. Gomez, Computational modelling suggests
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Role of vascular normalization and mechanical stress alleviation in
metronomic chemotherapy: Insights from a mathematical model
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Chemotherapy is traditionally given at the maximum tolerated dose (MTD) on intervals that allow
time for the patient to recover. A new alternative, known as metronomic chemotherapy [1], is
administered much more frequently in lower doses. Although multiple mechanisms of benefit from
metronomic chemotherapy have been proposed, how they are related to each other and which one
is dominant for a given tumor-drug combination is not known. To this end, we developed a
mathematical model for tumor growth incorporated interactions among cancer cells, immune cells
and the tumor vasculature to show that improved function of tumor vessels is a key determinant
of benefit from metronomic chemotherapy[2]. In our model we account for three different
phenotypes of cancer cells, namely non-stem cancer cells (CCs), stem-like cancer cells (CSCs)
that are more resistant to drugs, hypoxia and the immune system and Induced CCs that are induced
by chemotherapy to acquire a stem-like phenotype and three types of immune cells (natural killer
(NK) cells, CD8+ T cells, and Tregs). The model also accounts for the delivery and cell killing
potential of chemotherapy based on the dose and schedule, and for transformations among CCs,
CSCs, and ICCs. We employed multiple dose protocols and compared model predictions with
independent preclinical studies to test the validity of the model. The model also accounted for
tumor oxygenation. Improved oxygenation favors the activity of immune cells and the proliferation
rate of CCs, while hypoxia promotes CSC and ICC phenotype. Malignant cell density could
directly affect vascular function by compression of blood vessels but in turn may be affected by
drug delivery and the killing potential of immune cells. The function of tumor vessels can be
improved via vascular normalization by increasing levels of thrombospondin-1 (TSP-1), resulting
in improved oxygenation, drug delivery and increased cell killing. We simulated tumor response
over 30 days using different dose scenarios. Therapeutic outcome depends on the time required
for cancer cells to recover following chemotherapy, thus we found that treatment is more effective
for lower doses and for tumor recovery times that exceed 2 days. We show that low and more
frequent doses of chemotherapy should improve treatment outcomes via increase of TSP-1 levels.
Our model suggests that the time required for cancer cells to recover from a dose of chemotherapy
is a key parameter in optimizing metronomic chemotherapy.
References

1.Andre, N., et. al, (2014). Nat Rev Clin Oncol, 11(7) p413
2.Mpekris, F., et al., (2017). PNAS, 114(8) p1994
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ABSTRACT
The response of biological structures, both at the system scale (tissues, organs, and organisms) and cellular scale, to internal and external stimuli, governs their behavior in health and disease. Therefore, our
ability to predict this behavior, both short-term and long-term, holds the promise of not only furthering our basic understanding of living matter, but the key to better diagnostic and therapeutic strategies.
Naturally, biological processes such as cell division, cell migration, embryogenesis, wound healing,
electrophysiology of neurons, active muscle response, growth, remodeling, damage, and regeneration of
tissues are governed by mechanical, physical, chemical, and biological interactions. Hence, as we strive
towards robust and accurate predictive models of biological structures, it is imperative to consider this
multi-scale and multi-physical coupling in computational modeling.
The goal of this mini-symposium is to foster a vibrant discussion on the development of mathematical models, numerical methods, and computational simulations to study mechanics-driven phenomena
across various length scales in biological systems. The scope of the phenomena being modeled can
range from the cell level to the tissue and organ level. Numerical methods may cover multi-phasic material modeling, phase Þeld modeling, particle-based methods, multi-Þeld approaches, and inverse methods
for force inference (traction and stress microscopy).
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3D MODELING OF CELL ADHESION: COUPLING ACTIVE GELS TO
ADHESION DYNAMICS
Pradeep Kumar Bal1, Alejandro Torres1, Guillermo Vilanova1 and Marino Arroyo1,2
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The processes by which cells control their shape during cytokinesis, migrate individually or
collectively, or adhere cohesively to other cells in epithelial tissues are mechanical in nature.
For the formation of cohesive tissues, cell-cell adhesion is necessary. During cancer it gets
disrupted, and finely tuned during wound healing and development. It is a very intricate and
tunable out-of-equilibrium process that is mediated by mobile binder molecules with low
affinity, which assemble into clusters that provide mechanical strength and couple to the
cytoskeleton to form a mechanosensitive system that transmits tension through tissues and
multicellular aggregates. At longer timescales, the remodelling of the junctional network
depends on the dynamics of adhesion molecular complexes and the adapter molecules, which
link them to the cytoskeleton of a cell, from which tissue rheology is determined. How tissue
mechanics are controlled by the integration of these ingredients is still unresolved. The actin
cortex is a layer of cross-linked actin filaments lying just beneath the plasma membrane of
animal cells. The thickness of this layer is hundreds of nanometres, while the typical size of an
animal cell is of tens of microns. This layer can be considered as an apparently-two-dimensional
material. Other than actin, this network is filled with polymerization regulators, cross-linkers,
or myosin motors, that bind to actin filaments. From the consumption of ATP, these molecular
motors pull on actin filaments, hence generate active tension. If this active tension is nonuniform, it generates actin flows driving shape changes. In a tissue, cells adhere to each other
through specific molecules that can move laterally and react to form new bonds or break
existing bonds. Some of the bonds form more strong bonds that are attached to the cytoskeleton,
these bonds are immobile with respect to the cortex. These attached bonds are more stable due
to the anchoring to the cortex and regulate the actin polymerization rate in the adhesion patch,
hence affecting the actin flow profile. Much of tissue mechanics depends on the interplay and
dynamics of the actin cortex and of adhesion complexes. Yet, there is no general theoretical
framework to couple active gel models of the actin cortex with the mechano-chemical models
for the adhesion molecules. Using Onsager's principle, we derive a novel 3-D active gel model
for the actomyosin cortex coupled to adhesion dynamics of mobile binders. We use the Local
Monge Parametrizations (LMP) method, to approximate tensor fields on general surfaces given
by a collection of local parametrizations using a FEM setup based on subdivision surfaces. We
implement it into a high-performance finite element library (hiperlife) exploiting a new
formalism to describe fluid surfaces using an arbitrarily Lagrangian-Eulerian description of
cortical hydrodynamics. The characteristics of different solution regimes are analysed in detail
to replicate various physical phenomena numerically.
REFERENCES
[1] Torres, A.; Millán, D.; Arroyo, M. Modelling fluid deformable surfaces with an emphasis
on biological interfaces. "Journal of fluid mechanics", 10 August 2019, vol. 872, p. 218271.

[2] D. Kaurin, “A theoretical and computational study of soft adhesion mediated by mobile binders,”
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Embryogenesis is characterised by drastic changes in cell shape and reorganisation. Tissues undergo
folding and in-plane intercalation processes, or epithelial-to-mesenchymal transitions. Furthermore,
zipping, extrusion, or branching are also observed during organogenesis. This complex changes are
concomitant with genetic and chemical signalling, which regulate the inter- and intra-cellular forces in
conjunction with adhesion with extracellular matrix.
This processes are subjected to mechanical equilibrium. Computationally, despite increasing efforts on
describing the geometrical changes, there is yet no robust technique. Continuum approaches miss to
accurately describe junctional forces unless sophisticated theories are set in place [3]. Vertex models can
accurately describe cell boundaries, but special care must be paid to handle 3D interfaces [1, 2], despite
promising advances cannot yet include polymeric rehology [4].
We here propose a 3D vertex model that uses intermediate nodes in order to simulate in-plane intercalation, and can handle non-linear rheology on the cell boundary junctions. The model has been applied to
wound healing process [5].

(a)

(b)

(c)

Figure 1: (a) Definition of vertex (red) and nodal network (black). (b) Mid-nodes. (c) Monolayer folding.

REFERENCES
[1] P. Gómez-Gálvez, P. Vicente-Munuera, A. Tagua, et al. Scutoids are a geometrical solution to threedimensional packing of epithelia. Nat. Commun., 9(2960):1, 2018.
[2] H. A. Messal, S. Alt, R.M. M. Ferreira, et al. Tissue curvature and apicobasal mechanical tension
imbalance instruct cancer morphogenesis. Nature, 566:126–130, 2019.
[3] R.G. Morris, M. Rao. Active morphogenesis of epithelial monolayers. Phys. Rev. E, 100, 2019.
[4] S. Okuda, T. Miura, Y. Inoue, T. Adachi, and M. Eiraku. Combining Turing and 3D vertex models
reproduces autonomous multicellular morphogenesis with undulation, tubulation, and branching. Sc.
Rep., 8:2386, 2018.
[5] F. Ioannou, M. A. Dawi, R.J. Tetley, Y. Mao and J.J. Muñoz. Development of a new 3D hybrid
model for epithelia morphogenesis. Submitted.
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A coupled bulk-surface model for evolving biological surfaces
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In various biological materials, growth and remodelling are driven by interfacial phenomena,
e.g. in angiogenesis [1], asthmatic airway remodelling [2] and embryonic lung branching
morphogenesis [3]. To describe and understand these phenomena, we consider a simplified
coupled bulk-surface model consisting of a phase-field equation, used for the evolution of the
interface [4], and a surface PDE, to describe the evolution of important constituents on the
interface. We consider various coupling mechanisms for which the surface constituents can
affect the evolution of the interface. In this contribution, we will discuss the underlying
foundations of the model in terms of thermomechanical consistency. In addition, attention is
paid to reformulating this bulk-surface model using a diffuse domain approach [5]. Finally,
we will present preliminary numerical results using a finite-element implementation.
REFERENCES
[1] H. Smith, Pattern formation by lateral inhibition in physiological and tumour
[2]

[3]
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angiogenesis. PhD Thesis, University of Nottingham, 2019.
M.R. Hill, C.J. Philip, C.K. Billington, A.L. Tatler, S.R. Johnson, R.D. O’Dea and B.S.
Brook, A theoretical model of inflammation- and mechanotransduction driven asthmatic
airway remodelling. Biomechanics and Modeling in Mechanobiology, 17(5), pp.1451–
1470, 2018.
L.D. Wittwer, R. Croce and S. Aland, Simulating Organogenesis in COMSOL: PhaseField Based Simulations of Embryonic Lung Branching Morphogenesis. Proceedings of
COMSOL Conference 2016 Munich, 2016.
H. Gomez, H. and K.G. van der Zee, Computational Phase‐Field Modeling.
Encyclopedia of Computational Mechanics, 2nd Edition, John Wiley & Sons, Ltd, 2017.
A. Rätz and A. Voigt, PDE's on surfaces - a diffuse interface approach. Communications
in Mathematical Sciences, 4(3), pp. 575-590, 2005.
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A CUTFEM METHOD FOR A SPATIALLY RESOLVED ENERGY
METABOLISM MODEL IN COMPLEX CELLULAR GEOMETRIES
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Computational techniques have been widely used to tackle problems in the biological sciences. A compromise between high quality simulations and simple but accurate models can help to understand unknown aspects of this field.
In this work, we will show how the Cut Finite Element Method (CutFEM) [1] can be a powerful tool to
solve a reaction diffusion PDE system that models the energy metabolism of a cell. The main difficulty to
approach this problem is dealing with the morphology of the cell that can have sharp edges and evolves
over time. While classical FEM requires the mesh conform to the domain boundary, CutFEM allows
a non-conforming discretisation of the domain, and thus is especially suited for modeling complex and
evolving cellular geometries.
First, we introduce our simplified model for metabolic pathways taking place in a region small enough to
consider the material property as homogeneous. The results obtained with FEM (FENICS Project [2][3])
and CutFEM suggest that the two methods are equivalent. This allows us to use CutFEM to increase the
complexity of the domain, from a spherical shaped cell to an irregular astrocyte.
We conclude that CutFEM is a robust method for tackling biological problems with complex geometries,
opening the possibility to extend the complexity of our mathematical model including more features and
to consider real cellular shapes that evolve in time in future work.
REFERENCES
[1] Erik Burman, Susanne Claus, Peter Hansbo, Mats G Larson, and André Massing. Cutfem: discretizing geometry and partial differential equations. International Journal for Numerical Methods
in Engineering, 104(7):472–501, 2015.
[2] Anders Logg, Kent-Andre Mardal, and Garth Wells. Automated solution of differential equations by
the finite element method: The FEniCS book, volume 84. Springer Science & Business Media, 2012.
[3] Martin S Alnæs, Jan Blechta, Johan Hake, August Johansson, Benjamin Kehlet, Anders Logg, Chris
Richardson, Johannes Ring, Marie E Rognes, and Garth N Wells. The fenics project version 1.5.
Archive of Numerical Software, 3(100):9–23, 2015.

1365

A Numerical
Thomas
Notermans,
Mechano-Regulated
Hanifeh Khayyeri
Tendon
andHealing
Hanna Isaksson
Framework - the Effects of Reduced Loading
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

A numerical mechano-regulated tendon healing framework – the effects of
reduced loading
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INTRODUCTION: Mechanical loading affects tendon healing. Although experimental and
numerical studies have investigated the temporal evolution of average tendon properties during
healing, the heterogeneity of tendon composition and organization throughout the healing callus
has not been studied in detail. In this study, we aim to investigate mechanisms underlying
tendon healing, and in particular how the level of external physical loading can affect spatiotemporal evolution of collagen production in early tendon healing. We implemented a newly
developed 3D mechano-regulatory tendon healing framework that describes the spatiotemporal evolution of collagen content, collagen orientation and the temporal evolution of
mechanical properties during early tendon repair in rat Achilles tendons [1].
METHODS: A 3D finite element framework was combined with a fibre-reinforced
transversely isotropic poro-visco-elastic model to depict collagen, ground matrix and fluid
components [2]. Tendon repair was modelled using a time-dependent mechano-regulated
framework [1] that described strain-regulated collagen production and reorientation [3]
according to experimental data (Fig. 1). Strain-dependent production of collagen is
implemented such that low (<5%) and high strains (>20%) are associated with decreased levels
of collagen production. A daily load is applied to represent full (2N) and reduced (1N) loading.
RESULTS & CONCLUSION: The findings indicate that reduced loading increased the levels
of collagen production in the tendon core resulting from physiological strain levels (<20%)
during the first week of healing (Fig. 2). However, full loading resulted in higher collagen
content after 4 weeks of healing. This result shows that physiological levels of strain resulting
from a reduced level of loading may prove beneficial for stimulating tendon healing by
increasing collagen production in the tendon core during the first 1-2 weeks of tendon healing.

REFERENCES:
[1] T. Notermans, et al., Numerical framework to investigate mechanobiological mechanisms
during early tendon repair, Orthopaedic Research Society Annual Meeting, February 8-11,
2020, Phoenix, Arizona, USA, Poster nr 731.
[2] H. Khayyeri, et al., Comparison of structural anisotropic soft tissue models for simulating
Achilles tendon tensile behavior. J Mech Behav Biomed Mat, 61, 431-443, 2016.
[3] P. Tanska, et al., A computational algorithm to simulate disorganization of collagen
network in injured articular cartilage. Biomech Model Mechan, 17, 689-699, 2018.
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HIGH FIDELITY SIMULATION OF HEART VALVE INTERSTITIAL
CELL CONTRACTILE BEHAVIOR IN 3D GELS
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Introduction. Valvular interstitial cells (VICs) are responsible for maintaining heart valve
tissues through their biosynthetic behaviors, which are closely related to their contractile
properties. To understand the contractile behavior of VICs, our group has previously developed
a computational biomechanical VIC model based on the solid-mixture theory [1]. As a step
towards more realistic understanding of actual 3D VIC function in vivo, in this study we
embedded VICs in a 3D hydrogel environment with aims to 1) simulate VIC contractile
behavior using real cell geometry, and 2) investigate the effects of the spatial distribution of
stress fibers and contraction strength, both derived from traction force microscopy
measurements wherein 3D gel deformation quantified by densely seeded fiducial markers (
0.5 m in diameter) surrounding a VIC [2].
Data sources. Aortic VICs were encapsulated in PEG hydrogels, with VIC contraction
modulated by the addition of chemical agents. Using a customized software FM-track [2], we
obtained the displacement field in a 150m 150m 140m volume surrounding each VIC.
Also extracted was the cellular geometry change as the VIC contraction is modulated.
Computational Methods and Results. VICs were modeled as elastic objects that actively
contract through stress fiber forces. Key cellular components modeled included the (basal)
cytoskeleton, cell nucleus, cell membrane, considered as homogeneous hyper-elastic materials,
and also stress fibers, which can either deform as passive elastic or actively contracting
structures. The PEG gel was modeled as a neo-Hookean functionally graded material with
spatially varying modulus. Our goal was to match the observed displacement data by finding
the optimal stress fiber distribution and contraction strength in the VIC, as well as the PEG
modulus. In particular, the analysis was performed in two steps. In the first step, the spatially
varying modulus of the PEG gel was calibrated using the tracked marker displacement without
considering the cellular components. In the second step, we optimized the distribution of stress
fiber orientation and contraction strength to match the displacement on the VIC surface. Our
results indicated that the VIC model can simulate large changes in cell shape and 3D gel
deformation in various contractile states. Additionally, higher VIC contraction strength was
observed compared to other experiments in which VICs were not in a fully 3D gel environment.
Conclusions. This study allowed us to better understand VIC contractile behavior in 3D and
would benefit the development of multi-scale heart valve modeling in the long run.
REFERENCES
[1] Sakamoto, Y. et al., J Mech Behav Biomed Mater, 54:244-258, 2016.
[2] Lejeune, E. et al., J SoftwareX, in review, 2020.
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MECHANOBIOLOGICAL INTERACTIONS IN SCAFFOLDSUPPORTED BONE REGENERATION: AN IN SILICO STUDY
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Large bone defects remain a clinical challenge, with a gold standard treatment – autologous
bone graft transplantation – that presents many drawbacks. Design optimized scaffolds are a
promising alternative [1] but the scaffold-supported bone regeneration process is not well
understood yet. Thus, the aim of this study was to investigate mechanisms behind scaffoldsupported bone regeneration and identify underlying rules using an in silico approach.
A multiscale computer model previously validated for uneventful bone healing [2, 3] was
further developed to investigate scaffold-supported bone regeneration within a large bone
defect (3 cm) in sheep [1]. The computer model couples an agent-based model describing
biological activity and a finite element model evaluating the mechanical signals within the
regenerating region. Three different experimental configurations [1] were simulated: 1)
scaffold alone, 2) scaffold with BMP7 incorporation and 3) scaffold with MSC seeding.
Computer model predictions were compared to micro-CT and bone volume quantification
data three and twelve months post-surgery. Computer simulations of scaffold-supported bone
healing (scaffold alone) were able to predict experimentally observed non-union only when
cellular activity was considerably reduced few days post-surgery. By contrast, assuming that
BMP7 added into the scaffold restores cellular activity led to a complete healing in 3.5
months, similar to in vivo (3 months). Lastly, when MSCs were seeded into the scaffold, the
experimental observations could be reproduced only if the MSC activity level was
considerably reduced.
The use of in silico modelling allowed to investigate parameters playing a role in scaffoldsupported bone regeneration processes. We found that BMP7 is probably enhancing cellular
activity, thus leading to a better healing, while in its absence MSCs lose their migration and
proliferation ability after a few days. Model predictions suggest that non-union in MSCseeded scaffolds could be due to an inactive state of the pre-seeded cells. Such an in silico
approach will help studying the influence of scaffold parameters to optimize scaffold design a
priori.
REFERENCES
[1] J.C. Reichert, A.Cipitria, D.R. Epari, et al. A Tissue Engineering Solution for Segmental Defect
Regeneration in Load-Bearing Long Bones. Sci. Transl. Med., 4:141ra93-141ra93, 2012.
[2] L.E. Claes and C.A. Heigele. Magnitudes of local stress and strain along bony surfaces predict the
course and type of fracture healing. J. Biomech., 32:255–266, 1999.
[3] S. Postigo, H. Schmidt, A. Rohlmann, et al. Investigation of different cage designs and mechanoregulation algorithms in the lumbar interbody fusion process – A finite element analysis. J.
Biomech. 47:1514–1519, 2014.
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Modeling how infections spread within the body of insects and other animals is of critical interest to
fields like medicine and biotechnology. Beyond the intrinsic interest to entomologists and biologists,
there is some common features between disease spreading processes in the human body and insects [1].
The knowledge acquired from their study can be used to better understand the mechanical and chemical
interactions governing an infectious mass, and to provide insights to efficiently inhibit its advance, once
the key factors have been identified. In this work, we present the first stage in the modeling of the
spreading of the fungus O. Unilateralis within the head of its host, the ant Camponotus Leonardi, endemic
to Brazil. In this first stage, we focus on the development of a model able to reproduce general features
of fungal growth, such as the formation of exploratory networks. These networks have the ability to
grow, survive, or die in the presence of different concentrations of nutrients, and to redistribute them
thus optimizing its proliferation. The numerical model that uses a phase-field scalar variable to represent
the fungal matrix spreading, and a diffusive-advective process for the nutrient distribution. We propose
mechanisms that are able to explain the muscle cell colonization process as it is observed in the infected
ants, and then we illustrate the performance of our model with simulations that explore a wide range
of initial conditions and parameters. We test our model against laboratory experiments to answer some
fundamental questions in fungal infection within biological tissue.
REFERENCES
[1] Maridel A Fredericksen et al. Three-dimensional visualization and a deep-learning model reveal
complex fungal parasite networks in behaviorally manipulated ants. Proceedings of the National
Academy of Sciences, 2017; 114(47): 12590-12595.
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Preclinical safety assessment of novel pharmaceutical compounds is of utmost importance in
drug discovery. Numerous drugs had to be withdrawn from market because of their potential to
induce Torsades de Pointes (TdP), a life-threatening ventricular arrhythmia. The list ranges
from antipsychotics to antiarrhytmics that should actually prevent the heart from becoming
arrhythmic. Drug-induced block of the rapid delayed rectifier potassium channel was initially
thought to cause TdP but more recent studies suggest that multiple-channel blocking effects
have to be taken into account in the safety assessment [1], [2]. The Comprehensive in Vitro
Proarrhythmia Assay (CiPA) initiative has developed an improved assessment paradigm that
includes in vitro experiments on human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) and in silico experiments using mathematical models [1], [2].
Mathematical models can translate multiple-channel blocking effects to multi-scale
electromechanical effects at low financial costs and associated with the opportunity for
mechanistic analyses. This makes them a valuable tool for preclinical drug safety assessment.
[3] used mathematical models of human adult cardiomyocyte electrophysiology for performing
an in silico drug trial and predicted the TdP risk better than studies on animal models. Based on
the FLEXcyte96 technology [4] that can measure the displacement of beating hiPSC-CM
monolayers, a multi-scale and multi-physics model of cardiac electromechanics was developed.
This model is a modification of an existing model presented in [5], [6] and was applied to
investigate the electromechanical effects of the antiarrhythmic drug Nifedipine. The
computational results were compared with experimental results. Nifedipine belongs to the test
set of the CiPA initiative [2] and future work includes experimental model validation for other
drugs of the test set.
REFERENCES
[1] Sager, P.T., Gintant, G., Turner, J.R., Pettit, S., Stockbridge, N. Rechanneling the cardiac

proarrhythmia safety paradigm: a meeting report from the Cardiac Safety Research
Consortium. Am. Heart J. 167, 292-300 (2014).
[2] Colatsky, T., Fermini, B., Gintant, G., Pierson, J.B., Sager, P., Sekino, Y., Strauss, D.G.,
Stockbridge, N. The comprehensive in vitro proarrhythmia assay (CiPA) initiative –
update on progress. J. Pharmacol. Toxicol. Meth. 81, 15-20 (2016).
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In the study of shock wave technology and its clinical application it is crucial to understand the mechanism by which shock waves affect biological tissues, such as in extra-corporeal lithotripsy. For this
purpose, a multi-material compressible solid-fluid solver is developed in a two-dimensional Eulerian
framework to model the interaction between soft tissues and shock waves. We use the level set method
to track the sharp interface between individual materials, and treat each material independently using its
own constitutive law. The hyperelastic material is modeled via a generalized equation of states (EoS)
including the deformation of the material. The evolution of the deformation gradient tensor is governed
by an additional advection equation included in the primary Euler equations.
In literature, the majority of numerical studies on shockwave interactions with soft tissues relies on fluidic
material models. However, this approach is only reasonable in early stages where elasticity and plasticity
effects in the material are reasonably neglected. Therefore, to study late stage effects, we require a more
realistic material model for the tissue-surrogate phase. Here, the interaction between the solid and fluid
material is modeled following the locally non-conservative scheme of Gorsse et al. [1]. The coupling
at the solid-fluid material contact is determined by considering the specific boundary condition each
material poses at the interface, and solving the resulting Riemann problem to determine the numerical
fluxes. The scheme is validated using one-dimensional initial value problems with exact solutions, and
two-dimensional problems from literature.
In this work, build up upon the work of Kobayashi et al. [2] the shock-induced collapse of a non-attached
bubble near a hyperelastic material is studied. This setup represents a surrogate model for investigating
the phenomenon occurring in soft-tissues subject to shock waves. Several materials are considered and
the effect of the bubble collapse near these materials is compared when a hyperelastic material model or
a pure fluid model is considered. It is shown that the implemented model, in contrast to previous works,
is capable of capturing the tensile effect and the stress distribution in the tissue.
REFERENCES
[1] Gorsse, Y. et. al. A simple Cartesian scheme for compressible multimaterials. Journal of Computational Physics (2014) 272: 772–798.
[2] Kobayashi, K. et. al. Shock wave-bubble interaction near soft and rigid boundaries during
lithotripsy. Physics in Medicine & Biology (2011) 56: 6421–40.
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Epithelial tissues are cohesive sheets of cells that line free surfaces and cavities of animals. During
development and adult life, epithelia maintain their functionality in dynamic mechanical environments
where they undergo deformations of varied magnitudes and loading rates. Recent in vitro and in vivo
observations across various species have revealed a rich phenomenology of epithelial mechanics
originating from the tightly coupled mechanics of adherent epithelial cells, which is in turn governed by
the active-viscoelasticity and turnover of the actomyosin cortex. However, a link between the
subcellular cortical dynamics and the tissue scale response has been lacking in theoretical models of
epithelia. We address this gap by developing a formalism allowing us to bridge active-gel models of
the cortex and vertex-like models at a tissue scale (Fig. 1 a). We show that this modeling approach
provides a unified framework capturing numerous seemingly disconnected epithelial phenomenologies
(Fig. 1 b-d), in which junctional network topological rearrangements are minimal, over a wide range of
loading rates. These include stress relaxation following stretch/unstretch maneuvers [1,2], solid-like or
fluid-like creep behavior [3], buckling and transient buckling upon compression [4], pulsatile
contractions during dorsal closure in Drosophila [5], spontaneous curling [6], active superelasticity [7]
and new rheological data of monolayers under cyclic loading. Overall, the proposed framework
provides a systematic procedure to examine the effect at the epithelial scale of sub-cellular cortical
dynamics and, in the process, ties a diverse epithelial phenomenology to a common subcellular origin.

Figure: (a) Schematic of the framework. (b)Transient or stable fold upon tissue compression. (c) Cell pulsatile
contractions. (d) Active-superelasticity of an epithelium under stretch.

References
[1] L. Casares, et al., Nat. Mat., 2015
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[6] J. Fouchard, et al., PNAS, 2020
[7] E. Latorre, et al. Nature, 2018
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Eulerian methods [1][2] are attractive to simulate the mechanics of biomaterials, which
involves large deformation and fluid-structure interaction (FSI) problems. In Eulerian
methods, thanks to a spatially fixed mesh, we can compute both solid and fluid with large
deformation in a unified manner and use voxel data directly as geometry input.
The conventional Eulerian methods have two challenges to simulate the FSI problem in
biomechanics. Firstly, the conventional methods cannot avoid the numerical dissipation of
material interfaces and history-dependent variables of nonlinear solid due to the advection.
Since biomaterials are usually formulated as a visco-elastoplastic model, which has many
history-dependent variables, the conventional methods cannot compute such nonlinear
materials accurately due to numerical dissipation mentioned above. Secondly, in the
conventional methods, the computation of solid deformation tensor can be unstable near the
interface because of the velocity discontinuity between fluid and structure.
Given the aforementioned background, in this work, we propose a novel Eulerian FSI method,
in which a set of marker particles represent the solid region and carry history-dependent
variables to avoid the numerical dissipation and the reference map technique (RMT) [3] is
employed to compute solid deformation tensor stably even for the discontinuous velocity field.
Basic equations are spatially discretized with a cell-centered finite volume method, which is
suitable for data exchange in massively parallel computing [2]. In the presentation, several
numerical examples are demonstrated to verify the validity and effectiveness of the proposed
method.
REFERENCES
[1] Nishiguchi K, et al. Multimaterial Eulerian finite element formulation for pressure-

sensitive adhesives. INT J NUMER METH ENG. 2018; 114:1368-1388.
[2] Nishiguchi K, et al. M. Full Eulerian deformable solid-fluid interaction scheme based on
building-cube method for large-scale parallel computing. INT J NUMER METH ENG.
2019; 117:221-248.
[3] Kamrin K. et al. Reference map technique for finite-strain elasticity and fluid–solid
interaction. J Mech Phys Solids. 2012; 60(11), 1952-1969.
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ABSTRACT
This mini-symposium focuses on computational models for the mechanobiology and
biomechanics of cells, vesicles and biomembranes, and their structural constituents such as
lipid bilayers, protein filaments, cytoplasm, cytoskeleton, organelles and nuclei. Due to the
diversity of these components and due to the different length and time scales involved, a wide
range of computational approaches can be considered. Examples are continuum models - like
finite element and meshfree methods - structural models - like shell or beam models - and
molecular models - like coarse-grained or all-atom molecular dynamics. This session aims at
bringing together researchers working on these topics and offering them a forum for
discussion.
Possible topics to be discussed in this symposium are:
¥ deformation of cells (as well as vesicles, biomembranes and their constituents)
¥ contact and adhesion of cells
¥ tethering and budding of cells
¥ interaction of cells
¥ cell motility
¥ diffusion into cells and across membranes
¥ protein binding to membranes
¥ virus penetration into cells
¥ cell division/rupture
¥ mechanosensing and mechanotransduction of cells
¥ multiscale modeling of cells
¥ cellular signalling pathways
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Capsules are composed of a liquid core protected by a thin deformable membrane. They offer highpotential applications in many fields of industry such as bioengineering. But one limitation is the lack of
control of rupture when they are in flow, phenomenon which may be triggered or prevented depending
on the application. While there is an extended literature on the study of the dynamics of capsules in flow,
no numerical study investigated their rupture. The objective is to propose the first numerical modeling
of a capsule under Stokes flow conditions using a fluid-structure interaction (FSI) model accounting for
potential damage of the capsule membrane, the goal being to assess when rupture is initiated. We apply
the framework of continuum damage mechanics [1] and model the membrane with an isotropic brittle
damage model [2], in which the damage state of the membrane depends on the history of loading. The
FSI problem is solved with the method proposed by Walter et al. [3] that couples the finite element
method, to solve for the membrane deformation, with the boundary integral method, to solve for the
inner and outer fluid flows. The model is applied to an initially spherical capsule subjected to a simple
shear flow. It is found that damage initiates at a critical value of the capillary number, ratio of the fluid
viscous forces to the membrane elastic forces, and that rupture initiates at a higher value of the capillary
number, when it reaches a threshold value. The material parameters introduced in the damage model
do not influence the mode of damage but only the values of the critical and threshold capillary numbers.
When the capillary number is larger than the critical value, damage develops in the two symmetric central
regions containing the vorticity axis. It is indeed in these regions that the internal tensions are the highest
on the membrane.
REFERENCES
[1] Lemaitre, J. and Desmorat, R. Engineering Damage Mechanics. Springer, (2005).
[2] Marigo, J.J. Formulation d’une loi d’endommagement d’un matériau élastique. C. R. Acad. Sci.
Paris (1981) 292:1309–1312.
[3] Walter, J. and Salsac, A.-V. and Barthès-Biesel, D. and Le Tallec, P. Coupling of finite element
and boundary integral methods for a capsule in a Stokes flow. Int. J. Numer. Meth. Engng. (2010)
83:829–850.
† This project has received funding from the European Research Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (Grant agreement No. ERC-2017-COG - MultiphysMicroCaps).
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We present a new computational continuum framework for describing fluidic membranes, such
as lipid bilayers. The framework is based on an arbitrary Lagrangian-Eulerian surface
description formulated in curvilinear coordinates [1], which is suitable to capture the general
shape and flow dynamics of fluidic membranes. Therefore, a curvilinear ALE surface
coordinate is introduced that generally differs from the Lagrangian and Eulerian surface
coordinates. The ALE coordinate introduces a frame motion, whose out-of-plane component is
constrained to follow the material motion, while its in-plane components can be chosen freely.
The new formulation is implemented within an isogeometric finite element formulation based
on nonlinear Kirchhoff-Love kinematics [2,3]. Constraints are employed to enforce the C1continuity between multiple patches that are used to discretize closed surfaces, such as spheres.
Apart from the mechanics, the proposed formulation can also be used to describe surface
diffusion, phase transitions, surface fracture, surface bonding and surface swelling [4,5]. The
proposed formulation is illustrated by several numerical examples.
REFERENCES
[1] A. Sahu, Y.A.D. Omar, R.A. Sauer and K.K. Mandadapu, Arbitrary Lagrangian-Eulerian
[2]
[3]
[4]
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shell formulation and a corresponding continuity constraint for patch boundaries,
Comput. Methods Appl. Mech. Engrg., 316:43-83, 2017
R.A. Sauer, T.X. Duong, K.K. Mandadapu and D.J. Steigmann, A stabilized finite
element formulation for liquid shells and its application to lipid bilayers, J. Comput.
Phys., 330:436-466, 2017, arXiv:1601.03907
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One of the architectures actin cytoskeleton exhibits is nematic [1], consisting of aligned actin filaments of
mixed-polarity associated with myosin-II and other actin-bundling proteins. These nematic actin bundles
conform to a variety of contractile structures [1], including the cytokinetic ring [3], supra-cellular rings
during wound healing [4] or stress fibers [2]. Although recent literature [2] reports the self-assembly of
nematic actin bundles with a regular wavelength, yet the mechanism of their morphogenesis is still poorly
understood. In this study, we use an active gel model to explain an out-of-equilibrium self-assembly of
such regularly spaced actin bundles. Our linear stability analysis predicts an unstable regime that gives
rise to such patterns. Furthermore, using simulations we investigate a long time scales behavior of the
actin bundles in the non-linear regime. We demonstrate that the non-linear regime is characterized by a
dynamic interplay of the self-organized bundles.
REFERENCES
[1] C. Schwayer, M. Sikora, J. Slováková, R. Kardos and C. P. Heisenberg, Actin rings of power.
Developmental cell, 37(6), 493-506, 2016.
[2] S. Tojkander, G. Gateva and P. Lappalainen, Actin stress fibers–assembly, dynamics and biological
roles. Journal of cell science, 125(8), pp.1855-1864, 2012.
[3] A. C. Reymann, F. Staniscia, A. Erzberger, G. Salbreux and S. W. Grill, Cortical flow aligns actin
filaments to form a furrow. Elife, 5, e17807,2016.
[4] P. Martin and J. Lewis, Actin cables and epidermal movement in embryonic wound healing. Nature,
360(6400), 179-183, 1992.
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Adhesive forces are very important in micro-mechanical and biological systems; the contact
response of micro and nano-scale bodies is dominated by van der Waals attraction and Born’s
repulsion forces. Classical analytical models like JKR and DMT, while useful, are limited to
the small deformation regime. For finite deformation, several interaction-based FE models
have been developed in the recent past, including Coarse-Grained-Contact-Model (CGCM)
[1] and surface-based models [2, 3].
However these models, while useful, either necessitate modifications to the underlying
continuum, or approximate the interaction. Moreover, it is of interest to study the entirety of
the adhesive response, namely approach / jump-to contact / contact growth on loading /
detachment. In the current study, a robust volume to volume interaction-based continuum FE
model is presented for simulating large deformation adhesive contacts of nanoscale, and
potentially microscale, bodies. An ultra-fine, graded mesh generator is developed, and a treebased scheme used to increase the efficiency of interaction calculations. Importantly, we can
track intrinsic instabilities associated with the quasi-static response of adhesive contacts,
namely snap-back and snap-through, using a specially designed path-following solver: It is
notable that conventional Newton-Raphson solvers are inadequate for this purpose.
Strains, load-approach curves, stresses, and contact tractions are presented for a representative
planar adhesion problem using a range of Tabor parameters. Notably, physically accurate
interaction parameters (i.e. Lennard Jones' epsilon - sigma and corresponding surface energy)
are used in the present work. The framework is currently being validated, subsequent to
which it is expected to help explore large deformation adhesive contacts in a variety of micromechanical and biological systems.
REFERENCES
[1] R.A. Sauer, An atomic interaction based continuum model for computational
multiscale contact mechanics, Ph. D. thesis, University of California, Berkeley, 2006.
[2] H. Fan, B. Ren and S. Li, An adhesive contact mechanics formulation based on
atomistically induced surface traction, Journal of Computational Physics, Vol. 302,
pp. 420 - 438, 2015.
[3] H. Fan and S. Li, A three-dimensional surface stress tensor formulation for simulation
of adhesive contact in finite deformation, International Journal for Numerical
Methods in Engineering, Vol. 107, pp. 252 - 270, 2016.
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Biological cell membranes are typically comprised of two layers of mobile lipid molecules that aggregate
into surface-like structures. The way these molecules aggregate is what dictates various cell functions
like signaling, trafficking, and sorting. This work is aimed at developing a computational model to study
morphological changes in lipid bilayers.
The mechanical behavior of lipid bilayer molecules can be modeled in general as a Kirchhoff-Love
shell based on in-plane viscosity and the Helfrich bending model. Since there are various kinds of lipid
molecules in the bilayer membranes, they are dynamically heterogeneous. The heterogeneity fluctuates
close to the critical phase transition temperature leading to the development of domains or clusters of
correlated lipid molecules. This phase transitions of a binary mixture is elucidated by the Cahn-Hilliard
equation [1].
Both, Kirchhoff-Love shell formulations and phase field models, result in fourth order PDEs with products of second-order derivatives in their weak forms. In standard FEM, such weak forms require global
C1-continuous discretizations. To achieve this, NURBS-based isogeometric finite elements are used [2].
As the time scale of cluster formation strongly depends on the length of phase interface and temperature,
an adaptive time-stepping algorithm based on the errors of the phase field as well as the mechanical field
is utilized. The proposed formulation is illustrated by several numerical examples [3] .
REFERENCES
[1] Sahu, A., Sauer, R. A., Mandadapu, K. K., Irreversible thermodynamics of curved lipid membranes,
Physical Review E, 96(4), p.042409, (2017).
[2] Sauer, R. A., Duong, T. X., Mandadapu, K. K., Steigmann, D. J., A stabilized finite element formulation for liquid shells and its application to lipid bilayers, Journal of Computational Physics, Vol.
330, pp. 436-466, (2017).
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This work is motivated by the abundance and manifoldness of biological fibrous species (e.g. actin, collagen, cellulose, DNA) on the nano- and microscale. These slender, deformable fibers form a variety
of large and complex assemblies such as bundles or networks to be found throughout the entire human
body, which contribute to essential biological processes and body functions. We present novel computational approaches to study the molecular interactions of fibers such as electrostatic, van der Waals or
steric repulsive forces, which play a decisive role for the behavior and functionality of fibrous biophysical
systems. On the one hand, our approaches are derived from the first principles of molecular interactions,
which are formulated as interaction potentials of atoms or unit charges [1], and on the other hand, they are
inspired by (geometrically exact) beam theory, exploiting the dimensionally reduced, slender structure of
the fibers [2]. This leads to highly efficient, versatile and accurate beam-beam interaction formulations
that are based on section-section interaction potentials (SSIP), i.e., reduced interaction laws [3].
The presented novel approaches allow us to study relevant biophysical problems on length and time
scales that are inaccessible for (all-atom) molecular dynamics simulations and that require a level of
detail which precludes homogenized continuum models. We will give an overview of the applications
that we are currently working on, including for instance the self-assembly and mechanics of collagen
fibrils. Another specific example is the selective filtering of biological hydrogels such as mucus layers
or the extracellular matrix that gives rise to the remarkable ability of our body to effectively hinder
pathogens such as viruses and bacteria from entering and migrating inside the body and at the same
time effectively transport body substances of various kinds. Experiments have shown that this filtering
is governed by (attractive) electrostatic interactions in addition to steric repulsive forces, however, the
underlying mechanisms and its implications for the many different types of hydrogels and diffusing
objects are yet poorly understood. In the short term, our work thus aims to foster the understanding of
this problem by means of computational experiments whereas in the long term this could contribute to
the patient-specific design of drug delivery or prediction of infection risk based on suitable simulation
tools.
REFERENCES
[1] Israelachvili, J. N. Intermolecular and surface forces, 3rd edition (2011), Academic press.
[2] Meier C., Grill M. J., Wall W. A., Popp A. Geometrically exact beam elements and smooth contact
schemes for the modeling of fiber-based materials and structures. Int. J. Sol. Struct. 154 (2018)
124–146.
[3] Grill M. J., Wall W. A., Meier C. A computational model for molecular interactions between curved
slender fibers undergoing large 3D deformations with a focus on electrostatic, van der Waals and repulsive steric forces. Int. J. Num. Meth. Engng. (2019), https://doi.org/10.1002/nme.6309, accepted.
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Cell-cell adhesions are remarkably versatile and tunable interfaces. They need to be strong
enough to maintain barrier integrity and cohesion in epithelia under stretch, but also need to
disengage and reform during morphogenesis. To accomplish this, they rely on weak, mobile
and force-sensitives molecular bonds, which enable remodeling yet, collectively, can become
strong. The lateral mobility of molecular bonds in cellular adhesive interfaces is a fundamental
difference as compared to fracture in conventional solid interfaces. However, the physical rules
by which such interfaces adapt to the changing requirements imposed by biological function
remain poorly understood. Beyond biology, adhesion by low-affinity molecular bonds in
artificial systems have the potential to achieve the degree of versatility of biological adhesion.
In important physiological situations, cell-cell junctions are disengaged as a result of hydraulic
pressure in the interstitial fluid, which pulls apart neighboring cell membranes. For instance,
increased pressure in the extra-cellular medium, caused by poroelasticity or by active ionic
transport, can lead to hydraulic fracture of cell-cell and cell-matrix adhesions. Hydraulic
disengagement of cell-cell junctions is also required during the opening of fluid-filled luminal
cavities in mammal embryos. Despite this seeming generality, the physical mechanisms that
control the hydraulic fracture of adhesive interfaces bridged by molecular bonds have not been
examined. Here, we develp a theoretical and computational framework to model the fully nonlinear mechano-chemistry of hydraulic fracture of membrane adhesive interfaces bridged by
mobile adhesion molecules. This involves the mechanics of the membrane, the reaction and
diffusion of adhesion molecules, and the hydraulics and osmolite transport in the interface. We
will discuss similarities and differences with conventional interfacial fracture and will use the
framework to understand quantitative experiments.
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A fascinating example of cell mechanics is the deformation of cells in blood flow. Here, we elucidate
two examples where the cell-flow interaction is particularly relevant. The common link between both
scenarios is that cell behavior is determined by the cell membrane which is passively elastic in the first
and biologically active in the second case.
In the first case, we investigate red blood cells flowing through capillaries which assume a wide variety
of different shapes owing to their high deformability. We use both experimental in-vitro measurements
by our cooperation partners as well as 3D Bounday-Integral simulations. Numerically, we have easy
control over the initial configuration and natural access to the full 3D shape. With this information we
obtain the shape phase diagram as a function of initial position, starting shape and cell velocity in good
agreement with experiments. Two different major shapes are found, namely croissants and slippers.
Notably, both shapes show coexistence at low (< 1 mm/s) and high velocities (> 3 mm/s) while inbetween only croissants are stable. This pronounced bistability indicates that RBC shapes are not only
determined by system parameters such as flow velocity or channel size, but also strongly depend on the
initial conditions [1].
In the second case [2], we study blood platelets which are formed by fragmentation of long membrane
protrusions (proplatelets) from bone marrow megakaryocytes in the blood flow. Using fully 3D LatticeBoltzmann-Immersed Boundary simulations we propose a biological Rayleigh-Plateau instability as the
biophysical mechanism behind this fragmentation process. This elasto-hydrodynamic mechanism explains the strong acceleration of platelet formation in external flows, which we observe in agreement
with experiments. Our simulations then allow us to disentangle the influence of specific flow components: while a homogeneous flow leads to the strongest acceleration, shear flows can cause fusion events
of two developing platelets leading to the release of larger structures which are observable as preplatelets
in experiments. Together, our findings strongly point to a purely physical, rather than biochemical, regulation of platelet size and flow-accelerated platelet biogenesis.
REFERENCES
[1] Guckenberger A., Kihm, A., John T., Wagner, C. and Gekle, S. Numerical-experimental observation
of shape bistability of red blood cells flowing in a microchannel. Soft Matter 14: 2032, 2018.
[2] Bächer, C., Bender, M. and Gekle, S. Flow-accelerated platelet biogenesis is due to an elastohydrodynamic instability. To be submitted
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The dynamics of an adhesive two-dimensional vesicle doublet under various flow conditions is investigated numerically using a high-order, adaptive-in-time boundary integral method. In a quiescent flow,
two nearby vesicles move slowly toward each other under the adhesive potential, pushing out fluid between them to form a vesicle doublet at equilibrium. A lubrication analysis on such draining of a thin
film gives the dependencies of draining time on adhesion strength and separation distance, which are in
good agreement with numerical results. In a planar extensional flow, we find that a stable vesicle doublet
forms only when two vesicles collide head-on around the stagnation point. In a microfluid trap where
the stagnation of an extensional flow is dynamically placed in the middle of a vesicle doublet through
an active control loop, novel dynamics of a vesicle doublet are observed. Numerical simulations show
that there exists a critical extensional flow rate above which adhesive interaction is overcome by the diverging stream, thus providing a simple method to measure the adhesion strength between two vesicle
membranes. In a planar shear flow, numerical simulations reveal that a vesicle doublet may form provided that the adhesion strength is sufficiently large at a given vesicle reduced area. Once a doublet is
formed, its oscillatory dynamics is found to depend on the adhesion strength and their reduced area. Furthermore the effective shear viscosity of a dilute suspension of vesicle doublets is found to be a function
of the reduced area. Results from these numerical studies and analysis shed light on the hydrodynamic
and rheological consequences of adhesive interactions between vesicles in a viscous fluid. In this talk
I will present recent results from modeling vesicle hydrodynamics using continuum modeling [1] and
coarse-grained modeling [2].
REFERENCES
[1] Quaife, B., Veerapaneni, S. and Young, Y.-N., Hydrodynamics of vesicles with adhesion and permeability. Phys. Rev. Fluids (2019) 4: 103601.
[2] Fu, S.-P., Ryham, R. J., Kloeckner, A., Wala, M., Jiang, S. and Young, Y.-N., Simulation of multiscale hydrophobic lipid dynamics via efficient integral equation methods. SIAM J. Multiscale
Modeling and Simulation (2019) accepted, in press.

1387

Improved
Chiara
Venturini
Clutch Model
and Pablo
for Cell
SaezAdhesion Mechanics
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11 – 15 January 2021, Paris, France

IMPROVED CLUTCH MODEL FOR CELL ADHESION MECHANICS
*Chiara Venturini¹, Pablo Saez¹
1

Laboratori de Calcul Numeric (LaCaN), Universitat Politècnica de Catalunya, Barcelona, Spain
chiara.venturini@upc.edu, pablo.saez@upc.edu

Key Words: Cell adhesion, clutch model, integrin, talin
Cell adhesion is a key mechanism in fundamental biological processes such as cell migration.
The integrin-talin-actin chain links the actin cortex to the extracellular matrix (ECM), allowing
the cell to sense forces. The clutch model [1] has been widely used to explain the role of
substrate rigidity. However, a number of simplifications have limited our mechanistic
understanding of cell adhesion. For example, the distance between ECM ligands determines the
formation of focal adhesions. Larger focal adhesions have been observed on stiff substrates for
low spacing. However, the size of the focal adhesion is maximized for larger spacing on soft
substrates. Here, we extend the classical clutch model with a detailed description of the talin
rod as well as a space-dependent ligand distribution. We take into account the distance between
fibronectins, the extracellular ligands where the cell attaches to. Moreover, we compute the
displacement of the ECM due to the force applied by the cell thanks to Green’s functions. Our
computational results reproduce experimental data from mouse embryonic fibroblasts. The
accurate modeling of the adhesion architecture also allows us to analyze the effect of the cell
traction on each individual component of the focal adhesion.
REFERENCES
[1] C. E. Chan and D. J. Odde. Traction dynamics of filopodia on compliant substrates.

Science, 322(5908):1687-1691, 2008.
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J. Yan. The mechanical response of talin. Nature Communications, 7:1-11, 2016.
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Capsules, which consist of an internal liquid droplet enclosed by a membrane, are designed to protect
fragile or volatile substances and control their liberation. Typical artificial capsules are quasi-spherical at
rest and have a relatively thin membrane. Most numerical models, that include bending effects when simulating a capsule in an external flow, have decomposed the wall strain energy into the sum of a membrane
elastic energy and a bending energy based the local curvature change (Helfrich law). Their relevance for
artificial capsules can be questioned because unrealistically high values of the bending modulus are often used [1]. Our objective is to solve the capsule-flow interactions using a shell finite element model
that accounts for membrane, bending and transverse shear effects, and analyze the influence of the wall
thickness on the capsule deformation. The wall is assumed to be made of an incompressible hyperelastic
material that follows the neo-Hookean law (shear modulus G), and is modeled as a Reissner-Mindlin shell
[2]. We study the canonical case of an initially spherical capsule (radius a, thickness αa, α < 1) placed
in an infinite Poiseuille flow (mean velocity V , characteristic length  of the order of a), the inner and
outer fluids being of viscosity µ. This case is interesting from a mechanical point of view, because (i) the
capsule reaches a steady parachute shape that exhibits drastic curvature changes (in value and sign) from
the capsule tip to its rear, and (ii) the membrane, shear and bending energies can be directly computed at
each point. We show that, for realistic bending modulus values, the energy-curvature relationship does
not comply with the phenomenological Helfrich bending law classically used in the literature.
REFERENCES
[1] Le, D.V. and Tan, Z. Large deformation of liquid capsules enclosed by thin shells immersed in the
fluid. textitJ. Comput. Phys. (2010) 229:4097–4116.
[2] Chapelle, D. and Bathe, K.J. The finite element analysis of shells - Fundamentals. Computation
Fluid and Solid Mechanics (2003).
† This project has received funding from the European Research Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (Grant agreement No. ERC-2017-COG - MultiphysMicroCaps).
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Lasers produce a photothermal effect that leads to an increase of local temperature in tissues in
order to cauterize or surgically remove certain skin pathologies by vaporization. However, the
method is associated with undesired overheating of the cells and extracellular matrix (ECM) in
regions surrounding the treated location affecting the healing process or further procedures.
A 3D hierarchical multi-scale thermo-mechanical Finite Element Model (FEM) was
implemented based on the real geometry of human skin [1] to quantify the surrounding region
affected by overheating temperatures after laser application onto human skin surface and the
amount of vaporize tissue. The human skin surface geometry was reconstructed from contour
digitization of human skin samples in histological slides. The slides were imaged with full field
and confocal microscopy with a 250 nm resolution that provided rich information in the coronal
plane. The 3D volume of millimetric size was built by assembling parallel slides spaced by 6.5
microns using an Iterative Closest Point algorithm (ICP) to connect representative elements.
Hence, the 3D volume included fewer information in the transverse plane. An iterative study of
surface intersections was performed to determine the optimal discretization of the contours in
the coronal and transverse planes. A surface element study showed a positive surface relaxation
with triangular plates versus rectangular plates to reduce the number of surface intersections.
Finally, the very thin four sub-layers of the epidermis were constructed by a level set method
using a locally regularized gradient method that was more suitable for layers less than 45 micron
thick while the two sub-layers of the dermis could be constructed using a vertical translation.
The bio-heat equation included transient heat diffusion, heat conduction in the tissue,
convection with the surrounding air, radiation, metabolic heat and the laser heat source applied
to the skin surface in order to determine regions where the temperature was higher than the
critical temperature indicating cell and ECM damage and the volume of vaporized tissue.
REFERENCES
[1] S. Bhogle, G. Mistri, S. Lacey, B. Vesper, J. Radosevich, M. Colvard and E. Budyn,

Identification of Cell Microenvironment in Porcine Skin Laser Cauterization, CMAME,
Vol. 314, pp.19-45, 2017.
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Arthroplasty is an orthopaedic surgical procedure where the articular surface of a
musculoskeletal joint is replaced by artificial implant materials in order to restore its function.
In this study, we compared the mechanical and morphological properties of the ligament neoformed tissues that replace the native hip capsule ligament around implants made of different
materials. These tissues were harvested around implants that contained mechanical elements
composed of either polymer or ceramic and were compared to native tissue removed during a
first arthroplasty [1, 2]. The patients age, sex and activity level were known. Micro-tensile
tests were performed on millimetric samples. The tissue was first assumed to be a
homogeneous transverse isotropic continuum with collagen fibers aligned to the tensile
direction. The samples were prepared to respect the fiber main direction. At the tissue scale,
the strain energy density function of the nonlinear elastic behavior was parametrized from the
experimental response. The first and second Piola-Krichhoff stresses and the normal and
Green-Lagrange strains were calculated.
The non-linear force-displacement responses were different depending on the implant
material the tissue had grown around. Immuno-histological analyses of the samples using
Hematoxylin and Eosin, Masson’s trichrome and collagen I staining revealed different
hierarchical structures of the tissues over four scales: the fiber, the fiber bundle, the fascicle
and the tissue scale. The cells formed ligaments composed of fasciles containing wavy fibers
of varying densities and aligned with the main in vivo loading direction observed by confocal
microscopy. Microscopic morphological characteristics were quantified at the fiber scale by
multiple parameters such as the amplitude and the period of the fiber motif. A patient-specific
micro-scale FEM model was then constructed based on the measured fiber motif. Three
regimes of loading were determined at the tissue scale and applied at the boundary of the
microscale model. The non-linear elastic macroscopic behaviors showed tissues grown near
ceramics were more extensible and tissues grown near polymer were less extensible than
native tissue. The microscopic stress and strain fields were also compared.
REFERENCES
[1] L. Sedel, Clinical Orthopaedics and Related research, 473:3803-3805, 2015.
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Mechanical stresses in medical devices such as artificial hearts, hemodialysis machines,
ventricular assist devices, and microfluidic devices can be significantly higher than
physiological range, leading to red blood cell (RBC) damage and hemolysis. Under these high
mechanical stresses, RBCs experiences sublytic damage, which is temporary pore formation
and hemoglobin release, or in more critical cases, complete rupture and lysis. Hemolysis can
cause serious problems like renal failure, anemia, arrhythmias, stroke, and even death. We
developed a cellular model of RBC damage through multiscale modeling and experimental
characterization. This a bottom-up cellular model, in contrast with the present continuum
approaches, is not device-dependent, thus can predict hemolysis index in any device. At the
continuum scale, computational fluid dynamics (CFD) simulations are used to get the shear
stress history of individual RBCs passing through critical path lines. Mesoscale fluid-structure
interaction simulations is performed to determine the critical threshold of pore formation and
geometrical characteristics of pores under various loading conditions. Coarse-grained
molecular dynamics (CGMD) simulations of pore formation in a membrane patch that explicitly
includes both lipid bilayer and cytoskeleton particles are used to develop the subcellular damage
model. The critical strain and dynamic process of pore formation under physiologically
strain/shear rates are quantified. Finally, the RBC damage during squeezing through microfluid
channels of width 0.5 µm to 5 µm was studied experimentally. The simulated cell damage is
compared with experimental results.
REFERENCES
[1] S. Sohrabi, Y. Liu, “Cellular Model of Shear-Induced Hemolysis”, Artificial Organs,

41(9):E80-E91, 2017

[2] M. Nikfar, M. Razizadeh, R. Paul, J. Zhang, Z. Wu, Y. Liu, “Prediction of Mechanical

Hemolysis in Medical Devices via a Lagrangian Strain-Based Multiscale Model”, Artificial
Organ, 2020
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Membrane shaping proteins play an important role in cellular biophysics including organelles
morphogenesis, vesicular transport and buffering of cell area. Some of these proteins, such as
the ones containing BAR domains, are elongated and curved and interact differently with preexisting curved membranes. The molecular organization of proteins strongly affects the resulting
dynamical reshaping of membranes and to address this problem we build a theory to connect the
microscopic orientational order of proteins with the continuum physics. In this way, we are able
to predict the density and curvature dependent isotropic to nematic phase transition, in which
low curvature templates with isotropic protein orientation progress towards highly curved lipid
tubes with nematic protein arrangement. The results allow us to characterize the dynamical
reshaping of differently curved membranes under diverse protein sorption and organization. This
study accompanied with experimental evidence highlights the interplay between membrane
mechanical stimuli and molecular BAR proteins response.
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Mechanochemical processes play a crucial role during morphogenesis, the formation of complex shapes
and tissues out of a single cell. On the cellular level, the actomyosin cortex governs shape and shape
changes [1]. This thin layer of active material underneath the cell surface exerts an active contractile tension, the strength of which being controlled by the concentration of force-generating molecules.
Advective transport of such molecules leads to a complex interplay of hydrodynamics and molecule concentration which gives rise to pattern formation and self-organized shape dynamics [2, 3]. In this talk, we
present a novel numerical model to simulate an active surface immersed in viscous fluids. We show the
resulting patterning and cell shape dynamics for different parameter configurations as well as the flow
profiles in the surrounding fluids and compare it to results from other models.
REFERENCES
[1] Salbreux, G. and Charras, G. and Paluch, E. Actin cortex mechanics and cellular morphogenesis.
Trends Cell Biol. (2012).
[2] Jülicher, F. and Grill, S. W. and Salbreux, G. Hydrodynamic theory of active matter. Rep. Prog.
Phys. (2018).
[3] Mietke, A. and Jülicher, F. and Sbalzarini, I. F. Self-organized shape dynamics of active surfaces.
Proc. Natl. Acad. Sci. (2019).
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ABSTRACT
This minisymposium aims at promoting the integration of concepts from mathematics, physics, biology,
and numerics to develop physics-based models that can be used as virtual laboratories in life science and
engineering. The symposium will create a multidisciplinary hub for: 1) assessing the status of health of
established research areas, such as computational fluid dynamics and solid mechanics, and the challenges
that arise when established approaches are applied to biological tissues; and 2) fostering the investigation of new research areas at the crossroads among materials science, engineering and medicine, such as
artificial tissues and sensors for health assessment, and the exchange of ideas on new visionary projects.
The organizers welcome contributions in all areas of modeling in biosciences and quantitative analysis in
clinical applications and experiments. Subjects of this minisymposium comprise, but are not limited to:
theoretical analysis and numerical approximation of differential systems and other models in biosciences
and biotechnology; high-performance scientific computing and software implementation; imaging techniques and data analysis with statistical methods, including AI methodologies; design, implementation
and realization of artificial tissues and sensing devices.
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COMPUTATIONAL MODELING OF PRESSURE-BASED CELL
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Cell migration is critical for many vital processes, such as embryogenesis and tissue repair, as well as
harmful processes, such as cancer cell metastasis. In experiments, cells have been shown to exhibit
different migration strategies based on the properties of their external environment [1]. In particular,
some cells migrate using round membrane protrusions called blebs while under confinement between two
surfaces, such as a gel and a glass coverslip [2]. Recent experiments demonstrate that cells do not need to
adhere to the channel walls in order to migrate under confinement [3], yet it is unclear how traction forces
are coordinated in space and time to generate motion. A dynamic 2D computational model of a blebbing
cell in a narrow channel is presented. The cell model consists of an elastic membrane, poroelastic cortex,
membrane-cortex adhesion, and cytoplasm. Evolution equations for the actin density of the cortex are
included for modeling bleb retraction. Several channel models are presented, including two rigid walls
and the combination of a rigid and elastic wall. The model is formulated using the method of regularized
Stokeslets [4]. Output from the model includes cell velocity, intracellular pressure, and traction forces on
the channel walls. The contribution of confinement pressure to total intracellular pressure is quantified,
and model simulations show adhesion to the substrate is necessary for migration when the channel is
modeled by two rigid walls.
REFERENCES
[1] Friedl, P. Prespecification and plasticity: shifting mechanisms of cell migration. Curr. Opin. Cell
Biol. (2004) 16(4): 14-23.
[2] Yip, A.K., Chiam, K.-H, and Matsudaira, P. Traction stress analysis and modeling reveal amoeboid migration in confined spaces is accompanied by expansive forces and requires the structural
integrity of the membrane-cortex interactions. Integr. Biol. (2015) 7(10): 1196-1211.
[3] Liu, Y-J., Le Berre, M., Lautenschlaeger, F., Maiuri, P., Callan-Jones, A., Heuzé, M., Takaki, T.,
Voituriez, R., and Piel, M. Confinement and Low Adhesion Induce Fast Amoeboid Migration of
Slow Mesenchymal Cells.Cell. (2015) 160(4): 659–672.
[4] Cortez, R. The Method of Regularized Stokeslets. SIAM J. Sci. Comput. (2015) 23(4): 1204-1225.
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The application of radiofrequency ablation (RFA) has been widely explored in treating
various types of cardiac arrhythmias. Computational modelling provides a safe and viable
alternative for quantifying the effects of different variables in an efficient and reliable way, in
addition to providing a priori estimates of the ablation volume attained during such
procedures. In a quest for minimizing the deviations between the numerically predicted and
experimentally obtained ablation volumes during the RFA procedures, different strategies and
modifications have been explored. In this contribution, we report a fully coupled thermoelectro-mechanical model [1] for a more accurate prediction of the treatment outcomes during
the radiofrequency cardiac ablation. A three-dimensional model comprising of cardiac tissue
and cardiac chamber has been developed in which an electrode is inserted perpendicular to the
cardiac tissue to simulate actual clinical procedures [2-3]. Temperature-dependent specific
heat, electrical and thermal conductivities, along with damage dependent blood perfusion rate
will be considered to model a more realistic scenario. The effects of intramyocardial capillary
blood flow, elastic moduli and Poisson’s ratios on the efficacy of such a fully coupled model
of RFA has been systematically investigated. Finally, a multiscale model of cardiac tissue will
be discussed in the context of quantification of the RFA effects at the cellular level with a
particular focus on microtubules [4].
REFERENCES
[1] S. Singh and R. Melnik, Coupled thermo-electro-mechanical models for thermal ablation

of biological tissues and heat relaxation time effects. Physics in Medicine & Biology, Vol.
64(24), pp. 245008, 2019.
[2] S. Yan, K. Gu, X. Wu and W. Wang, Computer simulation study on the effect of
electrode–tissue contact force on thermal lesion size in cardiac radiofrequency
ablation. International Journal of Hyperthermia, Vol. 37(1), pp. 37-48, 2020.
[3] A. Petras, M. Leoni, J.M. Guerra, J. Jansson and L. Gerardo‐Giorda, A computational
model of open‐irrigated radiofrequency catheter ablation accounting for mechanical
properties of the cardiac tissue. International Journal for Numerical Methods in
Biomedical Engineering, Vol. 35(11), pp. e3232, 2019.
[4] S. Erdine, A. Bilir, E.R. Cosman and E.R. Cosman Jr, Ultrastructural changes in axons
following exposure to pulsed radiofrequency fields. Pain Practice, Vol. 9(6), pp. 407-417,
2009.
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NUMERICAL IMPLEMENTATION AND PRELIMINARY RESULTS OF
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Approximately 1 out of every 7 UK couples has difficulty conceiving, and in about one quarter of these
cases, the cause of infertility cannot be identified. One of the main challenges in this context is the lack
of information in the processes involving the mammalian reproduction, in particular those employed
bythe female reproductive tract to actively select the sperm that will eventually fertilise the egg cell. One
important player involved in sperm selection is mucus, the complex hydrogel composed of the protein
mucin arranged in a network structure and immersed in water through which the sperm cells must swim.
We propose a mathematical framework[1, 2] that captures the discrete interactions between swimming
sperm (swimmers) and the mucin network (obstacles) within water and use these models to understand
the physical mechanisms of sperm selection in the female tract through large-scale simulation and multiscale analysis. In particular, we compare two models that describe the interactions of swimmers and
obstacles, both immersed in a fluid. The first one (Individual Based Model - IBM) exploits a individual
based description, in which the stochastic dynamics of each swimmers and each obstacle is described
by separate equations. This allows to translate modelling assumptions in a rather straightforward manner into interaction terms. The second one (Self-Organized Hydrodynamics - SOH) is a macroscopic
derivation of the previous model, which leads to a system of PDEs involving the swimmer and obstacle
densities within a Stokes fluid.
The current goal is the presentation of (i) the numerical implementation of both models using the Firedrake finite element library in Python [3] and (ii) the comparison between the two models simulation
results in a bidimensional domain.
In conclusion, while experiments have provided clear evidence that active selection is occurring, it is still
unclear exactly how the mucin network differentiates the healthy, viable sperm from the abnormal cells.
The proposed mathematical models may help understand these sperm selection underlying mechanisms
in order to better diagnose infertility.
REFERENCES
[1] P. Degond et al.. Coupled Self-Organized Hydrodinamics and Stokes models for suspensions of
active particles. Journal of Mathematical Fluid Mechanics (2019) 21(1): 6.
[2] P. Degond et al.. Modeling Swimmer-Obstacle-Fluid Interactions. In preparation.
[3] F. Rathgeber et al.. Firedraker: automating the finite element method by composing abstractions.
ACM Trans. Math. Softw. (2016). 43(3): 1–24.
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Multiscale coupling of nonlinear distributed and lumped fluid flow models are often necessary when
modeling complex biological vascular systems. This coupling introduces challenges from the modeling
and numerical points of view, such as the choice of appropriate:
(i) coupling conditions to ensure the well-posedness of the coupled problem [1];
(ii) numerical algorithm to ensure the stability of the numerical scheme [2, 3].
We propose a second-order accurate algorithm, based on operator splitting [4], for the time discretization
of coupled systems of Stokes equations and ODEs. The algorithm allows to solve separately and sequentially the Stokes problem and the ODEs without the need of sub-iterations. In each global time step, the
ODE system is solved twice, whereas the Stokes problem, implicitly coupled with a subset of the ODE
system, is solved once. This choice allows us to save computational time, solving the Stokes problem
only once, and to have more freedom in the discretization of the ODE system (possibly non-linear).
To preserve the second-order accuracy of the overall algorithm, it is necessary to discretize each substep
with (at least) second-order accurate schemes. The main features of the algorithm are tested and verified on benchmark test cases provided with analytical solutions. Our results suggest that the proposed
algorithm is unconditional stable without the need of sub-iterations between substeps.
REFERENCES
[1] Heywood, J.G., Rannacher, R. and Turek, S. Artificial boundaries and flux and pressure conditions
for the incompressible navier-stokes equations. Int. J. Numer. Methods Fluids (1996) 22:325–352.
[2] Quarteroni, A., Ragni, S., and Veneziani, A. Coupling between lumped and distributed models for
blood flow problems. Comput. Vis. Sci. (2001) 4(2):111–124.
[3] Carichino, L., Guidoboni, G. and Szopos, M. Energy-based operator splitting approach for the time
discretization of coupled systems of partial and ordinary differential equations for fluid flows: The
Stokes case. J. Comput. Phys. (2018) 364:235–256.
[4] Glowinski, R. Handbook of Numerical Analysis: Numerical methods for Fluids (Part 3), Philippe
G. Ciarlet and Jacques-Louis Lions (Eds). North-Holland, Vol. IX. (2003).
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ABSTRACT
Familial cardiomyopathy (FCM) is characterized by enlargement of the heart with increased
left ventricular (LV) wall thickness, often with asymmetrical hypertrophy of the septum that
separates the LV from the right ventricle (RV), and can lead to outflow obstruction. FCM has
been estimated to occur in one in every five hundred adults and is a principle cause of sudden
cardiac death (SCD) in athletes and young, healthy people, often from ventricular tachycardia
or arrhythmia. The treatment of symptoms of FCM by established therapies could only in part
improve the outcome, but novel therapies need to be developed to affect the disease process
and time course more fundamentally. This mini-symposium will collect papers for in silico
multiscale modeling of FCMs that would take into consideration comprehensive list of patient
specific features (genetic, biological, pharmacologic, clinical, imaging and patient specific
cellular aspects) in order to predict patient-specific condition from current through the
progression of disease [1].
REFERENCES
[1] www.silicofcm.eu
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Miljan Milosevic1,2, Bogdan Milicevic1, Vladimir Geroski1, Vladimir Simic1 and Milos
Kojic1,3,4
1

Bioengineering Research and Development Center BioIRC Kragujevac, Prvoslava Stojanovica 6,
34000 Kragujevac, Serbia, miljan.m@kg.ac.rs, dd11eeaann@gmail.com, vlada.geroski@gmail.com,
vladimir.simic.991@gmail.com
2
Belgrade Metropolitan University, Tadeusa Koscuska 63, 11000 Belgrade, Serbia.
3
Houston Methodist Research Institute, The Department of Nanomedicine, 6670 Bertner Ave., R7
117, Houston, TX 77030, USA, mkojic42@gmail.com
4
Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia

Key Words: Composite smeared finite element, Electrophysiology, Ionic transport,
Conductivity tensor, Heart model
Recently developed composite smeared finite element (CSFE) offers efficient solutions for
electrophysiology and ionic transport problems [1,2]. Using of CSFE enables transformation
of discrete transport, approximated by 1D finite elements within nervous system, into a
continuum format represented by formulation of conduction tensor.
Electric signals are traveling to the heart through the Purkinje fiber network located in thin
layer of heart wall called the subendocardium. In order to appropriately take into account this
Purkinje network in our CSFE model, additional uniform 3D layer of FE element is generated
and added to 3D heart domain. Transport characteristic of uniform 3D domain, in form of
conduction tensor, are calculated based on fractal-based [3] or manually generated Purkinje
1D mesh projected on 3D real model of human heart. Additional parameters describing this
uniform 3D domain are thickness of Purkinje network layer and volume fraction of Purkinje
fibers.
Accuracy of presented methodology and procedure with additional uniform layer is tested on
several simple 2D and 3D examples of heart tissue with Purkinje fiber’s network.
Applicability of the model is shown on real 3D heart model with prescribed electrical signals,
where parametric and real heart FE meshes used in simulations are automatically generated
using our in-house modelling software, and by varying geometrical parameters of the model.
Using this methodology we can accurately predict transport of electrical signals for the virtual
repository of the patients created by our modelling software.
REFERENCES
[1] M. Kojic, et al, Smeared multiscale finite element model for electrophysiology and ionic

transport in biological tissue, Computers in Biology and Medicine, Volume 108, pp.
288-304, 2019.
[2] M. Kojic, et. al, Smeared multiscale finite element models for mass transport and
electrophysiology coupled to muscle mechanics, Frontiers in Bioengineering and
Biotechnology, Vol 7, 2019, DOI: 10.3389/fbioe.2019.00381, ISSN: 2296-4185.
[3] F. Costabal, D.E.Hurtado, E. Kuhl, Generating Purkinje networks in the human heart,
Journal of Biomechanics 49(2016)2455–2465.
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The functional changes of cardiac muscle, often precipitated by mutations in sarcomere
proteins, are usually assessed using mouse trabeculae because of the ease in manipulating
genes to produce animal models of disease. Quantitative observations of mechanical
responses to intracellular calcium are usually reported as force-pCa relations in
demembranated cardiac muscle or transient twitch contractions in intact cardiac muscle.
However, these studies are quite distinct from the observations of human cardiac muscle
diseases and cannot be simply extrapolated. A key reason for this difference is the myosin
isoform content: mice predominantly contain -myosin and humans the slower -myosin
isoforms. Because human cardiac muscle tissue is not readily available, the translation of data
from the abundant rodent studies to humans is necessary but challenging. The MUSICO
platform [1] is well suited as a tool to translate between mice and human because it contains
details of crossbridge cycling, thin and thick filament regulation by calcium, an explicit 3D
geometry of the sarcomere and incorporates spatially randomly distributed mixture of myosin
isoforms and structural features specific for each of the species. Using MUSICO simulations,
tightly coupled with experiments, we quantitatively estimated the contributions of myosin
isoforms to contraction and relaxation of cardiac muscle in mice, rats and humans. The
crossbridge cycle parameters of each myosin isoform were assessed from the kinetic analysis
of proteins in solution [2, 3] and the calcium and tension transients obtained from twitch
contractions [4-6]. The simulations show strong correlation between active tension and ratio
of myosin isoforms populations across the species. The predicted twitch responses, matched
with the experimental observations, provide the matrix for translation of parameters between
species. The established methodology can be used in MUSICO simulations to predict human
cardiac muscle functional changes in diseases.
Acknowledgement: This project has received funding from the European Union’s Horizon
2020 research and innovation programme under grant agreement No 777204.
Conflict of interest: This article reflects only the author's view. The Commission is not
responsible for any use that may be made of the information it contains.
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We have recently developed a composite smeared finite element (CSFE) for physical fields in
biological systems, initially formulated for diffusion [1], then generalized to any gradient
driven physical field [2], further applied to ionic transport and electrophysiology and coupled
to heart mechanics [3]. The concept of the smeared fields was extended to mechanics in
general, outlined in [2].
The basic idea of this methodology consists in partitioning the volume of the CSFE into
domains according to the volumetric fraction of each constituent of a composite biological
medium, and coupling the physical fields by using 1D connectivity elements (which are
fictitious as they do not occupy the space) at each FE node. The domains in the CSFE also
include the 1D transport in tissue, as within capillaries, lymph vessels or neural fibres. Here,
the 1D transport is transformed into a continuum form by formulating transport tensors. In
each of the continuum domains of the CSFE the corresponding constitutive laws are
implemented. On the other hand, the connectivity elements represent the biological barriers,
as capillary walls or membranes of cells or organelles, with their transport properties.
In this review we summarize the basic concept of the CSFE and illustrate its applicability to
multiscale problems of biological systems, as drug delivery within liver with tumors, or
electrophysiology of the heart coupled with mechanical response of the heart wall
deformation – blood flow within the heart.
In conclusion, the introduced smeared FE modelling offers a methodology which, with the
corresponding software for generation of models from images and clinical investigations, can
be implemented to real large biological systems as heart or other organs.
REFERENCES
[1] M. Kojic et al., A composite smeared finite element for mass transport in capillary
systems and biological tissue, Comp. Meth. Appl. Mech. Engrg., Vol. 324, DOI:
doi.org/10.1016/j.cma.2017.06.019, pp. 413–437, ISSN: 0045-7825, 2017.
[2] M. Kojic, Smeared Concept as a General Methodology in Finite Element Modeling of
Physical Fields and Mechanical Problems in Composite Media, JSSCM, Vol. 12, No. 2,
DOI: 10.24874/jsscm.2018.12.02.01, pp. 1-16, ISSN: 1820-6530, 2018.
[3] M. Kojic, et al., Smeared Multiscale Finite Element Models for Mass Transport and
Electrophysiology Coupled to Muscle Mechanics, Frontiers in Bioengineering and
Biotechnology, Vol. 7, DOI: 10.3389/fbioe.2019.00381, ISSN: 2296-4185, 2019.
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The simulation of a whole heart, even over a single heartbeat of 700 ms, is a big challenge in
terms of the development of numerical algorithms that can translate the effects of specific
mutations associated with heart diseases. The MUSICO platform [1] enables detailed
translation of structural and kinetics changes of mutated sarcomeric proteins up to the level of
cardiac muscle fibre and multicellular structures such as trabeculae. However, these
simulations require huge computation time to trace all molecular interactions. Thus, direct use
of MUSICO module is not suitable for characterizing active tension and local muscle stiffness
in finite element (FE) simulations of complex muscular structures such as a whole heart. The
mass action models can be an intermediate approach capable to translate the effects of
mutations to higher length scales and such approach is tested on FE simulations of
swallowing [2]. However, for the simulations of a whole heart this approach is still
computationally intensive, thus even simpler models are needed.
One of the simplest models that can incorporate the features of cardiac muscle
mechanical behaviour, translatable from MUSICO to FE packages such as Alya or PAK, had
been developed by Rice et al. [3] based on model of Campbell et al. [4]. We implemented this
model in FE program connecting the action potentials driving local calcium transients to
tension response in whole cardiac muscle. In each FE iteration, the Rice model module
requires shortening velocity and sarcomere length as an input from FE integration points (IP),
and provides local tension and stiffness at each IP as an output. The solution of FE
equilibrium equations for instantaneous material characteristics and the prescribed boundary
conditions, defines the relationship to external constraints, e.g. heart pressure and volume, and
speed of local deformation. The FE simulations replicated the twitch contractions in
trabeculae observed by Janssen et al. [5] and showed contraction in a long FE strip with
traveling action potential wave as observed along the layer of cardiac muscle in the heart.
Using the proposed methodology, the memory and computational time required for the
multiscale simulations were significantly reduced comparing to previous approaches, making
simulation of whole heart feasible.
Acknowledgement: This project has received funding from the European Union’s Horizon
2020 research and innovation programme under grant agreement No 777204.
Conflict of interest: This article reflects only the author's view. The Commission is not
responsible for any use that may be made of the information it contains.
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It is a need to have accurate numerical models for better understanding of heart behaviour in
cardiomyopathy and other heart diseases. These computational models can include variety of
different processes such as transport, electrophysiology and muscle mechanics [1]. In this
work we focus on deformations of the heart walls, in order to get the displacements field of
the insides of the heart and velocity/pressure field within the heart. Displacements of the
heart’s epicardium (external surface) can be generated from imaging, which is then used to
compute the heart wall deformation and the blood flow field.
In our methodology we track motion of the heart along selected curves on the surface using
images. We generate finite element model, prescribe displacements at appropriate nodes of
outer surface and then use mesh-based shape deformation method called polyharmonic
deformations. This method is used to propagate prescribed deformations to the rest of the
model surface smoothly, where shape deformation problem is reduced to quadratic energy
minimization [2]. After mesh is deformed, we pass the displacements and velocities at the
selected nodes to the finite element solver which provides us complete
displacements/velocities and stress field of the wall and blood flow field within the heart.
Using this approach we can run image-based simulations relying on realistic conditions and
generate complex deformation patterns and blood flow for the patient-specific data.
The presented methodology is implemented to real 3D heart models, with using linear elastic
and recently developed orthotropic material model based on the Holzapfel experiments. This
approach has a potential to be used in modelling the heart mechanical behaviour in order to
give accurate prediction of heart beat for different heart diseases.
REFERENCES
[1] M Kojic, M Milosevic, V Simic, B Milicevic, V Geroski, S Nizzero, A Ziemys, N

Filipovic, M Ferrari, Smeared Multiscale Finite Element Models for Mass Transport and
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2019.
[2] A Jacobson, D Panozzo, C Schüller, O Diamanti, Q Zhou, N Pietroni, libigl: A Simple
C++ Geometry Processing Library, https://libigl.github.io/, 2018.

1412

Milos Kojic,
Smeared
Methodology
Vladimir Simic
in Finite
andElement
Miljan Milosevic
Modeling of Mechanical Problems in Composite Media
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

SMEARED METHODOLOGY IN FINITE ELEMENT MODELING
MECHANICAL PROBLEMS IN COMPOSITE MEDIA
Milos Kojic1,2,3, Vladimir Simic*1 and Miljan Milosevic1,
1

Bioengineering Research and Development Center BioIRC Kragujevac, Prvoslava Stojanovica 6,
34000 Kragujevac, Serbia miljan.m@kg.ac.rs, vladimir.simic.991@gmail.com
2
Houston Methodist Research Institute, The Department of Nanomedicine, 6670 Bertner Ave., R7
117, Houston, TX 77030, USA, mkojic42@gmail.com
3
Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia

Key Words: Solid Mechanics, Smeared mechanics, Composite media, Heart tissue.
Tissue space is occupied by different material substances (solid, fluid, gases) with specific
mechanical characteristics. In solving problems of mechanical deformation one constitutive
law of the medium is commonly used. By applying the basic principles and numerical
methods it is possible to obtain solutions for a given problem, however in case of composite
media, present in biological systems, it is desired to have more accurate computational
models.
The authors recently introduced a smeared modelling concept [1, 2] for physical fields in
biological media. General concept of smeared methodology is here extended to mechanics of
these composite media. We here present theoretical background, with introducing a composite
smeared finite element for mechanics- CSFEM. The CSFEM contains a supporting medium
(or the basic medium) in which are embedded other deformable constituents. Interaction
relations are introduced at the boundaries between constituents and with the supporting
medium, to couple velocities or displacements. The interaction forces, due to relative
velocities at the contact boundaries, are modelled by introducing connectivity elements at the
boundary nodes. These nodes are occupying the same spatial positions, with the
corresponding geometrical and material characteristics assigned, to relate the normal and
tangential velocities at the boundaries. Nodal parameters used in the smeared model are:
volumetric fractions, fractions of the boundary surfaces, material characteristics of each
medium, and the resistance to sliding coefficients. Also, fibrous structure imbedded within
continuum constituents, as cytoskeleton fibres within cells, are also included in the CSFEM.
In that case a consistent continuum constitutive tensor is derived. Special case of the model is
when relative velocities (or displacements) at contact boundaries are set to zero, hence the
velocities at the contact nodes are the same.
Accuracy of the model is assessed by comparison with detailed 2D models which consist of
fluid domain, solid environment and number of different cell domains. This smeared concept
offers a simple modelling of complex tissue deformation as in case of tissue with tumors, or
heart wall.
REFERENCES
[1] M. Kojic, Smeared Concept as a General Methodology in Finite Element Modeling of

Physical Fields and Mechanical Problems in Composite Media, JSSCM, Vol. 12, No. 2,
DOI: 10.24874/jsscm.2018.12.02.01, pp. 1-16, ISSN: 1820-6530, 2018.
[2] M. Kojic, et al., Smeared Multiscale Finite Element Models for Mass Transport and
Electrophysiology Coupled to Muscle Mechanics, Frontiers in Bioengineering and
Biotechnology, Vol. 7, DOI: 10.3389/fbioe.2019.00381, ISSN: 2296-4185, 2019.
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ABSTRACT
In the last decades, Biomechanics, and in particular, reliable modeling and quantification of its parameters and constitutive models with respect to experimental observations of living tissue functionality at
all scales, is a rapidly expanding field of research, whose results are critical and much awaited by a wide
range of clinical applications. Furthermore, recently mechanobiology applied to medicine has gained
a great attention and also including its relationship with ultrasonic field. It carries a multiscale process
involving computational biology, medicine, and engineering that is revolutionizing the biofrabication
processes. Mathematical models are being developed and analysed, with the aim of supporting the in
vitro production process of different tissue types (e.g. large cartilage culture). These span from understanding cell biomechanics,new methods for testing them, relationship between continuum mechanics
and the structure of tissue to medical specialities such as cardiovascular biomechanics, osteoarticular,
reproductive, osteoarticular, regenerative biomechanics or bioprinting. In particular, the capability of
models to realistically predict the various observed behavioural patterns observed in particular in soft tissue are currently under research and there is a challenging problem both from the theoretical standpoints
as well as from the experimental procedure. Potential highlights include, but are not limited to, Regenerative biomechanics, Applied, experimental or theoretical tissue mechanics continuum field theory,
Viscoelastic materials and hyperelastic materials, Inverse problems or biomechanical parameter identification problems, Scaffold Design and Characterization, Tissue regeneration and remodelling, Bioprinting, Computer-aided tissue engineering, Cellular mechanobiology, Tissue ultrasound mechanics, Interaction cell-tissue-biomaterial, Cellular/subcellular biomechanics, Probabilistic mechanics of evolutionary
properties in tissue, Implants/orthotics/prosthetics, Soft Tissue- skin/ligaments-tendons/cartilage/other
and Multiscale biomechanics.
For any further request, please contact the congress Secretariat:
WCCM-ECCOMAS2020@cimne.upc.edu
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About 50% of the world’s population will be short-sighted by 2050 [1], particularly because of
the evolution of our lifestyle, which increasingly exposes our eyes to artificial and screen lights
on a daily basis. Laser surgery then appears as a powerful tool to help tackle this public health
issue.
However, there are still gaps in the understanding of the effects of surgery on the eye so far.
Indeed, during surgical interventions, the specific organization of collagen fibres is compromised by the laser and the associated effects on the mechanical behaviour of the cornea and
vision recovery are not easily anticipated. In addition, inter- and intra-patient variability further
complicate the picture.
In order to better predict the effects of laser surgery on the cornea, a patient-specific model is
built and implemented in a homemade finite element calculation code (MoReFEM).
Patient-specific geometry of the cornea is extracted from clinical Optical Coherence Tomography images to construct the mesh. Collagen fibre images (X-rays [2] or Second Harmonic
Generation microscopy [3]) are used to extract micro-structural data, which is injected in a microsphere based mechanical model to take into account the effect of fibre orientations on the
mechanical response of the cornea. The model parameters are then identified through experimental inflation tests. Finally, the optical power is calculated to know the cornea ability to
converge light rays in the eye, and thus ensure its proper functioning.
The final objective of this work is to mimic in the finite element code changes in the cornea
due to laser surgery, both from a macroscopic (via geometry) and microscopic (via the structure
of collagen fibers) point of view. Thus, the mechanical behaviour and refractive power of the
cornea after surgery can be anticipated.
REFERENCES
[1] Holden, B.A. et al, Global Prevalence of Myopia and High Myopia and Temporal Trends
from 2000 through 2050. Ophthalmology, (2017), 124:1036–1042.
[2] Aghamohammadzadeh, H. et al, X-Ray Scattering Used to Map the Preferred Collagen
Orientation in the Human Cornea and Limbus. Structure, (2004), 12: 249–256.
[3] Benoit, A. et al, Simultaneous microstructural and mechanical characterization of human
corneas at increasing pressure. Journal of the mechanical behavior of biomedical materials, (2016), 60: 93–105.
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The emergent field of spin-acustic brings new phenomena based in the coupling of the spin and orbital
angular momentum that gives rise to the basic excitation in solids as spin waves (magnon) and elastic
waves (phonon). Special interest is focusing in spin (magnon) current generation by mechanical excitation [1], multiferroic system in which magnetoelastic interactions are relevants [2] and many other
magnetoacustic phenomena [3].
Recent studies have made use of hybrid piezoelectric-magnetic systems in order to generate large amplitude magnetization waves [4]. The aim of the present work is to obtain the governing equations of
the phonon-magnon interaction in an appropriate form for their numerical computation within the Finite
Element (FE) framework, simulation of the cited experiments. These equations are discretized in real
space by the FE method and implemented in a numerical code, whereby some preliminary results will
be shown. Our simulation provides an accurate validation of the FE model.
REFERENCES
[1] K Uchida, Hiroto Adachi, T An, H Nakayama, M Toda, B Hillebrands, S Maekawa, and E Saitoh.
Acoustic spin pumping: Direct generation of spin currents from sound waves in pt/y3fe5o12 hybrid
structures. Journal of Applied Physics, 111(5):053903, 2012.
[2] Xianfeng Liang, Cunzheng Dong, Huaihao Chen, Jiawei Wang, Yuyi Wei, Mohsen Zaeimbashi, Yifan He, Alexei Matyushov, Changxing Sun, and Nianxiang Sun. A review of thin-film magnetoelastic
materials for magnetoelectric applications. Sensors, 20(5):1532, 2020.
[3] Xufeng Zhang, Chang-Ling Zou, Liang Jiang, and Hong X Tang. Cavity magnomechanics. Science
advances, 2(3):e1501286, 2016.
[4] Blai Casals, Nahuel Statuto, Michael Foerster, Alberto Hernandez-Minguez, Rafael Cichelero, Peter
Manshausen, Ania Mandziak, Lucia Aballe, Joan Manel Hernandez, and Ferran Macia. Generation and imaging of magnetoacoustic waves over millimeter distances. Physical Review Letters,
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ABSTRACT
The behaviour of biological tissues is finely tuned by the translation of nanoscale properties
into specific microscale ultrastructure and multiphysics properties, shaping functional
macroscopic responses to external perturbations. The proper function of these multiscale
interactions, however, requires maintenance of the extracellular matrix by cells that are both
chemo- and mechano-sensitive. In particular, cells non-affinely respond to external
perturbations depending on mesoscale deformation fields that might result from intricate
interplays among organ structure, tissue composition and ultrastructure. Combining
experimental /clinical evidences with multiscale models and simulations has already pointed
out mechanisms through which these interplays influence multiphysics signal transduction and
cell behaviour [1,2,3].
Strategies to treat degenerative tissue diseases or trauma need to include the effects of
mechanical loads from the whole organ, tissue and cellular /molecular scales. While this need
is especially strong to manage musculoskeletal disorders, it also emerges to cope with other
diseases such as cancer. Computational modelling is the cornerstone of the integration of
biological and mechanical effects into comprehensive mechanobiological mechanisms for
tissue function regulation over several scales, in health and disease. Accordingly, important
research challenges, today, include:
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1) Tissue modelling, including functional anisotropy, scale effects, large deformations, and
multiphysics behaviours;
2) Coupling of biomechanical models to systems biology models, e.g. for bottom up
approaches of complex tissue regulation processes; and
3) Large-scale simulations for top-down quantification of the effects of external
perturbations on the structural scale.
This mini-symposium aims to gather presentations from worldwide specialists in the simulation
of biomechanics- and mechanobiology-related mechanisms involved in tissue homeostasis
regulation and/or in the pathophysiology of specific disorders. It will offer a unique room for
integrated discussions towards tackling the aforementioned challenges in computational
multiscale biomechanics and mechanobiology.
REFERENCES
[1] Van Rijsbergen, M., Van Rietbergen, B., Barthelemy, V., Eltes, P., Lazáry, Á., Lacroix,

D., Noailly, J., Ho Ba Tho, M.C., Wilson, W., Ito, K., 2018. Comparison of patient-specific
computational models vs. clinical follow-up, for adjacent segment disc degeneration and
bone remodelling after spinal fusion. PLoS One 13, 1–24.
[2] Ruiz Wills, C., Foata, B., González Ballester, M.A., Karppinen, J., Noailly, J., 2018.
Theoretical Explorations Generate New Hypotheses About the Role of the Cartilage
Endplate in Early Intervertebral Disk Degeneration. Front. Physiol. 9, 1–12.
[3] Ceresa, M., Olivares, A.L., Noailly, J., González Ballester, M.A., 2018. Coupled
Immunological and Biomechanical Model of Emphysema Progression. Front. Physiol. 9,
2712–2715.

1424

A CoupledKhuu,
Stephanie
Mechanobiological
Justin Fernandez
Model
andofGeoffrey
Muscle Regeneration
Handsfield in Cerebral Palsy
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

A Coupled Mechanobiological Model of Muscle Regeneration
In Cerebral Palsy
Stephanie Khuu¹, Justin W. Fernandez² and Geoffrey G. Handsfield³
Auckland Bioengineering Institute, University of Auckland, 70 Symonds Street, Auckland 1010, NZ
s.khuu@auckland.ac.nz
2
Auckland Bioengineering Institute, Dept of Engineering Science, University of Auckland, 70 Symonds Street
Auckland 1010 NZ, j.fernandez@auckland.ac.nz
3
Auckland Bioengineering Institute, University of Auckland, 70 Symonds Street Auckland 1010, NZ
g.handsfield@auckland.ac.nz
1

Key Words: Agent-based Modelling, Cerebral Palsy, Skeletal Muscle Regeneration
Skeletal muscle is an adaptable tissue with the potential to repair in response to injury. This repair process is carried out
by the cells within skeletal muscle and surrounding immune cells. Mechanical stimuli cause focal, segmental or large
scale damage to cell membranes and trigger an acute immune response [1]. Surrounding cells migrate towards the
damage site and begin the repair process that usually results in repaired tissue that is well-organised. However, in
cerebral palsy (CP), muscles have decreased muscle volume, are weaker, and deteriorate over time. Changes to the
cellular environment include increased collagen deposition in the ECM, decreased number of satellite cells, and an
increase in pro-inflammatory gene expression compared to typically developing (TD) muscle [2].
Agent-based modelling (ABM) is well-positioned to connect macroscale muscle adaptation to its cellular level causes.
In order to investigate the cellular level interactions that give rise to muscle degeneration in CP, we have created a
mechanically coupled agent-based model with a feedback loop that aims to explore cycles of muscle regeneration and
degeneration in typically developed (TD) and CP muscle over time. To guide cell behaviour in a physiological manner,
we have created a 3D finite element model of a muscle fibre bundle with active contraction using FEBio. This model
was used to determine locations of high strain following active muscle lengthening, which indicate locations of
mechanical damage, and are coupled into the ABM. The end-point ABM geometry feeds back into the FEM with the
aim of investigating chronic regeneration and degeneration in TD and CP muscles, respectively (Figure 1).

Figure 1. A) Creation of FEM geometry from histology. B) Workflow for mechanobiological coupling of a muscle fibre bundle FEM and an ABM
of muscle regeneration. Locations of high strain from the FEM were seeded as locations of cellular damage in the ABM. The ABM end-point data
was then used to create new geometry for the FEM.

ABMs coupled with mechanical input from FEMs are a powerful tool in their ability to connect tissue and organ level
behaviours to simple cellular interactions. In silico experimentation that can efficiently test experimentally driven
hypotheses allow us to investigate the impaired growth process that manifests as muscle degeneration in CP.
REFERENCES
[1] Smith, C., Kruger, M.J., Smith, R.M., Myburgh, K.H..: The Inflammatory Response to Skeletal Muscle Injury. Sport. Med.
Vol. 38, 947–969, 2008.
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Computational modeling of the heart, at all length scales, has become an important tool for
understanding of cardiac function and in the development of patient-specific treatments.
Current phenomological material models of the myocardium are based on macroscopic
behavior [1]. Recently developed meso-scale structural models [2] provide a more accurate
structural basis for model predictions and allow for investigation of tissue-to-organ behaviors.
However, there is a continued need to develop micro-anatomically realistic models to allow for
the study of fiber-specific structural remodeling in response to heart disease. In this study, we
have developed a high-fidelity finite element (FE) model of the myocardium microstructure
from highly detailed imaging data acquired via confocal microscopy [3]. The resulting 3D
geometry included myofibers, extracellular matrix (ECM), myofibroblasts, and coronary blood
vessels. Myofibers and ECM were modeled as nonlinear transversely isotropic materials. As a
first step, we simulated the right ventricle free wall (RVFW) by dividing a transmural fiber
distribution into fifteen layers, with each layer represented by the developed FE layer model.
The layer models were stacked one above another in order to represent the full thickness of the
heart wall. Each individual layer had a thickness of 40 µm and was rotationally positioned to
account for the RVFW transmurally varying fiber angle. Development of the layered model
resulted in a mesh representation of a transmural layer in which each individual myocyte and
the ECM were modeled as separate components. Simulated biaxial mechanical responses were
used to calibrate the mechanical contributions of myofibers and ECM to tissue level response
collected from published data [2]. Simulations were run on the Stampede2 supercomputer at
the Texas Advanced Computing Center (TACC) using the open-source simulation software
FEniCS. Results indicated tissue level response is governed by myofiber behavior in the lowstrain regime, when collagen fibers are still undulated. As strain increases and collagen fibers
in the ECM are recruited, the ECM becomes the major contributor to the RVFW behavior.
Mechanical interactions were also investigated, showing the underlying basis for the myocyteECM coupling previously observed [2]. These results provide insight into the mechanical
behavior of microstructure components and can provide a link between remodeling and
mechanical alterations of the cardiac microstructure and macroscale adaptation in structural
heart disease.
REFERENCES
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The murine-tibia compression model, is the gold standard for studying bone adaptation due to
mechanical loading in vivo [1]. Theories of bone adaptation suggest a link between local bone
(re)modeling responses and the engendered stresses/strains on bone surfaces [2]. Experimental
testing and/or finite element (FE) modeling have been commonly used to test such hypotheses.
However, a key limitation of these models is that the exact load transfer and consequently the
load location on the tibial plateau is largely unknown. Often in FE models, the load is applied
arbitrarily or based on visual clues from micro-computed tomography (µCT). Experimental
models often use a single strain gauge to assess loading. Consequently, many models lack
validation.
To address this challenge, an experimentally validated method for identifying the load
application region on the tibial head was developed for the mouse tibia model using a 10 N load
together with three strain gauges mounted on different surfaces at the 37% section of the tibia.
We performed FE simulations to compute the strains at the gauges locations as a function of
varying load position. Minimizing the error between ex-vivo and in-silico strains we were able
to identify the precise load location. It was found that the load was located on the lateralposterior edge of the medial condyle. It was further shown that commonly FE loading
conditions on the tibial head produce errors in the range of 31.6% - 47.9% for strains at different
gauge locations.
This work provides critical insights in how the load is applied to the tibial head. Importantly,
this work provides guidance for use of appropriate boundary conditions (BCs) for FE models
of murine-tibia. Finally, it is suggested future FE models of the murine-tibia compression model
use loading conditions experimentally validated through multiple strain gauges.
REFERENCES
[1] A. Robling and C.H. Turner, Biomechanical and biochemical regulation of bone

remodeling. Annu. Rev. Biomed. Eng., Vol. 8, pp. 455-498, 2006.
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Computational modelling of cardiac tissue relies on the accurate description of its anisotropic highly nonlinear constitutive response. Classical continuum mechanics models have been successfully employed
to realistically predict the material response of the heart. In this work, the heterogeneous structure
of myocardial tissue is addressed in more detail, focusing on the interplay of cardiac myofibers with
the extracellular matrix (ECM). Generally, the hierarchical material composition of the myocardium
comprises of muscle cells embedded in a complex fiber network of connective tissue with highly nonuniform fiber orientation, dispersion, thickness, length and relative volume fraction. It has been found
that cardiac myocytes exhibit a certain degree of motion flexibility within the constraining cytoskeleton
(cf. [1, 2]).
A micromorphic continuum model is therefore developed which associates the fibrous constituents with
additional degrees of freedom being the vector components of so-called micro-directors. The latter provide the means to account for non-affine deformations of myocytes and ECM which is not as straight
forward using classical models. Specifically, the proposed micromorphic approach considers three strain
and corresponding stress measures describing the deformation of the ECM, the muscle fibers and their
interaction, respectively. Utilising finite elements, the micromorphic cardiac tissue framework is applied
to model a patient-specific heart geometry supplied by the Cape Universities Body Imaging Centre (CUBIC) and investigate the influence of non-affine micro-kinematics on the passive and active response of
the heart.
REFERENCES
[1] Spotnitz, H.M., Spotnitz, W.D., Cottrell, T.S., Spiro, D. and Sonnenblick, E.H., Cellular basis for
volume related wall thickness changes in the rat left ventricle. Journal of molecular and cellular
cardiology (1974), 6(4):317–331.
[2] LeGrice, I.J., Takayama, Y. and Covell, J.W., Transverse shear along myocardial cleavage planes
provides a mechanism for normal systolic wall thickening. Circulation research (1995), 77(1):182–
193.

1428

Multi-Scale
Eashan
Saikia,
Modelling
Markus of
Rueggeberg
Mechanotransduction
and Falk Wittel
in Tactile Hairs of the Venus Flytrap
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Multi-scale modelling of mechanotransduction in tactile hairs of the Venus
flytrap
Eashan Saikia 1*, Markus Rüggeberg 1,2, and Falk Wittel 1
1

Institute for Building Materials, Swiss Federal Institute of Technology Zürich (ETH Zürich), Zürich,
Switzerland, esaikia@ethz.ch
2
Cellulose and Wood Materials, Swiss Federal Laboratories of Materials Science and Technology
(EMPA), Dübendorf, Switzerland, markus.rueggeberg@empa.ch

Key Words: Plant Biomechanics, Multiscale Modelling, Mechanotransduction, Turgor
Pressure, Venus flytrap
Snapping of the Venus flytrap (Dionaea muscipula) has fascinated scientists since the time of
Darwin. When an insect touches the tactile hairs of the flytrap, the hair bends, and initiates
mechanotransduction at the sensory cells of the hair, thus closing the trap. Previous studies have
approached this process from the electrophysiological [1] and biomechanical perspective [2],
but the underlying mechanism of the mechanotransduction is still unclear. In this study, we
develop an electromechanical model, to connect the chain of events beginning from the onset
of the stimuli, the generation of action potential/s and lastly, the initiation of trap closure. As
an outcome, we have quantified a parameter phase space of relevant input stimuli, namely the
angular velocity and the angular deflection of the tactile hair, which results in trap closure. [3]
In the next phase, we investigated the effect of mechanical stimuli on the tactile hair and sensory
cells by using a multi-scale Finite Element model. The geometry of the tactile hair and the
sensory cells were obtained from µ-CT scans, and the cells were modelled as fluid-filled
cavities to simulate turgor pressure. With these salient features, firstly, we demonstrate the role
of turgor pressure in the transformation of mechanical stimuli. Secondly, our model evaluates
the deformation on the sensory cell wall as a response to the bending of the hair. This is crucial
because mechanosensitive ion channels are present in these sensory cells, which open as a
response to the stimulus [4]. By quantifying localized cell wall deformation, we can detect
specific regions, where the stimuli could have a stronger influence on ion channel opening. This
way, we identify probable mechanotransduction “hot-spots” inside the sensory cells to obtain a
deeper insight into mechanosensing in Venus flytraps
REFERENCES
[1] Volkov A, Adesina T, Jovanov E. Closing of Venus flytrap by electrical stimulation of

motor cells. Plant Signaling & Behavior, 2007;2(3):139–145. doi: 10.4161/psb.2.3.4217
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2005;433(7024): 421–425. doi: 10.1038/nature03185
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Nelson B, Grossniklaus U. The mechanical basis for snapping of the Venus flytrap,
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[4] Hedrich R. Ion Channels in Plants. Physiological Reviews, 2012; 92(4): 1777–1811. doi:
10.1152/physrev.00038.2011
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ABSTRACT
Human diseases can be defined as a condition, state or process occurring in the body that not
only impairs the bodily structures and functions but also threatens the health and well-being.
A disease not only causes biological and functional alterations but also results in
abnormalities in the physical and structural characteristics of cells or physiological systems.
Currently the human health sustainability is mainly achieved through innovation and
implementation into practice of novel methods.
This symposium aims at discussing and presenting researchers works as well to create new
connections within the international community.
The main technical research directions include:
•
•
•
•
•
•
•
•
•

Real-time simulation in biomedicine and acceleration techniques
Contact mechanics and fracture mechanics of soft tissue
Data-driven model selection and parameter identification (Bayesian, artificial
intelligence and stochastic approaches)
Image registration
Uncertainty quantification: forward and inverse stochastic problems
Model order reduction for non-linear problems
Multi-scale modeling of biological tissues
In vivo experimental methods in biomechanics
Microscopy and micro-structurally faithful modeling
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•
•

Middle-ware and open source software to accelerate
Bone remodeling.

The main application areas include:
•
•
•
•
•
•
•
•
•
•

Hip biomechanics
Dental biomechanics
Spinal biomechanics
Biodegradable implants and new Magnesium-based alloys
Breast cancer and treatment
Cardiovascular device optimization
The fusion of intraoperative data for surgical guidance
Patient-specific simulation of cutting
Design of phantoms
Biomechanics of the meniscus and the knee.

With this Symposium, we focus at works on envisions next-generation biomechanics
simulation or optimization tools for a personalized clinical design that is rapidly set up for an
individual patient, in particularly we focus at the researchers works from RAINBOW ITN
(https://rainbow.ku.dk) as well as the partners from the H2020 TWINNING DRIVEN Project
(https://2020driven.uni.lu), and will include presentations from the FNR DRIVEN PRIDE
DTU Project on Data-Driven Modelling and Simulation (https://driven.uni.lu) with the goal to
disseminate research results, create new links with other projects and with the wider research
community.
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More than one third glioblastoma WHO IV are still non-operable and the operable ones are almost
hundred percent recurrent. The interplay between extra-cellular matrix and interstitial fluid flux could
reveal of fundamental understanding of the invasion patterns. Poromechanical modelling, coupled with
mechanobiology, is particularly suited to this framework for reproducing structural shaped infiltration.
The physical quantities, the initial and boundary conditions of the model are given by patient specific
multi-modal MRI sets and brain atlases. They are fully translated into the finite element framework of
FEniCS by a pipeline from Nifti format to tetrahedral meshes, thus the model inputs and outputs can be
readily measured and compared in clinic. To monitor the whole invasion process and control the model
dynamics, data sets of non-operable patients are used. Clinical measurements, multicellular spheroids
culture, ex-vivo mechanical tests and in-vivo perfusion are used to tune parameters of the model. The
simulations of the mechanobiology of the tissue are validated on patient-specific scenario.
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The numerical simulation of Growth and Remodeling (G&R) of soft tissues has attracted increasing
attention over the last few years, specially in the case of predicting the progression of mechanobiological diseases such as hypertension or aneurysm. For instance, Ascending Thoracic Aortic Aneurysm
(ATAA) is a lethal cardiovascular emergency whose computational modeling using Finite Element Methods (FEM), and, in particular case of patient-specific models, is considered challenging due to the existence of complex boundary conditions and geometries in conjunction with layer-specific G&R responses
[1].
In this paper, a homogenized Constrained Mixture Model (CMM) will be employed in order to model
a multi-layer (media and adventitia) arterial wall comprised of different constituents such as elastin,
collagen fiber families and Smooth Muscle Cells (SMCs) [2]. The mechanobiological constitutive model
is implemented as a UMAT in ABAQUS on the basis of the concept of deposition stretch [3]. In this
case, a nearly-incompressible neo-Hookean strain energy density is employed for elastin constituent
while Fung-type passive strain energy is utilized for four collagen fiber families and SMCs [1]. In this
work, active smooth muscle tension is additionally considered in order to investigate its effects on the
progression of the G&R on a patient-specific ATAA geometry. To this end, a parametric study will be
carried out to show the potential impact of SMCs active stresses on the progression of the disease.
REFERENCES
[1] Mousavi, S. J. and Farzaneh, S. and Avril, S. Patient-specific predictions of aneurysm growth and
remodeling in the ascending thoracic aorta using the homogenized constrained mixture model.
Biomech. Model. Mechanobiol. (2019) 18:1895–1913.
[2] Braeu, F. A. and Seitz, A. and Aydin, R. C. and Cyron, R. C. Homogenized constrained mixture
models for anisotropic volumetric growth and remodeling. Biomech. Model. Mechanobiol. (2017)
16:889–906.
[3] Mousavi, S. J. and Avril, S. Patient-specific stress analyses in the ascending thoracic aorta using
a finite-element implementation of the constrained mixture theory. Biomech. Model. Mechanobiol.
(2017) 16:1765–1777.
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The human body is a complex mechanic structure and the knee joint (KJ) is one of the most
complex and demanded joint due to it has to carry very high loads and his structure must to
enable triaxial movements without lose both, the stability and the control motor [1].
The Anterior Cruciate Ligament (LCA) deficiency is one of the most common injuries of the
KJ and affect about one of 3000 people around the world every year. Moreover, a LCA
deficiency commonly leads to more than one causes that produces articular surfaces damage or
osteoarthritis [3-5].
To the best of our knowledge, there is no available tool for clinic uses to quantify the KJ health
and to predict the impact of surgeries on the knee kinematics at long term. However, recently
some scientist groups started to work on it [6].
Many studies about the KJ had been carried out in both in-vivo and in-vitro and it showed a
high variability by both person and age [6-9].
The aim of this work was to take a first step towards developing a tool to quantify the KJ health
coming up with a new protocol to analyze accurately the KJ movements. This protocol is based
on three steps, first to all the motion capture, followed for the data analysis and finally the
simulation with the finite element method.
For the motion capture we specified the exactly location of the markers over the skin of the
patient lower limb and designed an experiment (MCex) to record the movements with
fotogravimetry.
This data was used on a home-made OpenSim model (OSmodel) based on the discrete element
model developed by Schmitz, Anne & Piovesan [10]. The OSmodel was specifically designed
to represent the MCex and it is capable to reach the best match between the movements and the
data available using an inverse kinematics algorithm. From this step, we extracted six time
dependent curves, from which three are the relative translations and the others three are the
relative rotations of the patient’s tibiofemoral joint. The third step was to develop a 3D Finite
Element Model of the KJ starting from the model released by the OpenKnee project [11] to run
on FEBio [12] (FBmodel). This FBmodel used as boundary conditions the six curves obtained
from the previous step. Different constitutive models for the ligaments were evaluated, included
a fibril reinforced matrix model.
Finally, with this model we analyzed the different results for each model and its sensibility
related to changes on main parameters. Moreover, for each case we determined the stress state
of the ligaments and the pressure peak on the menisci.
The obtained results were compared against available data from literature [1] and showed a
good agreement. In this case, we might validate this new protocol of knee joint health analysis.
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Furthermore, it enable to work on the study of specific mechanic properties of soft tissues for
each patient with this protocol as starting point and with the aim to obtain more reliable results.
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The field of computational biomechanics is reaching a level of maturity that starts to bring
meaningful advice to medical professionals. However, due to the large inter-patient variability,
the predictions of a generic model become too vague for real clinical applications. The solution
is the creation of patient-specific models that answer specific clinical questions for the patient
with enough reliability to help in the clinical practice, the so-called personalized medicine [1].
But the creation of such tailored models is highly time-consuming which keeps them only
practical for research purposes [2]. Therefore, the challenge is the generation of patient-specific
models within the time period of the clinical decision-making process and at mass scale.
In the present work, we validate a highly automated workflow to generate patient-specific foot
finite element models with detailed inner structure including: the bones, the ligaments, the
tendons, the cartilages, the fascia the fat pads, and the skin. The generation process consists of
a combination of three models that feed each other semiautomatically via custom codes. First,
a CAD model reconstructs the patient’s anatomy base on a CT-scan. Second, a multibody model
reconstructs the patient walking muscle activation pattern base on gait lab measurements. Third,
a finite element model combines the patient-specific anatomy and movement to generate a
digital replica of the mechanical response of the patient. Then, the biofidelity of the model is
assessed against a broad range of in-vivo measurements.
The fast and automatic creation of patient-specific models opens new avenues not only in the
field of personalized medicine but also in the fields of in-silico clinical trial, human digital twin
and surgery planning [3].
REFERENCES
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Finite element (FE) foot models are used in a variety of applications ranging from stress calculations
of anatomical components to the design of footwear and medical devices [1]. The simulation results of
this range of FE foot models are strongly influenced by their material parameters and therefore require a
reliable and accurate technique for identifying these parameters.
Fat pads, plantar aponeurosis and ankle ligaments have been studied to estimate their material parameters
[2] but the characterization of all the foot ligaments has not been explored due to experimental complexity
as the foot is a complex structure composed of around 30 bones and about 100 ligaments.
Soft tissue parameters can be identified using a number of inverse methods, but part of the stress in the
foot ligaments is due to arch subsidence induced by plantar contact with the ground, which requires the
modelling of this contact in the musculoskeletal model; furthermore, the contact between the bones must
be taken into account and the high number of foot ligaments make the system indeterminate and may
prevent the use of such technique alone.
Therefore, we present a new approach based on the capture of each bone displacement in static cases and
the estimation of ligament positions and deformations during these bone movements. The knowledge of
these ligament behaviours under static loading is used to estimate ligament stiffnesses. The parameters
thus calculated are used in a force-driven finite element simulation that calculates logical bone movements
that approximate the displacements observed on the three experimental feet tested in different static
loading configuration.
REFERENCES
[1] Shin, J., Yue, N., & Untaroiu, C. D., A Finite Element Model of the Foot and Ankle for Automotive
Impact Applications. (2012) Annals of Biomedical Engineering, 40(12), 25192531.
[2] Erdemir, A., Viveiros, M. L., Ulbrecht, J. S., & Cavanagh, P. R., An inverse finite-element model of
heel-pad indentation. (2006) Journal of Biomechanics, 39(7), 12791286.
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Keloid scars are considered to be benign tumors of the skin that can grow beyond the initial limits of
a wound. The preferential appearance of keloids in certain anatomical sites and their pattern of growth
attests to the influence of the mechanical stress as one of the driving factors [1]. Thus, a mechanical
characterization of a keloid scar is to be done in order to better understand the keloid and, ultimately, to
prevent its growth. A uniaxial tensile experiment was performed in vivo on a young caucasian female
with a keloid scar located on the upper part of her left arm. The reaction force measurements were
acquired by a force sensor in the loading cell and the surface displacement field was captured using the
Digital Image Correlation technique [2]. The scared skin was modelled as a bi-material 2D-structure.
The non-linear forward solver used artificially generated measurements with an additive white Gaussian
noise [3]. By using the simulated data, the material parameters of the both the keloid and the healthy
skin media were identified through an FEMU-based open-source framework [4, 5]. The results show
that it is possible to identify accurately at least 4 material parameters from a uniaxial test. Different
uncertainty analyses including noise levels and the number of snapshots have been performed to explore
the computational limits of model parameter identifiability. Our next steps consist of using the real
experimental data to identify the material parameters.
REFERENCES
[1] R. Ogawa, “Keloid and hypertrophic scarring may result from a mechanoreceptor or mechanosensitive nociceptor disorder,” Med. Hypotheses, vol. 71, pp. 493–500, 2008.
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[3] H. Rappel, L. A. A. Beex, and S. P. A. Bordas, “Bayesian inference to identify parameters in viscoelasticity,” Mech. Time-Depend. Mater., vol. 22, pp. 221–258, May 2018.
[4] H.-P. Chen and Y. Ni, “Finite element model updating,” in Structural Health Monitoring of Large
Civil Engineering Structures, ch. 6, pp. 123–154, John Wiley & Sons, Ltd, 2018.
[5] P. Hauseux, J. S. Hale, S. Cotin, and S. P. Bordas, “Quantifying the uncertainty in a hyperelastic soft
tissue model with stochastic parameters,” Appl. Math. Model., vol. 62, pp. 86–102, 2018.
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Catheter ablation is a procedure that is used to treat cardiovascular diseases, specially arrhythmias. A
catheter, that is inserted through a vein, is placed in the affected area of the heart, and an electric shock is
applied in order to destroy the abnormal tissue. If the temperature of the cardiac tissue exceds a certain
threshold steam pops occur, and this phenomenon can lead to serious complications. Therefore, a very
helpful aspect consists of obtaining the temperature distribution in the cardiac tissue. The number of
studies centered in the mathematical modelization of the problem is limited, and the existing ones lack
justifications of the correlations used in the formulations [1, 2, 3]. This is the reason why it is necessary
to extend the preceding studies. Taking into account the previous remarks, the main goal of this work
is to take a first step towards analising the problem, considering a simple three-dimensional model; in
particular, assuming rotational symmetry and approximating blood velocity by mean values. Moreover,
making additional simplifications, the problem can be reduced to a system of two parabolic equations
and two elliptic equations, both of them subjected to compatibility conditions. The system is solved
numerically by means of a spectral method. With respect to the results, the temperature values that
are obtained in standard conditions are coherent. Reduced differences in the voltage amplitude of the
catheter cause important variations in the temperature distribution. It is also shown that the increase of
catheter radius produces lower maximum temperatures that are located further from the catheter surface.
REFERENCES
[1] Kaouk, Z., Vahid Shahidi, A., Savard, P. and Molin, F. Modelling of Myocardial Temperature
Distribution During Radio-Frequency Ablation. Medical & Biological Engineering & Computing
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Ischemic mitral regurgitation (IMR) is a highly prevalent heart valve disorder that affects at
least 1.6 million people in the United States, with at least 300,000 new cases annually [1,2].
Treatments for IMR have high rates of failure, and it is believed that outcomes would be
improved with more personalized treatments that account for patient specific variations in
mitral valve (MV) geometry and infarct kinematics. In the present study, we have developed
and validated a computational modeling pipeline to predict patient-specific MV surgical
repair outcomes. Real-time 3D echocardiographic images of the MV were processed to create
geometric representations for 20 patients (10 without recurrence of MR, 10 with recurrent
MR) immediately pre- and post-annuloplasty repair. To build consistent correspondence
between the open and closed valve geometries, we applied a hyperelastic registration
technique within a finite element framework [3]. Functionally equivalent chordae were then
built using previously describing methods involving topology optimization [4]. Finite element
simulations of MV closure were then performed for both the pre- and post-surgical states, and
metrics such as in-plane strain, leaflet area, and orifice dimensions were compared between
the valves with and without recurrent IMR. Based on these simulations, we observed
statistically significant trends in the behavior of MV from patients with recurrence of IMR
and those without recurrence. Patients who would later suffer recurrence were found to have
substantially lower circumferential leaflet strain pre-repair and were significantly larger than
those without recurrence. This pattern of strain has been shown to trigger cell biosynthetic
pathways toward deleterious remodeling of MV tissue [5]. We believe our image-based
framework can be used in the clinic to help surgeons assess annuloplasty ring performance
prior to surgery. It may also be extended to optimizing other repair methods such as leaflet
clipping or augmentation, as well as in a model of the MV and left ventricle for the
development of treatments such as hydrogel injections.
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The temporomandibular joint (TMJ) is the joint that via muscle action and jaw motion allows
for necessary physiological performances such as mastication. Whereas mandible translates
and rotates [1]. Estimation of activity of muscles acting at the TMJ provides a knowledge of
activation pattern solely of a specific patient that an electromyography (EMG) examination
was carried out [2]. In this work, a Self-Organising Maps (SOMs) based method was used to
identify a hidden similarities in EMG data between different patients. Artificial Neural
Network algorithm used for this work – Supervised Kohonen Network (SKN) was proposed
and described in [3] and extended into a MATLAB toolbox by [4].
SKN algorithm was used to simulate the model, resulting in a chart called class profiles
describing the calculated averages of the Kohonen weights of each variable. It shows how
data similarity coming from different subjects is distributed. The obtained results let one to draw
a conclusion about muscle significance during specific motion. This SOM based modelling method
was intended to estimate TMJ instability and its muscle performance during jaw motions. The

study was an attempt to identify and categorise patients with similarly possible disorders in TMJ area
which can be evaluated from their muscles activation data.
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Bone remodelling is the dynamic process in which tissue regenerates or reabsorbs, continuously adapting
to the affecting living conditions. Its accurate in silico prediction is of crucial importance, making possible the development of tailor-made medical treatment protocols such as personalised prosthetic implants.
Since at a cellular level the coupled osteocyte-osteoblast activity is largely related with micro-damage
repair [1], many computational bone remodelling models (BRMs) are based on the derivation of the existent mechanical stimuli affecting the bone structure. However, the performance of this cellular activity
is influenced by biological conditions, translated at a macroscopic level in different bone architecture
outcomes and evolution trends, even with the same mechanical loading conditions. Thus, the integration
of patient-specific biological factors in BRMs may be necessary for practical applications.
Some mechanically-inspired BRMs include in their formulation biologically depending parameters, usually quantified by coarse generic estimations. We propose a methodology for adjusting patient-dependent
biological factors in a BRM. The procedure is driven by a discrepancy error minimization between the
obtained bone architecture and a reference one, this discrepancy being quantified by means of a metric
which is representative of the relevant bone structural features. The BRM used was proposed by Doblaré
and Garcı́a [2], while the mechanical stimuli is computed using the Cartesian grid Finite Element Method
due to its suitability for the generation of FE Models directly from 3D medical images [3].
Aknowledgements: The financing of the Ministry of Economy, Industry and Competitiveness (DPI
2017-89816-R), of the Generalitat Valenciana (PROMETEO/2016/007 and FEDEGENT/2018/025) is
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ABSTRACT
This topic will disseminate the latest research from new diagnostic technologies based on ultrasound,
such as ultrasonic medical imaging, ultrafast imaging or elastography, with special emphasis on
imaging elastic properties, to therapeutic ultrasound, such as high intensity focussed ultrasound or
ultrasonic stimulation of artificial tissue. The topic is also aimed at unveiling the underpinning
principles of ultrasound applications, ranging from compressional or shear wave - tissue nonlinear
interactions, cavitation, microjetting or mechanotransduction.
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Introduction:
According to the International Cancer Research Agency (IARC), each year nearly 1.3 million
men are diagnosed with prostate cancer worldwide[1]. A novel transurethral probe has been
designed and prototyped by our group to transmit and receive shear waves according to the
so-called Transurethral Shear Wave Elastography (TU-SWE) technique[2,3]. This device uses
shear waves that propagate through the tissue in an axisymmetric configuration. The
mechanical properties of clinical interest can be reconstructed by solving the inverse problem
of wave propagation. The probe consists of a rotational emitter disk and four independent
receivers based on of piezoelectric technology that register the dynamic tissue strain
generated by the shear waves that are reflected from regions of altered mechanical properties
The main objective of this work is the analysis of the performance of the emitter and receivers
components of the TU-SWE probein human prostate-like phantoms.
Methods:
The proposed methodology consists of: 1) to observe and characterize the propagation of
shear waves generated by our transluminal probe in prostate-like phantoms by using ultrafast
imaging by a Verasonics Vantage system ; 2) to observe the interaction of the wave with
regions of altered mechanical properties that simulates prostate cancer nodules; and 3) to test
the performance and sensitivity of the probe to the plausible range of mechanical properties
that are usually encounter in human prostate. Moreover, the electromechanical cross-talk
response between emitter and receivers of the probe will be analyzed.
Results and conclusions:
The propagation of shear waves in prostate-like phantoms according TU-SWE was
satisfactorily observed and reconstructed from images obtained by using Ultrafast Imaging by
a Verasonics Vantage system. The electrical signal emitted and received by the probe (TUSWE) was in good agreement with the transmitted and incident waves observed. Calibration
using a vacuum signal was applied to the received signal to reduce cross-talk between emitter
and receivers. Electromechanical cross-talk was softened by increasing the distance between
emitter and receiver. Phantoms with different mechanical properties will be tested, which
provided information on the performance and sensitivity of the probe components to the
variation of these mechanical properties.
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Picture 1: sensor with phantoms (left), 4 receivers of sensor(right)

Figure 1: signals from the 4 receivers
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Focused ultrasound is of great significance in the fields of medical ultrasound imaging,
diagnosis, and treatment, yet little is known about the quantification of the physical effects of
focused ultrasound and the analysis of the corresponding biological effects. In this paper, the
acoustic-solid-thermal coupled computational model is developed to study the interaction
between focused ultrasound and brain-like soft materials. Firstly, a hyper-viscoelastic
constitutive model is established to describe the dynamic and thermal-mechanical behaviour of
brain-like soft material. Through the multi-field coupled simulation, it is found that the focusing
accuracy of the focused ultrasound increases with the increase of the frequency, but the focusing
energy intensity will decrease. The input energy has an optimized value in a specific frequency
range. At last, the dynamic mechanical response of brain-like soft materials under focused
ultrasound excitation with different frequencies and amplitudes were studied. By analyzing the
hysteresis loop in the focus area, it can be concluded that the loss angle of dynamic modulus of
brain-like soft materials increases with the increase of load frequency and the increase of load
frequency. The decrease in load amplitude will cause the growth rate of loss energy to slow
down. The research is helpful for the improvement of focused ultrasound diagnosis, imaging
and treatment technology, and the use of dynamic mechanical property inversion of brain-like
soft materials.
REFERENCES
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model for focused ultrasound heating in flow-through tissue phantoms[J]. The Journal of
the Acoustical Society of America, 116(4): 2451-2458, 2004.
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2015.
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A preliminar study of the clinical use of Shear Wave Elatography on induction of labor is considered in
this research. The aim is to find a consistency in the measurements to understand the effectiveness of the
technology and their relationsships with the process of induction. The study of cervical elastograpghy
biomarkers has been analysed in preterm birth assessment under different perspectives [1, 3], but the
succesful of induction under a elastography support it is still a open issue to understand with not enoguh
studies carried out [2].
Shear Wave Elastography is evaluated for this preliminar work in 54 patients before induction and in three
physiological regions: Internal Os, External Os and Endocervical Channel with 3.21±0.47, 2.06±0.22,
2.22±0.154 m/s, respectively. They were measured in terms of shear wave speed in each zone. These
measurements were compared with induction variables relatives to Procces (protaglandins drugs and
Balloon), the induction reason and the type of delivery (Vaginal, Caesarean operation, Epidural).
The internal consistency of the measurements intra operator is perfomed with Bland Almant test and it
is analysed by several criteria of plausibilty. The methodology employed was based in the statitstical
analysis of the stiffness versus induction variables by ANOVA and t-test to determine significative asociations. These results are interesting to be introduced in a multivariate analysis where the succesful of the
induction could be considered through a quatification of risks associated to epidemiology, elastography
and biochemical variables.
REFERENCES
[1] Peralta, L., Molina, F. S., Melchor, J., Gomez, L. F., Masso, P., Florido, J., & Rus, G.Transient
elastography to assess the cervical ripening during pregnancy: A preliminary study. (2017) Ultr.
Med., 38, 395-402.
[2] Swiatkowska-Freund, M., & Preis, K. Elastography of the uterine cervix: implications for success
of induction of labor. (2011) Ultr. in Obst. & Gyn., 38, 52-56.
[3] O’Hara, S., Zelesco, M., & Sun, Z. Shear Wave Elastography on the Uterine Cervix: Technical
Development for the Transvaginal Approach. (2019) J. of Ultr. in Med., 38, 1049-1060.
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ABSTRACT
Advanced materials and Structures have an increasing role in engineering, in various
industrial applications [1-3]. These structures operate in severe environments, withstand
complex multi-axial loading conditions. Fracture of advanced materials is also a major
problem that may occur inside the structures consisting of different materials and at the
interfaces between the different advanced materials.
Topics of interest include but are not limited to the Computational analysis of composite
structures made from advanced materials, Failure of composite structures, Comparison of
computational and experimental methods in composite structures from advanced materials,
Computational analysis of interface problems in composite structures, Computer aided design
in composite structures, Computational study of constructions made of advanced materials.
REFERENCES
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Nowadays, lattice structures are increasingly used in multiple industrial fields, such as
aeronautics, automotive, naval or biomechanics sectors, as a result of their significant stiffnessto-mass ratio and their properties which can be optimised for a specific need by properly
designing their geometry [1], [2]. Such structures are characterized by an array of spatial
periodic unit cells with edges or faces arranged according to different architectures with a large
porosity. Additive Layer Manufacturing (ALM) technique is typically used to manufacture
them as it offers the opportunity to easily obtained intricate geometries otherwise nearly
impossible to get. Lattice structures can be embedded into bigger structures to tailor specific
mechanical properties by acting on the cell architecture type and its geometrical parameters. In
this context, lattice structures offer a great opportunity to design real-life structures with
targeted damping capabilities. The capability of simulating the true damping behaviour of such
structures will become a useful tool to reduce costs imputable to their required experimental
certification. Yet, simulating such structures is often computationally prohibitive. For this
reason, equivalent properties of the lattice unit cell should be used to simulate the mechanical
response of the structure by means of a suitable homogenization approach.
In literature, only few works have been carried out on the evaluation of the damping properties
of lattice structures [2], [3]. In [2], FE numerical simulations performed at the periodic unit cell
scale on different cell topologies under periodic boundary conditions highlighted that damping
properties depend on the cell architecture and that they could be enhanced if a compressive
prestress is present . However, the experimental assessment of such results is not trivial since
tests on single unit cells is not a viable solution. A solution can be found into inverse
characterization methods such as the recently developed MSIS (Multi-Scale Identification
Strategy) [4], [5]. The MSIS has been used to estimate the mechanical properties of the
constituents (i.e. fibres and matrix) of carbon-epoxy composite laminates by minimizing the
distance between experimental and numerical vibratory tests performed at the macro-scale. It
makes use of multi-scale modelling approach: at the meso-scale, an homogenization technique
computes the equivalent properties of the representative volume element with its constituents
explicitly modelled, while at the macro-scale, the homogeneous equivalent material of the
meso-scale structures is used to perform the analyses.
In this work, the MSIS is applied to lattice structures with the objective to characterize the
vibratory response of different lattice unit cell architectures by matching the response of the
homogenised lattice specimen FE model with the experimental one. Strain Energy
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Homogenisation Technique was used to obtain the equivalent material properties of unit cells
with a linear elastic frequency-dependent bulk material [4], [6]. As a first step, a sensitivity
analysis on the number of unit cells in the considered lattice specimen, was carried out for
different unit cell architectures in order to assess the capability of the homogenised lattice FE
model in well predicting the modal response of the explicit one (Figure 1).

Figure 1: (a) Explicit and (b) Homogenised FE models of a lattice specimen with 8x6x3 unit cells (CBCC architecture here)

Results show that the relative gap between the first five natural frequencies predicted by the
homogenised and the explicit lattice FE models depends significantly on the unit cell
architecture. Indeed, an optimal configuration of the lattice specimen, i.e. giving a defined
maximum relative gap for a low computation time, can be identified for some of the considered
unit cell architectures while for others, the number of unit cells has no significant impact on the
relative gap. These first preliminary results point out how the MSIS could be exploited to obtain
an inverse characterization of lattice cell architectures which could be used into FE numerical
tools to smartly design real-life structures with enhanced and targeted damping properties.
REFERENCES
[1] K. Refai, M. Montemurro, C. Brugger, et N. Saintier, Determination of the effective elastic
properties of titanium lattice structures. Mech. Adv. Mater. Struct., pp. 1‑14, 2019.
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[4] L. Cappelli, M. Montemurro, F. Dau, et L. Guillaumat, Multi-scale identification of the
viscoelastic behaviour of composite materials through a non-destructive test. Mech. Mater.,
Vol. 137, p. 103137, 2019.
[5] L. Cappelli, M. Montemurro, F. Dau, et L. Guillaumat, Characterisation of composite
elastic properties by means of a multi-scale two-level inverse approach. Compos. Struct.,
Vol. 204, pp. 767‑777, 2018.
[6] E. J. Barbero, Finite Element Analysis of Composite Materials. CRC Press, Taylor and
Francis Group, 2007.
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The studied numerical bird-strike simulation methodology has been implemented to support
airframe designers comply with airworthiness requirements during the preliminary aircraft
design stages. The methodology applied onto a design case, lead to a proposed design of a Fibre
Metal Laminate (FML) Leading Edge (LE) device for an aircraft wing. The main design goal
was to provide with evidence of the impact resistance of the LE, without allowing for structural
penetration of the wing main spar, subsequently protecting the wing fuel tank. This was
achieved by rib design alternation, as well as rib pitch positioning on the LE. A relatively simple
tool was developed, which correlates the rib pitch to the total LE damage, so that wing and high
lift devices designers would position the LE ribs appropriately during the aircraft preliminary
design phase.
Wing structures are the most prone aircraft components to suffer from bird collisions.
Traditionally, aircraft manufacturers meet this requirement through physical bird strike testing.
However, mainly due to the high costs of this method, more recent studies have shown the
capabilities of a hybrid simulation-experiment technique that heavily reduces certification costs
and time [1]. In this paper, simulation analysis was performed to model the bird-strike impact,
while the bird model calibration was conducted using experimental pressure data available in
literature [2]. The bird was modelled using the Smoothed Particle Hydrodynamic (SPH) method
and the Mie-Grüneisen Equation of State (EoS). The simulation analysis was carried out in
ABAQUS® Explicit. The skin material was made of FML sandwich panels at different Metal
Volume Fractions (MVFs). The bird-strike event was successfully modelled with the simulation
and tests results being in good agreement. The LE skin was penetrated, though no penetration
of the wing spar occurred. Rib design optimisation was implemented to reduce the overall
component damage.
REFERENCES
[1] Georgiadis, S., Gunnion, A. J., Thomson, R. S. and Cartwright, B. K. (2008) ‘Bird-strike
simulation for certification of the Boeing 787 composite moveable trailing edge’, Composite
Structures, 86(1–3), pp. 258–268. doi: 10.1016/j.compstruct.2008.03.025.
[2] Wilbeck, J. S. (1978) ‘Impact Behavior of Low Strength Projectiles’, Air Force Materials
Laboratory, No.AFML-TR-77-134(Wright-Patterson AFB, OH., 1.).
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The design of structural components has altered fundamentally since laminated composites
were proved excellent candidate materials in aerospace applications. The key aspects rendering
CFRPs preferable to metals, are mostly their significantly higher specific mechanical
properties, and the design flexibility through the stacking sequence selection. However, the
currently in use limit and polynomial failure criteria, are inadequate to accurately predict all
experimentally observed failure modes and damage specificities of the lamina individual
constituents, imposing difficulties in the numerical certification of airframe composites.
Virtual Testing could be more promising in substituting real experimental testing, if conducted
under advanced failure criteria which better describe the nature of failure.
In this study, the OHT test has been simulated under the LaRC05 phenomenological failure
criterion [1] with embedded strain-based progressive damage material behavior. A relatively
common composite material in aerospace structures has been selected, IM7 8552 of Hexcel,
to compare the numerical strength predictions with its corresponding experimental values.
Moreover, several methodologies of representing composite materials were performed. The
simulations carried out are based on the standard test methods by ASTM international [2],
which address the standardization of strength tests of polymer matrix composite laminates.
The method predictions have been found to well – correlate with the testing data, irrespective
the specimen stacking sequence.
REFERENCES
[1] Pinho, S., Darvizeh, R., Robinson, P., Schuecker, C. and Camanho, P. (2012) ‘Material and
structural response of polymer-matrix fibre-reinforced composites’, Journal of Composite
Materials, 46(19–20), pp. 2313–2341. doi: 10.1177/0021998312454478.
[2] ASTM International (2018) ‘ASTM D5766 / D5766M-11(2018), Standard Test Method for
Open-Hole Tensile Strength of Polymer Matrix Composite Laminates’, Annual Book of ASTM
Standards. West Conshohocken, PA, pp. 1–7. doi: 10.1520/D5766_D5766M-11R18.
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The use of a finite element model based on a representative microstructure allows a good
description of the stress distribution in heterogenous composite materials, [1]. In this work, a
representative polycrystalline microstructure of the WC-Co composite generated from a 2D
Voronoï diagram has been carried out to control the cobalt content. The thermal elastic-plastic
behavior of the two-phase composite has been conducted from the FE model based on generated
microstructures. This have been achieved by identifying and reporting in the model the
thermomechanical elastic-plastic behavior of both phases, binder Cobalt and hard tungsten
carbide (WC). A 99.5% pure Co behavior was taken from experimental data in the literature at
different temperatures between 25°C and 1000°C [2]. The behavior of WC grains determined
from the bulk material response is modelled by a modified Drucker Prager model. This
modified model considers the temperature effect and the asymmetric tension/compression
elastic-plastic behavior of WC phase. Elastic behavior is commonly used for the WC in most
investigations in the literature, [3]. Nevertheless, the results in this study show the importance
of defining the WC behavior as elastic-plastic. FE simulation trends were found to be in good
agreement with previous published results, [4]. However, deviations between FE-calculated
and experimental strain-stress curves for WC-Co with a high content of cobalt have been
noticed. This can be explained by the non-consideration of some mechanisms as the interaction
between grains and the presence of initial microvoids and effect of the grain
boundaries/interfaces properties.
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Batteries used to power electric vehicles requires a large amount of vehicle space. Therefore,
multifunctional energy storage composite structures for space efficiency have recently attracted
researchers’ attention. In the current study, we start with the low-hanging fruit: sandwich
structures containing embedded batteries. The effects of embedding A76 button batteries within
five different types of cores (honeycomb, semi-reentrant A, semi-reentrant B, reentrant A and
reentrant B) on flexural, compression and shear properties of the sandwich structures are
investigated using the finite element analysis.
The analysis results show that the stiffnesses (flexure, compression and shear) of the sandwich
structures are not affected by filling the cores with batteries but the peak loads are changed
significantly. Among the cores used in this study, the reentrant B provides the best flexural and
shear properties for both unfilled and battery-filled core configurations whereas the reentrant A
has the best compression property for the unfilled core configuration and the semi-reentrant A
shows the best compression property for the battery-filled core one. Furthermore, gluing the
batteries to the core’s wall is found to be effective in enhancing the mechanical properties
further.
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Carbon nanotube cement-based sensors have gathered many interests in the structural health
monitoring (SHM) area as they not only can perfectly solve the incompatibility of conventional
sensors but also possess an outstanding sensitivity that conventional sensors cannot compare.
Konsta-Gdoutos and Shah et al. demonstrated that the fractional change in resistivity (FCR) of
cement nanocomposites with 0.1 wt.% of well-dispersed carbon nanotubes (CNTs) could reach
10.6% in the elastic area and 160% in the total failure process under compressive loading.
However, the piezoresistive sensitivity of CNT nanocomposites decreased when the CNT
addition beyond 0.1 wt.% due to the inadequate dispersion of CNTs limited by the
ultrasonication dispersion method they used [1–2]. Therefore, the homogenous dispersion of
CNTs in high content, which can fully exploit the excellent properties of CNTs is crucial to
produce highly sensitive cement sensors. Here we developed a novel and simple method which
can uniformly disperse CNTs in high content for the fabrication of highly sensitive cement
sensors. In this method, CNTs were in-situ synthesized on the surface of fly ash by one-spot
microwave step in 30-40 s. Optical microscopy measurements showed that the high
concentration of CNTs, 2.0 wt.%, were effectively dispersed in water after the in-situ synthesis.
The average area of CNT agglomerates was 52 μm2 in the 2.0 wt.% of in-situ CNT suspension,
much lower than the 1367 μm2 that the 2.0 wt.% commercially functionalized CNTs achieved
after ultrasonication. Due to the uniform dispersion, cement mortar with 2.0 wt.% of in-situ
CNTs possessed an outstanding piezoresistive behaviour. Its gauge factor and FCR can reach
as high as 6544 and 70% under compression in elastic range. Furthermore, this achieved
piezoresistive behaviour also showed great stability and repeatability under cyclic compressive
loading. The highly sensitive and stable piezoresistivity indicates the effectiveness of the
developed dispersion method and the promising application of the in-situ CNTs in the
development of outstanding cement sensors as candidates for SHM in civil infrastructure.
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Metallic structures are an alternative in civil construction in terms of optimization of time and
efficiency, for construction process, besides being more versatile, durable, resistant and
sustainable compared to other structures. Therefore, self-supporting metal towers have become
indispensable in the expansion of large urban centers, due to the need for more slender, efficient
and durable structures to the impacts caused by both man and the environment. However, its
structures suffer daily from long sun exposure and contact with the atmosphere, which carries
chemical elements that react with the material and cause pathologies such as thermal wear and
chemical corrosion. Thus, the proposal of the paper consists of analyzing the behaviour and
thermal performance of a metal tower with different metal alloys; they are ASTM A36, ASTM
A570, and ASTM B338, thus determining density, capacity, and thermal conductivity. The
model of the self-supporting tower used have, 36 meters high (Fig 1 a), opening the base of 15
meters opening base (Fig 1b), weighing throughout 209,730 kg and with a total of 1777
connecting elements distributed throughout the structure, shown in (Fig 1 c).

a)

b)

c)

Figure 1 - Study model a) Tower structure, (b) opening of the base, c) tower connection elements.

To perform the analysis, ANSYS 19.0 software was used that calculated the performance of the
materials at two different times, with higher solar incidences in the city of Brasília (10:00 AM
and 4:00 PM), data verified by SOL-AR software 6.2. Afterward the analyses, it was verified
that the thermal performance. Lastly was obtained the greatest results, of within material ASTM
B338 obtained better results compared to materials A36 and A570, as exposed in (Fig 2 b, c).
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Figure 2 - Results in both hours analysed- (a) Density, (b) thermal capacity and (c) thermal conductivity

Thus demonstrated to be more resistant to the effects of thermal wear and chemical corrosion.
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ABSTRACT
Computational material design (CMD) is an emerging area of Computational Mechanics. The
possibility of fabrication of parts, components and devices, made of computationally designed
architected material to be manufactured via cutting edge fabrication techniques (e.g. additive
manufacturing), opens new opportunities for applications of scientific, social and industrial relevance,
and, in turn, to use classical and novel numerical tools for their design. By architected materials we
mean those with optimized and engineered topologies, arrangements and morphologies at any of the
material scales.
The MS aims at gathering researchers interested in computational design of these architected materials
including issues ranging from the computational aspects to their connection with specific applications
and the manufacture of the corresponding components. In particular
¥ Computational methods for optimal design of materials with applications to structural, acoustic,
thermal, mechanical, biomechanical, electromagnetic etc., realms.
¥ Computational material design of metamaterials and their applications to fields of science and
engineering
¥ Consideration of manufacturing techniques in computational material design
¥ Hierarchical and simultaneous design of material and components
¥ Multiscale computational material design
¥ Computational design of arrangement in composite materials
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The emergence of metamaterials in the past two decades has sparked the interest within the
scientific and industrial communities due to their capabilities of enhancing the properties of
conventional materials, or even creating new ones. In the context of acoustics, the so-called
acoustic metamaterials, with their ability to produce frequency bandgaps, can be exploited for
designing sound attenuation devices that are both lightweight and target the low-frequency
range (i.e. below 1000 Hz). While acoustic metamaterials’ properties are very appealing for
those kinds of applications on paper, in terms of design there are still two main challenges to
overcome: (a) the frequency bandgaps produced are narrowband and (b) their complex
configurations often imply resorting to manufacturing technologies that are still far from
tackling large scale production.
In this regard, computational techniques can be used to come up with acoustic metamaterial
designs that are focused on finding solutions to these problems. In particular, the three main
topics under the field of computational design of materials are considered: (1) Multiscale
modelling, which allows to characterize the macroscopic effective behaviour of metamaterialbased components accounting for the effects of a complex lower scale (i.e. the metamaterial
topology). (2) Model-order reduction techniques, which in this case are based in retaining the
relevant information of the lower scale through its dominant modes, thus greatly alleviating the
associated computational cost of the analysis [1]. (3) Topology optimization algorithms aimed
at both localizing and maximizing the frequency bandgaps for sound attenuation [2]. By
involving these aspects in the design process of acoustic metamaterials, a powerful
computational tool can be developed with great potential for trying to overcome the
aforementioned issues.
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Today’s advanced manufacturing processes are beginning to offer capabilities to fabricate
materials with prescribed architectures suitable for a diverse suite of applications. This opens
up the opportunity to design the material architecture that best fits specific applications, but
the associated designs are often developed today in an ad hoc manner. By contrast, topology optimization can be used to systematically explore the design space of these architected
materials. However, solving one single 3D topolgy optimization case with established methods
requires a significant computational effort. This in turn, makes the associated computational
cost prohibitive for design exploration purposes.
We present a transfer learning method based on a Convolutional Neural Network (CNN)
that (1) can handle high-resolution 3D design domains of various shapes and topologies; (2)
supports interactive design space explorations as the domain and boundary conditions change;
(3) requires only a small set of high-resolution examples for the improvement of learning in a
new task; (4) is multiple orders of magnitude more efficient than the established methods, with
the efficiency ratio increasing with the resolution. In our implementation, the source and target
models are CNN-based decoder-encoders with the source model trained on large amount of low
resolution (and thus relatively inexpensive) data, which is then retrained for the new task with
small amounts of high-resolution data. We illustrate one example below.
Our experiments achieved an average binary accuracy around 99% at interactive rates.
These properties, in turn, suggest that the proposed method may serve as the first practical
underlying framework for interactive 3D design exploration based on topology optimization.

Figure 1: Predicted versus ground truth 3D structure for randomized loading conditions. The
domain and boundary conditions are unseen to the source network. The target network was
trained for these conditions by using only 250 cases.
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In the last decade, additive manufacturing (AM) techniques have developed to a commercial
scale. AM offers fabrication of complex geometries for tailoring various types of properties
simultaneously. The form-freedom make it the overriding candidate for fabrication of
functional parts especially in the cutting-edge technologies. The Isotruss grid structure which
supports loads in a highly efficient manner was first introduced for aerospace applications. It
has a porous tubular geometry whose longitudinal members are parallel to the central axis while
helical members spiral around the tubular structure [1]. The one-dimensional repetition of the
Isotruss unit cell along its central axis is extensively reported as a long tubular grid structure.
The reason for such repetition is that this geometry is ideal for manufacturing by filament
winding process to make a composite structure. However, its application as the unit cell of a
porous cellular structure has not been addressed yet. Its tubular nature may make it a candidate
as the unit cell of porous bone implants thanks to its similarity to the osteon tubular nature. The
present work aims to investigate the mechanical properties of this cellular structure
implementing the finite element method (FEM). A representative elementary volume (REV)
[2] is introduced. As an orthotropic cellular structure, the FEM is applied through the
commercial ABAQUS software on the RVE in order to investigate the three principal Young’s
modulus along the longitudinal and transversal directions. The influence of the geometrical
parameters on the elastic properties is studied in details. Results reveal that the Young’s
modulus in two transverse directions are almost close, showing 12% difference. Besides, the
proposed unit cell presents the ability of tuning the elasticity along the main directions. It is
seen that increasing the angel of helical pitch, increases the longitudinal Young’s modulus while
decreases the transverse ones that suggests considerable possibility for optimal designs. As an
example, mimicking the Young’s modulus of the human cortical bone as an orthotropic material
is explored and it is seen that the presented cellular structure based on the Isotruss unit cell can
successfully fit.
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Our goal is to design an architected material that exhibits a desired nonlinear stress-strain response, e.g.,
helmet padding to minimize the acceleration of the brain when the helmet is subjected to impact forces,
and, at the same time, to limit the stress in the padding so as not to damage it.
When stiff and compliant materials are subjected to equal impact loads, they respectively experience
small strains with large stresses, and large strains with small stresses. However, for padding design,
a tailored stiff-soft-stiff material offers the best compromise between these two extremes as initially
it presents a stiff response, then behaves as a compliant material, and finally it stiffens again. One
possible way to achieve this desired nonlinear stiff-soft-stiff material is to design a composite material
comprised of an isotropic elastomer and void space. We optimize the composite micro-geometry to
best utilize the self-contact as the compression deformation increases. Since the microstructure is made
of elastomers, the deformation process is reversible, thereby making these architected materials ideal
for multiple loading scenarios. Unfortunately, most designs for a nonlinear response only consider a
single loading, i.e., compression, and neglect self-contact. But padding designs must consider numerous
multi-axial loadings and self-contact.
In a previous work, we optimized the topology of structures that exhibit both nonlinear elastic material
response and contact [1]. We have also optimized linear elastic carbon fiber reinforced composite structures additively manufactured by Direct Ink Writing (DIW) [2]. Both studies designed for maximum
stiffness subject to a mass constraint; the latter also considered manufacturing constraints. We have also
demonstrated the ability to print composite elastomeric materials [3]. Here we combine these efforts to
design and fabricate composite elastomeric materials to maximize reusable padding performance.
This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory (LLNL) under Contract DE-AC52-07NA27344.
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The work explores a specific scenario for topology optimization based on the following elements:
1. a relaxed optimization setting considering the ersatz (bi-material) approximation,
2. variational treatment of the topology optimization problem based on a nonsmooth characteristic
function as design variable,
3. consistent derivation of a cost function sensitivity, termed as the relaxed topological derivative
(RTD), whose determination is simple, general and efficient, and
4. consideration of a pseudo-time framework for the problem solution ruled by the volume constraint.
In this setting the optimization problem is analytically solved in a variational framework, leading to
nonlinear, closed-form, algebraic solutions for the characteristic function, which are then solved, at
every time-step, via a fixed-point method based on an pseudo-energy cutting algorithm. The volume
constraint is exactly fulfilled, at every iteration of the non-linear algorithm, via a bisection method,
leading to the so-called cutting&bisection algorithm. [1]
In the aforementioned context, a number of three-dimensional topology optimization benchmarks, for
structural [1] and thermal [2] problems are solved, and the obtained solutions are analyzed and compared with the ones using alternative methods, such as the level-set method using the RTD. Results, in
terms of the cost function values and the topology designs, are very similar in all methods, but the associated computational cost turns out to be much smaller in the proposed one, this being one of its main
advantages. Specific details on the method and its results can be found in [1] and [2].
In addition, an educational paper [3] provides a 200-line MATLAB code to solve two-dimensional structural problems using the proposed topology optimization technique. This paper is intended for educational purposes in order to provide students and newcomers with the theoretical basis for topology
optimization, as well as to familiarize a wider audience with this new technique.
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Programmable materials enable the realization of structures with adjustable and switchable features, for
instance, adaptive stiffness or shape morphing. Designing the underlying microstructures according to
modern wishes, the programmability can create exotic till unnatural material behavior which allows interesting applications in industry and economy. This means that components made of these materials can
significantly simplify the construction and extend the application range of certain mechanical parts. At
present, though, an automated production of materials which can be called programmable is challenging
within current manufacturing possibilities.
Optimization and simulation methods, however, are able to facilitate the work of designers and manufacturers of such advanced materials. Current, similar works consider topology optimization problems for
the identification of a feasible and suitable layout of base materials. Examples are homogenization-based
methods, like the Solid Isotropic Material Penalization (SIMP), or are using level set methods. In the
end, a process chain can be set up, beginning from the virtual design and ending up in the 3D-printed
component according to intentions of manufacturers.
In contrast to the state of the art, we aim to construct programmable materials made of unit cells, which
can be readily manufactured by 3D-printing, too. The arrangement of these unit cells exhibits unconventional mechanical behavior which allows to implement an intended behavior for the compound. In
particular, the mentioned adjustable features of such arrays are mainly recognizable for large deformations and cause highly non-linear material behavior.
In order to realize the desired implementation, we formulate a multi-scale optimization and structure
analysis problem. For its solution, we propose gradient-based optimization methods using the adjoint
approach for an efficient identification of unit cells parameters. Moreover, we consider homogenized
stress and tangent data computed by upscaling for establishing a surrogate material model and deriving necessary gradients for the optimization framework. Due to switchable states, the solution of the
structural optimization problem becomes path and history dependent, too.
Subsequently, we show that our multiscale optimization method is reliable for the identification of microscale or unit cell parameters when programming a desired macroscopic material response. In the end, we
present results from our simulations and compare them with experiments to demonstrate the programmability of our constructed materials.
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Reducing design dimension in topology optimization using an adapted
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In this work, we develop a strategy based on the concept of adaptive eigenspace basis (AEB), recently
introduced for medium imaging problems [1,2,3], for design parameterization in density-based
topology optimization problems. Conventional representations of the “pseudo-density” design variable
with nodal or element-wise values suffer from large dimension and require costly filtering operations
throughout the optimization procedure to ensure solution existence. We alternatively construct the
pseudo-density field as a linear combination of eigenfunctions, computed for an elliptic operator
defined over the hold-all domain, and solve for the associated eigenfunction coefficients. Restriction
to this finite-dimensional eigenspace drastically reduces the design dimension and imposes implicit
regularization upon the solution, removing the need for auxiliary filtering operations and element-wise
bound constraints. In keeping with existing AEB treatments, we furthermore develop a basis
adaptation scheme in which we iteratively recompute the eigenfunction basis to conform to the
evolving solution field, enabling further dimension reduction and acceleration of the optimization
process. The adapted eigenfunctions are specially constructed to approximate piecewise-constant
fields, featuring localized variation at structural-void boundaries [1], and thus are adept at representing
relevant design subspaces in low dimension.
We demonstrate the AEB method on topology optimization problems for static linear elasticity. We
propose criteria for the selection of the basis dimension and demonstrate the use of basis-function
selection as means for solution length scale control. We benchmark the performance of the AEB
method against conventional TO implementations, obtaining comparable structural solutions with
equivalent or decreased computational costs while using design dimensions multiple orders of
magnitude smaller than conventional parameterizations. The AEB strategy may be useful for topology
optimization problems for a variety of physics applications.

REFERENCES
[1] Grote, Marcus J., Marie Kray, and Uri Nahum. "Adaptive eigenspace method for inverse scattering
problems in the frequency domain." Inverse Problems 33, no. 2 (2017): 025006.

[2] De Buhan, Maya, and Marion Darbas. "Numerical resolution of an electromagnetic inverse medium

problem at fixed frequency." Computers & Mathematics with Applications 74, no. 12 (2017): 3111-3128.

[3] Grote, Marcus J., and Uri Nahum. "Adaptive eigenspace for multi-parameter inverse scattering
problems." Computers & Mathematics with Applications 77, no. 12 (2019): 3264-3280.
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It has been proved that, with reference to the linear elastic problem, the stiffness of an optimal designed
structure, subject to given loads and constraints, can be increased by inserting small substructures [1].
This justifies the widespread investigation about the possibility of employing topology optimization at a
microscale, to yield optimized microstructure materials (i.e., metamaterials).
In this presentation, we resort to inverse homogenization to design a base cell such that the corresponding
contribution at the macroscale satisfies prescribed requirements [3]. In particular, the unit cell is obtained
by resorting to a new topology optimization algorithm proposed in [2], named SIMPATY. SIMPATY belongs to the density based-methods, where the material distribution is modeled via an auxiliary scalar
field (the density) taking values between zero (void) and one (material) in the design domain. SIMPATY algorithm combines the standard SIMP (Solid Isotropic Material with Penalization) method with
anisotropic mesh adaptivity. This combination allows us to deliver reliable mechanical configurations,
whose geometries are intrinsically very smooth, and essentially ready for the manufacturing phase.
SIMPATY approach is expected to lead to the design of new microcells whose mechanical properties
will be numerically, and successively experimentally, investigated.
REFERENCES
[1] Bendsøe, M.P., Sigmund, O. Topology Optimization - Theory, Methods and Applications. SpringerVerlag, Berlin (2003).
[2] Micheletti, S., Perotto, S., Soli, L. Topology optimization driven by anisotropic mesh adaptation:
Towards a free-form design. Computers & Structures, 214, 60-72 (2019).
[3] Sigmund, O. Materials with prescribed constitutive parameters: an inverse homogenization problem. Internat. J. Solids Structures, 31(17), 2313-2329 (1994).
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Multi-scale topology optimization (MTO) is exploited today in applications that require designs with
large surface-to-volume ratio. Further, with the advent of additive manufacturing, MTO has gained
significant prominence. However, a major drawback of MTO is that it is computationally expensive. As
an alternate, graded MTO has been proposed where the design features at the smaller scale are graded
variations of a single microstructure. This leads to significant reduction in computational cost, while
retaining many of the benefits of MTO.
Graded MTO fundamentally rests on asymptotic homogenization and interpolation of elasticity matrices
[1]. The direct method of interpolation used today unfortunately does not guarantee positive-definiteness
of the resulting matrices. Consequently, during the graded MTO algorithm the strain energy may become
negative and non-physical.
In this work, we propose a simple but effective spectral decomposition-based approach which guarantees
positive-definite elasticity matrices. The proposed method relies on a spectral (eigen) decomposition
[2] of instances of the elasticity matrices, followed by regression of eigenvalues and interpolation of
eigenvector orientations. The resulting elasticity matrix can then be used for stable optimization. The
direct and spectral decomposition methods are compared, on various microstructures, for robustness,
accuracy and speed, through several numerical experiments.
REFERENCES
[1] Wang Yingjun, Hang Xu, and Damiano Pasini. “Multiscale isogeometric topology optimization for
lattice materials.” Computer Methods in Applied Mechanics and Engineering 316 (2017): 568-585.
[2] Sutcliffe, S. “Spectral decomposition of the elasticity tensor.” Journal of Applied Mechanics 49(4)
(1992): 762-773.2.
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In the recent years, additive manufacturing has allowed to build complex geometries with
a small minimum length scale (lattice structures). This manufacturing revolution has directly
impacted on the field of topology optimization, enabling the classical homogenization techniques
to resurrect. This is the case of the recent work [1] where optimal lattice structures have been
obtained when minimizing compliance. In this work, we follow the techniques developed in [1] but
we focus on controlling the stress norm of the structure, one of the key aspects in structural design.
In this case, the main idea is to consider in the homogenization theory the stresses appeared in the
micro-structure. For that propose, the macroscopic stresses must be corrected via the amplificator
tensors. Thus, we extend the results obtained in [2] (rank-q laminates) for the case of lattice
structures.
As in work [1], the micro-structure is described by two geometrical parameters and the orientation of the cell. However, in this case, we propose a smooth geometry of the micro-structure
to reduce stress concentration. The optimization process is divided in three steps. Step 1. For
a wide number of parameters, we compute and save the homogenized material properties of the
micro-structure (amplificators, homogenized constitutive tensor and fraction volume). We call this
pre-computed data, once it is linearly interpolated, computational Vademecum. Step 2. We consider the stress norm and the volume as cost function and constraint of the optimization problem
and we use a standard projected gradient for updating the micro-structural parameters. For the
orientation of the cell, we propose to align it with the principal stress direction following the results
obtained in [1] for the case of the compliance. This choice comes from an accurate analysis of the
amplificators components. Step 3. Finally, we proceed with the des-homogenization process [1].
Basically, it consists in the description of the geometry via a level-set function which depends on
the coordinates and the microscopic parameters. The first depends on the microscopic coordinate y = x/ε while the second on the macroscopic coordinate x.Subtle geometrical techniques are
considered for avoiding singularities in the orientation field.
The work ends showing several numerical results. First, the values of the amplificators for the
proposed smooth microscopic geometry will be compared with a non-smooth one. Finally, the
optimization process for both cases and the optimal des-homogenized structures will be shown.

References
[1]

Grégoire Allaire, Perle Geoffroy-Donders, and Olivier Pantz. “Topology optimization of modulated and oriented periodic microstructures by the homogenization method”. In: (Aug. 2018).
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When performing optimization by the homogenization theory, one obtains a design with an
underlying microstructure.
Studying the inner structure of the designed body, in the neighbourhood of each point, is like
looking through a magnifying glass and observing the porosities or the micro-inclusions. From
the manufacturing point of view it is of great interest to have information about the underlying
microstructure in each point of the macrostructure. However, the smooth transition in the
microstructure between two distinct points of the body is still a problem to be solved; this
smoothness is of major importance for manufacturing technologies. This is why it would be a
great improvement to replace patches of homogenized material by samples with not so small
geometric details, at an intermediate scale of length which we shall call the mesoscale. At this
mesoscale, the goal is to mimic the properties of the homogenized elastic tensor CH by replacing
it with a manufacturable design.
The ambitious task is to perform shape optimization in each of these samples in a fashion
appropriate for parallel computation.
Results obtained previously in [1] will be shown along with new results, open questions and
challenges for future work.
REFERENCES
[1] C. Barbarosie and A.M.Toader, Optimization of bodies with locally periodic

microstructure by varying the periodicity pattern. Networks and Heterogeneous Media,
Vol. 9, pp. 433−451, 2014.

1485

Topology
Kai
A. James,
Optimization
Patrick L. Kelley
for Synthesis
and Kenneth
of Planar
Swartz
Multi-Body Mechanisms
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Topology Optimization for Synthesis of Planar Multi-Body Mechanisms
Kai A. James¹, Patrick L. Kelly², Kenneth Swartz3
1

University of Illinois at Urbana-Champaign, Urbana, IL, kaijames@illinois.edu,

https://publish.illinois.edu/designlab/
University of Illinois at Urbana-Champaign, Urbana, IL, pkelley3@illinois.edu
3
University of Illinois at Urbana-Champaign, Urbana, IL, swartz6@illinois.edu

2

Key Words: Multi-body mechanisms, Topology Optimization, Adjoint Sensitivity Analysis,
Nonlinear Finite Element Analysis
Topology optimization has been widely used to generate optimal designs for structures and
mechanisms. Traditionally the mechanism design problem has focused on compliant
mechanisms that rely on elastic deformation to achieve motion. In this study we present a novel
topology optimization framework for synthesis of multibody mechanisms, containing multiple
interconnected components that undergo rigid body motion with respect to one another. The
algorithm uses an element-based SIMP-style framework for optimizing the component
topology, while simultaneously optimizing the location of a series of inter-component hinge
connections. The hinge locations are parameterized via a Gaussian interpolation function,
which enables users to continuously map locations in the xy-plane onto discrete locations
corresponding to the nodes of the finite element mesh [1]. We implement a geometrically
nonlinear finite element method for modelling the large displacement response of the multibody system [2]. Additionally, we use the adjoint method to rapidly and accurately compute
the design sensitivities. We demonstrate the effectiveness of the design framework through a
series of planar example problems, including the design of a multi-body gripper mechanism, as
well as the design of a wheelbarrow. In the latter example, we demonstrate how the Gaussian
interpolation function can be modified to model contact between solid bodies.
REFERENCES
[1] K. Swartz and K.A. James, “Gaussian Layer Connectivity Parameterization: A New

Approach to Topology Optimization of Multi-Body Mechanisms”, Computer-Aided
Design. Vol. 115, pp. 42-51, 2019.
[2] Belytschko, T., Liu, W.K., Moran, B. and Elkhodary, K., Nonlinear Finite Elements for
Continua and Structures, 2nd Edition, John Wiley and Sons, 2014.
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We present a method for the topology optimization of lattices made of anisotropic struts. Lattices have
gathered significant attention because their open-cell configuration facilitates their fabrication. To date,
most lattice design methods have considered isotropic materials for the struts (e.g., [2, 1]). However,
using anisotropic materials can render better properties, and the physical realization of such design is
within reach of existing additive manufacturing technologies. In particular, we consider struts that are
either fiber-reinforced or hollow, which render a transversely isotropic material. The proposed method
simultaneously determines the optimal layout of the struts and the volume fraction of the reinforcement/
hole for each strut. Struts are represented as offset surfaces of a medial line segment and are parameterized by the positions of the axis endpoints. To perform the analysis on a 3D mesh of the periodic
unit cell, we employ the geometry projection method, which smoothly maps the lattice geometry onto a
density field. The material of each strut is homogenized for the analysis, and the corresponding elasticity
tensor is a single valued function of the volume fraction of the reinforcement or holes. To perform the
analyses necessary to compute the effective properties of the lattice, we employ an ersatz material that is
a function of the projected density. Unlike previous works on geometry projection, however, the spatial
orientation of material properties for each strut must be taken into consideration. To this end, we employ
an interpolation scheme recently advanced in our group to design frame structures made of anisotropic
bars [3]. Desired material symmetries can be obtained in the proposed method by selecting the corresponding symmetry planes. To enforce symmetry, struts are defined only in a reference region, and the
density at a point in any other region is obtained by reflecting the point with respect to the appropriate
symmetry planes so that its reflection lies in the reference region. Our method also enforces a no-cut
constraint that ensures struts are not partially cut by the faces of the unit cell or the symmetry planes,
which improves manufacturability and prevents the optimizer from creating thin walls on the faces that in
effect produce undesired closed-cell designs. We demonstrate the effectiveness of the proposed method
through examples of effective bulk modulus maximization and Poisson’s ratio minimization.
REFERENCES
[1] Kazemi, H., Vaziri, A. and Norato, J., Topology optimization of multi-material lattices for maximal bulk
modulus. In ASME 2019 Int Des Eng Tech Conf Comput Inf Eng Conf. ASME Digital Collection.
[2] Watts, S. and Tortorelli D.A. A geometric projection method for designing threedimensional open lattices
with inverse homogenization. Int J Numer Met Eng (2017) 112(11): 1564–1588.
[3] Smith, H. and Norato J.A. Topology optimization with discrete geometric components made of composite
materials (in review) (2020).
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ABSTRACT
This symposium aims to expand international cooperation, and promote research efforts in all
aspects of the discipline of Computational Mechanics of Soft Matter and Machines. It will
feature the frontiers of mathematical modeling, simulation measurement and applications of
soft matter and machines, including hydrogels, ionic gels, polymers, dielectric elastomers,
shape memory polymer and aerogels, and soft robots (soft machines), all of which fit very
well in this symposium. Of special interest are the mechanisms governing the structural,
mechanical, chemical, electrical, optical, thermal properties, or a combination of any of these,
especially analytical and computational studies on their intrinsic properties and potential
applications. In addition, novel environmental stimulation responses in material performance,
as well as novel processes for the synthesis of these advanced materials, are covered as well.
All accepted abstracts will be automatically invited to be extended to full papers for
publication consideration in one of the following journals:
- International Journal for Computational Materials Science and Engineering (Special Issue);
- International Journal of Applied Mechanics (normal issues, special topics)
For any further request, please contact Prof. Zishun Liu:
zishunliu@mail.xjtu.edu.cn

REFERENCES
1 Z.S. Liu, W. Toh and T.Y. Ng, “Advances In Mechanics Of Soft Materials - A Review
of Large Deformation Behavior Of Hydrogel”, International Journal of Applied
Mechanics, 7(5), 1530001. 2015.
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A multiphysics model is presented for simulation of the responsive behaviour of the magneticsensitive hydrogel, with the effects of magneto-chemo-mechanical-coupled fields. In this work,
the magnetic susceptibility for magnetization of the general magnetic hydrogel is defined as a
function of finite deformation, instead of a constant for an ideal magnetic hydrogel. The present
constitutive equations, formulated by the second law of thermodynamics, account for the effects
of the chemical potential, the externally applied magnetic field, and the finite deformation. In
particular, a novel free energy density is proposed with consideration of the magnetic effect
associated with finite deformation, instead of volume fraction. After examination with
published experimental data, it is confirmed that the present model can capture well the
responsive behaviour of the magnetic hydrogel, including the deformation and its instability
and hysteresis under a uniform or non-uniform magnetic field. The parameter studies are then
presented for influences of the magnetic and geometric properties, including the magnetic
intensity, shear modulus, and volume fraction of the magnetic particles, on the behaviour of the
magnetic hydrogel, for a deeper insight into the fundamental mechanism of the magnetic
hydrogels.
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Modelling viscoelastic deformation of amorphous polymers under varied environmental and
loading conditions has been of immense interest both from scientific and industrial standpoints.
We initially propose a unified, thermodynamically consistent, visco-elastic approach for general
thermoplastic polymers [1] and block copolymers [2] with the aim of predicting various features
of their mechanical behaviour across glass transition. We then suitably augment these
formulations to model the mechanical response of hydrophilic polymers for varied moisture
content. The last formulation predicts the kinetics of the water entrainment in the material, the
swelling and moisture induced transition from visco-elastic to hyperelastic behaviour.
Both the models exploit the inter-molecular and intra-molecular mechanics of the
polymeric network at the microscopic scale. The modelling of structural relaxation is facilitated
through an effective temperature framework that bridges the widely separated time scales
involved in the underlying micro-mechanisms.
In general, we split the thermodynamic system into kinetic-vibration (K-V) and
configurational sub-systems and define separate thermodynamic states (energies, entropies,
temperatures and internal variables) for each subsystem. This is followed by an exploitation of the
laws of thermodynamics to establish restrictions on the forces and the fluxes. By implementing
free energies (specific to the polymer) in the constitutive forms, we define the constitutive
relations for stresses and evolution equations for temperatures as well as internal variables
explicitly. The multi-temperature framework assumes a weak interaction between each
configurational subsystem and the K-V subsystem, which forms the basis of structural relaxation.
The models are validated against uniaxial compression experiments for a range of
temperatures, strain rates and moisture contents. They not only predict the intrinsic behaviour
with accuracy but also physical ageing and shape memory behaviour. Being driven by physically
inspired concepts, they should be far more generic than the existing approaches. Moreover, since
the material parameters and variables involved have physical relevance, they may be
experimentally obtained, in addition to enabling an exploitation of these formulations for response
optimisation.
In general, the effective temperature framework has been shown to be a versatile method
for modelling of glass transition in different classes of polymers as it accurately captures the
decrease in mobility upon temperature or moisture decrease. Suitably modified and augmented,
the framework can capture transitions from disordered isotropic to ordered crystalline
microstructure as observed in liquid crystal elastomers.

REFERENCES
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(2018): 440-451.
[2] Das, Sanhita, and Debasish Roy. "A constitutive model for block-copolymers based on
effective temperature." International Journal of Mechanical Sciences 161 (2019): 105082.
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Surface tension effects dominate the material behavior at scales below the elastocapillary length, which
extends to the range of micrometers for increasingly soft materials such as hydrogels. Recent experiments using static wetting techniques suggest stretch-dependent surface stresses of soft solids ([1], [2]).
In this work, we present fully analytical solutions to the static wetting problem on stretched substrates.
Following a Green’s function approach, we extend the generalized Flamant-Cerruti problem as regularized by the addition of surface stresses to furthermore account for uniaxial pre-stretches of the substrate.
Symmetry breakage thereby allows to access more information on the intermediate deformation regime
between the two extreme cases of Youngs law for wetting on rigid substrates and Neumann’s triangle
for wetting on liquid substrates. Surface profiles and opening angles of wetting ridges are calculated and
discussed in both frameworks of linearized and finite kinematics and compared to available experimental
data [2].
REFERENCES
[1] Q. Xu, K.E. Jensen, R. Boltyanskiy, R. Safarti, R.W. Style, E.R. Dufresne Nature Communications,555(8), 2041-1723, 2017.
[2] Q. Xu, R.W. Style, E.R. Dufresne Soft Matter, 14 (916), 916-920, 2018.

1494

MS Organizer(s):
New
Computational
P. Acar,
Frontiers
Siddhartha
in Microstructure-Sensitive
Srivastava, Veera SundararaMaterials Design
ghavan
and François Willot

New Computational Frontiers in Microstructure-Sensitive
Materials Design
MS Organizer(s): P. Acar, Siddhartha Srivastava, Veera Sundararaghavan
and François Willot

1495

1496

MS478
P.
Acar,-Siddhartha
New Computational
Srivastava,Frontiers
Veera Sundararaghavan
in Microstructure-Sensitive
and FrançoisMaterials
Willot Design

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19–24, 2019, Paris, France

NEW COMPUTATIONAL FRONTIERS IN
MICROSTRUCTURE–SENSITIVE MATERIALS DESIGN
500,700,1200
Pınar Acar∗ , Siddhartha Srivastava† , Veera Sundararaghavan† , François Willot∗∗
Virginia Tech
445 Goodwin Hall, Blacksburg, VA 24061
pacar@vt.edu
∗

†

University of Michigan
1320 Beal Ave, Ann Arbor, MI 48109
sidsriva@umich.edu, veeras@umich.edu
Mines ParisTech
35 rue St-Honor, 77300 Fontainebleau, France
francois.willot@ensmp.fr
∗∗

Key words: Material Science, Algorithms, Software
ABSTRACT
Due to recent advances in computational capabilities, there has been a great push towards the development of new algorithms and software to take advantage of state-of-the-art computing resources for
materials design. These resources include high performance computing cluster/grid, cloud computing
and emerging quantum computers. These new algorithms will be paramount in advancing the study
of material science, specifically, concerning the new frontiers in microstructure sensitive materials design and advanced manufacturing [1]. Quantifying of shape, size, spatial distribution and microstructure
textures and variation are central for determining the links between processing and microstructure, and
between microstructure and properties.
This mini-symposium is devoted to new developments in computational materials science for modeling
and designing materials with controlled microstructures. The main focus is on novel algorithms for
large scale simulations involving multi-scale modeling, machine learning, optimization and uncertainty
quantification to understand material behavior in length-scales ranging from microscale to the scale of
engineering components. A non-exhaustive list of typical topics of interest for the mini-symposium are
listed below:
1. Algorithms and software for multi-scale modeling of composites and polycrystalline materials
taking into account location–specific microstructures.
2. New computational concepts for large-scale microstructure representation, quantification and model–
building in spatial and temporal domains.
3. System identification techniques applied to material science, for instance, physics informed ma-
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chine learning and deep learning for designing additive manufacturing processes.
4. Homogenization and localization model development, including the modifications of the currentstate-of-the-art finite element models, fourier techniques, particle methods, one or multi-point
probability descriptors for modeling conventional and additive manufacturing processes.
5. Computational algorithms for large scale inverse design problems developing computational process design solutions to tailor microstructures for prescribed material property distributions.
6. Computational/analytical techniques for uncertainty quantification and uncertainty propagation
(modeling the propagation of the uncertainties across different length scales) [2], understanding
the effects of the uncertainties in multi-scale materials design.
7. Multi-objective, multi-physics, and multi-disciplinary optimization for computational design of
materials. Reduced and surrogate model development for material constitutive models, such as the
application of crystal plasticity microstructural models for process optimization [3].
8. Emerging quantum algorithms for materials science including solvers for differential equations [4]
and quantum artificial intelligence algorithms.
REFERENCES
[1] Allison, J., Backman, D., and Christodoulou, L., Integrated Computational Materials Engineering: A New Paradigm for the Global Materials Profession, Journal of the Minerals, Metals and
Materials Society, (2006), 10 (11), 25–27.
[2] Acar, P. and Sundararaghavan, V., Uncertainty Quantification of Microstructural Properties due to
Variability in Measured Pole Figures, Acta Materialia, (2017), 124, 100–108.
[3] Dunant, C. F., et al. A critical comparison of several numerical methods for computing effective
properties of highly heterogeneous materials, Advances in Engineering Software, (2013), 58, 1–12.
[4] Srivastava, S. and Sundararaghavan, V. Box algorithm for the solution of differential equations on
a quantum annealer, Physical Review A, (2019), 99, 052355 1–10.
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Dual phase (DP) steels fall within the category of advanced high strength steels (AHSS) and
are extensively used in the automobile sector due to their superior mechanical properties, such
as good strength-ductility combination, continuous yielding and high rates of strain-hardening.
DP steels have a two phase microstructure comprising of a soft matrix (ferrite) and hard second
phase (martensite). The mechanical properties of DP steels are dictated by their microstructural
variables like martensite volume fraction, martensite grain size, distribution and ferrite grain
size. Hence, control over the microstructure via microstructural engineering is desired to obtain
the best posible combination of mechanical properties. The present work develops a
computational modeling framework to study this.
A dislocation density-based J2 plasticity constitutive modeling framework is developed for
studying the plastic deformation of dual phase steels. The model has been used to study the
deformation behavior of a commercial DP600 steel in terms of the stress and strain partitioning
between the hard martensite and relatively soft ferrite phases. A parametric study has been
performed by systematically varying the microstructural variables like martensite grain size,
volume fraction and distribution and extracting the trends in local mechanical properties with
respect to these microstructural variables. Representative model predictions of the strain
distribution are shown in Figure 1(a) and effective stress as function of the distance from ferritemartensite interface is shown in Figure 1(b). Effective strain localizes preferentially in ferrite
regions close to ferrite/martensite interface (1(a)), and effective stress values near the interface
reaches peak values close to 2GPa (1(b)) hinting at the fact that failure might evetually initiate
at these locations. Model predictions indicate that finely distributed martensite islands are
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preferred for minimizing strain localization near the ferrite-martensite interfaces and hence
delaying the onset of fracture. This framework has the ability to predict microstructural features
that can be optimised to achieve the desirable mechanical properties. These microstructures can
then be engineered via controlled thermo-mechanical processing and the trends in mechanical
properties validated through experiments.

Figure 1. (a) Distribution of effective strain at a nominal strain of 15%, (b) von-Mises
effective stress in the ferrite plotted as a function of distance from ferrite/martensite
interface for five simulated structures.
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Boltzmann Machine (BMs) is an undirected graph that forms the building block of many learning architectures such as Restricted Boltzmann machines (RBM’s) and Deep Boltzmann machines (DBM’s)
[1]. Traditionally,the conditional independence of nodes within each layer of RBM’s allow utilization of
methods like Contrastive divergence (CD) algorithm [2]. In this work, we have developed an implementation of a universal function approximator using general Boltzmann Machine where CD methods cannot
be directly applied. We use a direct sampling approach where we use a quantum annealer to sample the
input–output pairs in the network to develop probability of states for use in a stochastic gradient descent
algorithm (c.f. [3]).

Figure 1: An illustration of a Deep Boltzmann network
A Boltzmann Machine is a probabilistic graphical model defined on a complete graph of binary variables.
We can partition the graph into “visible” nodes taking up values observed during training denoted by
vector, v, and “hidden” nodes where values must be inferred taking up values denoted by vector, h. The
probability of observing a state in the Boltzmann Machine is governed by its energy function:
m

n

i=1

j=1

m

n

m

E(v, h) = − ∑ ai vi − ∑ b j h j − ∑ ∑ ci j vi h j − ∑
i=1 j=1
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Where a and b denote self-interaction at nodes and c, d and e denotes the node–node interaction terms.
Together, these constitute the set of parameters (θ) that need to be learnt for achieving a desired probability of visible states v. At its heart, BMs are probabilistic Ising models that can be simulated using both
gate–based quantum computers and quantum annealers. In our approach, samples from an initial BM
are progressively refined to achieve a known function of the inputs. The controllable parameters are the
coupling strengths and biases in the Ising model. The probability of occurrence of each state is governed
by the Boltzmann distribution as shown in the equation below:
1
1
(2)
p(v, h) = e−E(v,h)/kB T ≡ e−βE(v,h)
Z
Z
We encode the tuple (x, f (x)) as the state of the visible nodes. Here, f (x) denotes the function that is to
be approximated. In the context of the BM, the visible data can be thought of as the binary expansion of
x and f (x). An BM for approximating AND gate learned via Quantum annealing is presented in Fig.2.
0.3111
v1
−0.6101 −0.6829
0.2706
h1
0.5737
0.3585

0.6791
v3

−0.6026 −0.6727

0.3011
v2

(a)

(b)

Figure 2: (a) Boltzmnann machine to approximate AND Gate with 3 visible nodes and 1 hidden node.
The numerical values in blue represent the self-interaction parameters and in red represent the node-node
interaction parameters. (b) The conditional probability of the BM evaluated at different values of β
These machines are useful in approximating solutions to PDE’s as well as find applications in parameter
estimation in problems relevant to solid mechanics. In this talk, we will present our direct sampling
approach and an in-depth analysis of learning efficiency with respect to the annealing temperature of the
Quantum annealing hardware.
REFERENCES
[1] Salakhutdinov, Ruslan, and Geoffrey Hinton. ”Deep boltzmann machines.” Artificial intelligence
and statistics. 2009.
[2] Fischer, Asja, and Christian Igel. ”An introduction to restricted Boltzmann machines.” Iberoamerican Congress on Pattern Recognition. Springer, Berlin, Heidelberg, 2012.
[3] Adachi, Steven H., and Maxwell P. Henderson. ”Application of quantum annealing to training of
deep neural networks.” arXiv preprint arXiv:1510.06356 (2015).
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Three-dimensional (3D) microstructural images are powerful tools for understanding the
physical behavior of engineering metals. These images consist of voxels that contain scalars
(phases), vectors (crystal orientations), or tensor states (stress). Despite the tremendous recent
growth in the experimental 3D characterization of material microstructures, empirical
approaches only provide microstructural information over small volumes at a time. Hence, a
large number of specimens must be scanned and seamlessly merged to generate an engineeringscale model. Such a task is practically expensive and intractable. As a result, it is of interest to
generate these models computationally.
In this work, a numerical method is used to reconstruct 3D microstructural representative
volume elements (RVEs) from two-dimensional (2D) images [1]. The algorithm reconstructs
3D models by sampling voxel neighborhoods to the representative 2D micrographs. This
technique incorporates an optimization technique that ensures all patches from the 2D
micrographs have meshed seamlessly together in the 3D reconstruction. The efficacy of this
approach is demonstrated by validating the grain size, orientation distribution, and
neighborhood statistics.
Once the 3D representative microstructure is available, it is embedded over an engineering
computer-aided design (CAD) model. This approach incorporates a patch-based minimization
technique that maps every finite element within the CAD model to the microstructural space.
Additionally, features such as affine transformations (e.g., scaling and rotation) of the 3D RVE
are incorporated, allowing for full control of the RVE’s orientation and scalability. The
mechanical properties of the synthesized large-scale microstructural models are computed
using the crystal plasticity finite element method [2] and are found to match with the
experimental results closely.
REFERENCES
[1] I. Javaheri, V. Sundararaghavan, Polycrystalline microstructure reconstruction using
Markov random fields and histogram matching, Computer-Aided Design, Vol. 120, 2019.
[2] M. Yaghoobi, S. Ganesan, S. Sundar, A. Lakshmanan, S. Rudraraju, J. E. Allison, V.

Sundararaghavan, PRISMS-Plasticity: An open-source crystal plasticity finite element
software, Computational Materials Science, 2019.
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This paper describes a computational framework for microstructure characterization and
reconstruction of ceramic preform using statistical correlation functions and physical
descriptors (combined called as microstructure descriptors). A ceramic preform has a foam like
microstructure containing spherical features of varying sizes. The work starts with numerical
characterization of a real preform microstructure obtained from X-ray computed tomography
(CT) scans. Statistical functions like two-point correlation function, lineal path function, etc.
will be numerically determined for the preform sample [1]. Physical descriptors like size
distribution of microstructural features, etc. will be computed as well. Statistical functions will
be used to determine appropriate size of statistical volume elements (SVEs) within the preform
sample that can be used for numerical determination of effective elastic properties of the
sample. The effective elastic properties will be determined using finite element simulations of
the SVEs by applying periodically compatible mixed uniform boundary conditions [2]. A novel
microstructure reconstruction procedure based on Yeong-Torquato method [3] will be
developed to synthesize artificial microstructure of the preform sample that has the same
microstructure descriptors as the real preform sample. Effective elastic properties of these
artificial microstructures will be determined as well. These material properties determined from
real and reconstructed microstructures will be compared. The work will showcase two
conclusions. Firstly, the statistical functions can be used to minimize the computational effort
required for determining effective material properties of real microstructures. Secondly, the
reconstruction methodology developed in this work generates microstructure that matches with
real microstructure not only in terms of its microstructural descriptors but also in terms of the
effective elastic material properties. The significance of this work lies in the fact that this
method of characterizing and reconstructing microstructure can provide a fast and efficient
method of establishing structure-property relationship links in materials as the one used in this
work. A design space of such microstructures can be generated by varying the microstructure
descriptors used in reconstructing them which can be further used in predicting an entire range
of material properties that can be realized in such materials.
REFERENCES
[1] S. Torquato, Optimal design of heterogeneous materials. Annual review of materials

research, vol. 40, pp. 101-129, 2010.
[2] D. H. Pahr and P. K. Zysset, Influence of boundary conditions on computed apparent elastic
properties of cancellous bone. Biomechanics and modeling in mechanobiology, vol. 7(6),
pp. 463-476, 2008.
[3] Y. Jiao, F. H. Stillinger and S. Torquato, Modeling heterogeneous materials via two-point
correlation functions. II. Algorithmic details and applications. Physical Review E, vol.
77(3), 031135, 2008.
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Copper is currently the preferred conductive material. Nevertheless, lighter and cheaper
aluminium cables could become a promising alternative if higher conductivity and strength can
be reached and maintained over time. Electric vehicles would especially benefit from weight
reduction offered by the switch to lighter aluminium cables. Numerical optimization of
aluminium alloys and processing is a key element to avoid costly experiments.
In this work, a multi-physics optimization framework is developed. The optimization relies on
state-of-the-art commercial optimization tool (LS-Opt) coupled with three type of models:
microstructure (mainly precipitation), yield strength, and conductivity. The framework focuses
on two features: flexibility and interoperability. The flexibility allows large freedom in the
definition of the thermal cycle (and later mechanical processing), cost function (by combining
output from the different models), workflow. The interoperability is based on the concept of
material entities as instances of a material ontology. The framework will aim at being
compatible with recent development in the European Materials Modelling Council. The
reliance on entity enables the development of robust wrappers to plug-in various models.
Currently the framework has only been tested with two different precipitation models.
This paper describes the framework, the data structure and the application of the optimization
procedure to industry relevant cases. The framework also offers new possibilities for coupling
with databases in order automatized calibration and validation operations. This new feature will
be demonstrated for the artificial ageing of an aluminium alloy 6082.
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The present work addresses the multi-scale design optimization of metallic alloy
microstructures under epistemic uncertainty to improve the mechanical properties and
performance of the material. We have particularly focused on the Titanium-7 weight% Al (Ti7Al) alloy microstructures, a promising metallic material for future engineering systems owing
to its outstanding structural performance under high mechanical and thermal stresses. However,
the reported mechanical property values, including stiffness, for Ti-7Al differ in various
resources in the literature. This type of uncertainty is a result of the relative immaturity of the
material and hence it is associated with the “lack of knowledge” regarding the corresponding
material system. Such uncertainty is classified as “epistemic uncertainty” and it is different
from the inherent natural stochasticity of microstructures, known as aleatoric uncertainty.
Despite the previous studies that aim to model aleatoric uncertainty of material systems, efforts
for analyzing the epistemic uncertainty are very limited in the field of computational modeling
and design of microstructures.
The microstructure model of the present work uses the Orientation Distribution Function
(ODF), which measures the volume densities of different crystallographic orientations, to
compute the homogenized properties. The variations in the homogenized stiffness parameters
of Ti-7Al, that are available through the literature, are modeled as the epistemic uncertainty
using the analytical uncertainty quantification (UQ) algorithm, called AUQLin [1]. AUQLin is
utilized to solve the inverse UQ problem to identify the uncertainty in single crystal property
values using the variations in the homogenized stiffness. Identification of the uncertainty in
single crystal material properties is essential to observe the effects of the uncertainty in
component-scale properties for different microstructure designs. To explore how the epistemic
uncertainty alters the performance of the material, we perform a multi-scale design optimization
of the microstructure under the uncertainty by incorporating AUQLin into gradient-based
optimization. Particularly, the homogenized linear and non-linear material properties, including
compliance, bending and torsional natural frequencies, are optimized under the epistemic
uncertainty in the system. Different objective functions are defined in terms of the expected
values and variations in the homogenized properties to better understand the effects of the
uncertainty. The findings indicate that the epistemic uncertainty significantly affects the
optimum microstructure designs in different problems.
REFERENCES
[1] Acar, P., Uncertainty Quantification for Ti-7Al Alloy Microstructure with an Inverse

Analytical Model (AUQLin), Materials, Vol. 12, No. 11, 1773, 2019.
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The investigation of functional and architected materials has rapidly advanced in the last decade.
For example, the combination of different phases within micro-heterogeneous composites, with
individual physical characteristics of the individual constituents, allows for the design of
materials with outstanding effective properties. The multi-physics nature of functional materials
poses multiple challenges in scale-bridging, modeling, simulation and designing architected
materials with new functionalities. In addition, recent advances in additive manufacturing and
design for additive toolsets open an exciting opportunity to predict, physically realize and test
material architectures with unique and pre-defined functionalities.
This session aims to bring together experts in soft active materials, constitutive modeling, design
optimization, and manufacturing in the field of functional and architected materials to present
and discuss recent advances.
Topics of particular interest include (but not limited to):
- 3D printing of architecture materials and composites
- Topology optimization of material architecture
- Electro- and magneto-active materials
- Mechanical and acoustic metamaterials
- Responsive gels; Shape-memory and light-sensitive materials
- Microstructural and material instabilities
- Bio-inspired and biological materials
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Creating collaborative robots capable of safely working alongside humans requires development
of intelligent matter, similar in functionality to biological tissues. This task involves synergistic
combination of breakthrough achievements in materials science, mechanical engineering and other
related disciplines. In the present talk I will discuss the state of the art in soft active materials for
Soft Robotics with an emphasis on soft material-actuators. The material systems and their
properties, as well as their performance in soft robotic systems will be discussed. 3D-printing of
soft active materials will be demonstrated as a method for architecting the performance of soft
robots at the material preparation and processing stage.
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Acoustic metamaterials provide unconventional and unusual approaches to control the sub
wavelength elastic/acoustic waves. Locally resonant acoustic metamaterials with a single
constituent attract great attention due to their potential applications as vibration isolation, low
frequency noise insulators, wave filtering, seismic wave mitigation etc. It exhibits spectral gaps
in the frequency range of two orders of magnitude lower than ones resulting from Bragg’s
scattering mechanism. Bandgap associated with resonant frequencies of structural units were
discovered for single phase auxetic shaped locally resonant unit cells. Once fabricated, the
acoustic metamaterials have fixed bandgap due to constant geometric configuration and hence
limiting the number of intended usage. Therefore, exploration of tunable bandgap in acoustic
metamaterials is an emerging area of interest. Thus, the goal of the present study is to design a
locally resonant acoustic metamaterial with tailorable bandgap under applied deformation
having simplified geometry.
In this work, we proposed a single phased star shaped locally resonant acoustic metamaterial in
a periodically arranged square unit cell. We develop finite element based computational
framework to investigate the bandgap of unit cell under applied deformation. At first quasistatic analysis of unit cell has been performed to find the static displacement field under
prescribed deformation. Further, we employ Bloch-Floquet wave analysis for the periodic unit
cell, and also evaluate the Irreducible Brillouin Zone (IBZ). Thus, an eigenvalue problem is
formulated to dispersion response with in deformed IBZ. Computational results reveal that the
proposed structure exhibits significant widening of frequency bandgap with external
deformation. We also present parametric study for bandgap with concave angle and length the
ribs with applied deformation. Thus, the present findings can provide a detailed map of band
gap tunability characteristics under applied deformation.
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Compared to the classical robotics the field of soft robotics is a new development and a lot of research
needs to be done. Soft robots are made of soft materials which are characterized by their low material
stiffness. In contrast to rigid robots, the soft material leads to an improvement in the safety of humanemachine interaction. Another advantage of soft material robots is the flexibility and adaptability to
objects of unknown geometry or topology. Because the field of soft robotics is a comparably new field
of research there is no methodology to describe the behavior of soft material robots. One step to close
the gap is the development of a finite element model of a soft robot actuator. This model is the basis
for further simulation and the development of a whole toolbox for the design and simulation of soft
robots. In the following a further developed finite element model of a soft actuator from our project
partner [1] will be presented. The modeled actuator is equipped with three pneumatic actuated chambers
along its circumference. Applying pressure load in one or more chambers leads to a deformation of
the actuator. The actuator consist of two different silicone rubbers, Ecoflex 050 and Dragonskin. To
account for material nonlinearities of the soft material, a hyperelastic-material model for both materials
is parameterized and implemented. Simulations are being performed in order to investigate the actuators
deformation due to internal pressure load and external loads. These results will then be validated with
measurement data from a physical test rig.
REFERENCES
[1] G. Runge, M. Wiese, L. Günther and A. Raatz A framework for the kinematic modeling of soft material robots combining finite element analysis and piecewise constant curvature kinematics 2017
3rd International Conference on Control, Automation and Robotics (ICCAR), Nagoya, 2017, pp.
7-14
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A research has been carried out to explore the opportunities of using the design freedom
provided by additive manufacturing, coupled with the invaluable source of nature inspiration
(bio-inspired materials design) in the optimization of polymer honeycombs structures. Nature
provides several kinds of strategies used to delay or stop damage and crack propagation. Indeed,
the microstructure of woods reveals the existence of a repetitive stiffness variation along the
radial direction in tree trunks, induced by the seasonal cycles, which seems related to their
ability of slowing down crack propagation.
The aim of this study is to evaluate the effects of cell size gradients on the fracture behaviour
of polymer honeycombs material by computational and experimental analyses. Preliminary
computational results in Ref. [1] give indications about the lattice density gradient identified as
the one providing the highest increment of fracture energy, as compared to the reference
homogeneous lattices (dense or sparse cells). Thus, experimental analyses have been performed
on notched ABS specimens exhibiting this density gradient ratio, and elaborated by Fused
Filament Fabrication. Results show a good level of reproducibility in terms of crack propagation
paths and force-displacement curves. For both homogeneous lattices, the cracks grow straightly
along the initial crack notch until full fracture. At contrary, for specimens with cell size gradient,
the crack is blunted at the interface between dense and sparse domains, leading to a stress
redistribution in the lattice cell walls and to the bifurcation of the crack. These characteristic
crack paths correspond to those predicted by modelling. Concerning the force-displacement
response, similar curves are obtained in experiments and simulation, featuring especially the
same sequences of major fracture events. But the quantitative agreement is reached by
considering a constitutive behaviour which is degraded with respect to that identified from
conventional tensile tests. Microstructural defects, which are unavoidable in AM, may thus be
considered as potential source of the reduction in maximal forces exerted along crack
propagation but do not perturbate the effect of the presence of cell gradients. Ongoing analyses
on water cut specimens -i.e. with largely reduced microstructural defects- and relying on ratesensitive constitutive laws are meant to strengthen these modelling-experiments crosscomparisons in order to evaluate the importance of the different physical characteristics
involved in the fracture properties of gradient density honeycombs.
REFERENCES
[1] R. Manno,W. Gao, and I. Benedetti, “Engineering the crack path in lattice cellular materials through
bio-inspired micro-structural alterations,” Extreme Mechanics Letters 26, 8–17 (2019).
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SHAPE MEMORY POLYMER COMPOSITES AND CILIA
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New materials are advancing the field of soft robotics. Composite films of magnetic iron
microparticles dispersed in a shape memory polymer matrix are demonstrated for
reconfigurable, remotely actuated soft robots.1 The composite films simultaneously respond to
magnetic fields and light.2-4 Temporary shapes obtained through combined magnetic actuation
and photothermal heating can be locked by switching off the light and magnetic field.
Subsequent illumination in the absence of the magnetic field drives recovery of the permanent
shape. In cantilevers and flowers, multiple cycles of locking and unlocking are demonstrated.
Bistable snappers can be magnetically and optically actuated, as well as biased, by controlling
the permanent shape. Grabbers can pick up and release objects repeatedly. These materials are
also miniaturized in the form of self -assembled magnetic cilia. 5 In a simple, template-free
method for fabricating the cilia, interactions of the magnetic moments of the microparticles,
aligned by the applied magnetic field, drive self-assembly of magnetic cilia parallel to the field
direction. Reconfigurable artificial cilia are demonstrated, whose shape can be set, locked,
unlocked, and reconfigured. Simulations and a theoretical framework for understanding
combined photothermal heating and magnetic actuation are useful for guiding the design of new
devices.
REFERENCES
[1] Liu, J. A.-C.; Gillen, J. H.; Mishra, S. R.; Evans, B. A.; Tracy, J. B., Sci. Adv. 2019, 5,

eaaw2897.

[2] Mishra, S. R.; Dickey, M. D.; Velev, O. D.; Tracy, J. B., Nanoscale 2016, 8, 1309-1313.
[3] Schmauch, M. M.; Mishra, S. R.; Evans, B. A.; Velev, O. D.; Tracy, J. B., ACS Appl.

Mater. Interfaces 2017, 9, 11895-11901.

[4] Mishra, S. R.; Tracy, J. B., ACS Appl. Nano Mater. 2018, 1, 3063-3067.
[5] Liu, J. A.-C.; Evans, B. A.; Tracy, J. B., Adv. Mater. Technol. 2020, 5, 2000147.
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THE GEOMETRIC MECHANICS OF MORPHING SURFACES
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Engineered thin sheets with the ability to change shape could enable smart wearable textiles, adaptive
skins for organic architecture, soft robots or deployable structures at different scales.
A major strategy to morph thin sheets is based on imprinting non-uniform in-plane strains. In this
approach, the shape of the thin sheet essentially depends on the in-plane strain distribution--understood
broadly and including local growth or swelling--, and hence by tuning the strain pattern it is possible to
program the material interface to adopt a pre-determined shape. Local control of strain is typically
achieved by the material micro- or meso-architecture, and ultimately relies on the deformation of the
base material or in some strain amplification mechanism involving large motions of structural elements
as in origami, kirigami or pantographic assemblies. Yet, in each of the existing schemes the in-plane
strain is bounded by either the material deformability or by the kinematic exhaustion of the strainamplifying mechanism. Thus, a morphing principle for continuous surfaces supporting unlimited inplane strain, and hence capable of dramatic shape changes, is not available.
Here, we draw inspiration from the deformable cell wall of some species of Euglena cells called pellicle
[1] to develop a new concept for morphable surfaces made of slidable rods (SSR). In contrast with
previous shape-morphing principles for surfaces, the local in-plane strain of SSRs is essentially
unlimited. Furthermore, the shape space accessible is by SSRs very broad.
A mathematical framework provides a precise relation between shape and the sliding between rods [2].
This framework shows how morphing can be controlled or programmed by tuning the mechanical
properties of the constituent rods. In particular, the connection between rod mechanics and geometry
provides a deterministic path to control deployability and shape metastability. We realize SSRs at a
centimeter scale by 3D printed rod assemblies [3].

REFERENCES
[1] G. Noselli, A. Beran, M. Arroyo, A. DeSimone, Swimming Euglena respond to con-

finement with a behavioral change enabling effective crawling. Nature Physics, Vol. 15,
pp. 496-502, 2019.
[2] G. Noselli, M. Arroyo, A. DeSimone, Smart helical structures inspired by the pellicle of
euglenids, J. Mech. Phys. Solids, Vol. 123, pp. 234-246, 2019.
[3] M. Arroyo, A. DeSimone, G. Noselli, In preparation.
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ABSTRACT
This minisymposium covers any application of the state-of-the-art CFD (computational fluid
dynamics) simulations for multi-physics problems in science and engineering. The topics of
interest covers, but not limited to: reactive flows, multiphase/multiscale flows, Newtonian/nonNewtonian fluid flows, and turbulent flows. It serves as a forum to exchange ideas for the future
development of this field. Emphasis will be on novel computational methods, leading-edge
numerical simulations, and innovative attempts on applying deep machine learning. Recent
advances in data-driven analytics and AI (artificial intelligence) push the boundaries of
traditional disciplines including fluid science and engineering. Advanced CFD simulations in
association with the machine learning may enable us to address new challenges to solve
complex flow problems across both length and time scales as well as to achieve data-driven
surrogate modelling that reduces computational load. Most welcome are contributions from
students and young researchers working on computational fluid dynamics, concerned with
unsolved or not yet fully satisfying solved problems and possible new attempts.
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Injection molding is undoubtedly one of the most widely used manufacturing process for
polymers [1]. Due to its advantages over other processing techniques in terms of good surface
finish, the ability to process complex parts without the need of secondary operations and low
cost for mass production, injection molding has found its way into various branches of industry
[2]. In order to implement process optimization a thorough understanding of the material
behaviour, the filling process as well as the underlying physical phenomena is necessary. A
suitable way to address this issue is the application of numerical simulation of the injection
molding process. In this contribution the authors present a comparative numerical study for the
mold filling of an exemplary thin-walled mold geometry. For the numerical simulation the
commercial CFD software packages CADmould 3D-F and ANSYS CFX are employed. Both
software packages make use of different simulation strategies. In ANSYS CFX a threedimensional classical CFD approach is employed for the mold filling which is of course very
accurate but extremely time consuming. CADmould 3D-F pursues a generalized Hele–Shaw
approximation (also known as so-called 2,5-D approach) which is due to some simplifying
assumptions less accurate but also much less costly in terms of computing time.

REFERENCES
[1] A. Guevara-Morales and U. Figueroa-Lopez, Residual stresses in injection molded

products. J. Mater. Sci.,Vol. 49, pp. 4399–4415, 2014.

[2] C. Fernandez, A. J. Pontes, J. C. Viana and A. Gaspar-Cunha, Modelling and optimization

of the injection-molding process: a review. Adv. Polymer Techn.,Vol. 37, pp. 429–449,
2018.
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Improving energy efficiency of an aircraft is one of the considerable ways to solve a vast
range of environmental issues. The fluid drag acting on an airfoil can be roughly classified
into pressure drag and friction drag. While the pressure drag has been reduced by shape
optimization, there are few practical methods to reduce the friction drag accounting for a half
of the total drag. As a practical friction drag reduction method, blowing and suction have been
extensively studied. Friction drag reduction effects on a turbulent boundary layer have been
reported through several numerical and experimental studies[1,2]. Although it is necessary to
investigate the optimized locations and profiles of blowing/suction for practical applications,
few studies have been performed regarding these. In the present study, we use a sensitivity
analysis based on a continuous adjoint method to tackle the aforementioned problem. The
adjoint method is a powerful method for optimization of relatively weak control inputs such
as plasma actuator[3]. With the use of this adjoint method, we attempt to optimize
blowing/suction locations and profiles so as to improve the lift-to-drag ratio. First, the
sensitivity functions for drag reduction and lift improvement are investigated. The Reynolds
number based on the chord length is 1.5 × 106 and the angle of attack is 0○. As for the drag
reduction, we find that the vertical blowing over the airfoil is effective. Also, the leading edge
turns out to be the most attractive region for drag reduction. For lift improvement, the vertical
suction on the upper surface and the vertical blowing on the lower surface are found to be
optimal. Among these controls, it is revealed that lift force is impressible by the controls near
the trailing edge. Subsequently, the sensitivity function for improvement of lift-to-drag ratio is
investigated. It turns out that this sensitivity function distribution has characteristic fields for
drag reduction near the leading edge and lift improvement near the trailing edge.
REFERENCES
[1] Y. Kametani and K. Fukagata, Direct numerical simulation of spatially developing

turbulent boundary layer with uniform blowing or suction. J. Fluid Mech., Vol. 681, pp.
154-172, 2011.
[2] K. Eto, Y. Kondo, K. Fukagata, and N. Tokugawa, Assessment of friction drag reduction
on a Clark-Y airfoil by uniform blowing. AIAA J., Vol. 57, pp. 2774-2782, 2019.
[3] Y. Anzai, K. Fukagata, P. Meliga, E. Boujo, and F. Gallaire, Numerical simulation and
sensitivity analysis of a low-Reynolds-number flow around a square cylinder controlled
using plasma actuators. Phys. Rev. Fluids, Vol 2, 043901, 2017.
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Efficiency of hydrodynamic thrust bearings used in a wide range of power machines is
characterized by including the load capacity of an oil wedge, which has nonlinear dependence
on gap size. In this study we consider the different types of lubricant layer microgeometry
profiling with the aim of optimal design of the hydrodynamic bearing characteristics for
ensuring the maximum load capacity using advanced numerical models and methods.
Historically the first formulation of the optimization problem in one-dimensional case goes
back to the works by J.W. Rayleigh and S. Y. Maday [1,2]. Later, one of the authors
considered the spatial variational problem put by Rayleigh for the rectangular gap region [3].
Here we enlarge the previous results in relation to the hydrodynamic sector self-aligning
acting thrust bearings [4] based on advanced numerical methods.
Different geometrical parameters which define profile curvature were used as optimization
variables during optimization procedure and the maximum of pressure integral over the
lubricant layer surface as objective function was used. For optimization problem special codes
IOSO and modeFRONTIER were used. Hydrodynamic problems using Navier-Stocks
equations were solved on the basis of numerical approach and commercial CFD code
ANSYS/CFX. The numerical simulation of the problem was carried out using the
St.Petersburg Polytechnic Supercomputer Center.
REFERENCES
[1] Lord Rayleigh. Notes on the theory of lubrication, Phil. Mag.35 (1) (1918), pp. 1-12.
[2] C. J. Maday A Bounded Variable Approach to the Optimum Slider Bearing, Trans.
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lubrication, Tidings АS USSR МFG 5(1975), pp.34-39
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// Tribology Series, Volume 11, 1987, pp. 49-56
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In-Vessel Retention (IVR) is a severe accident mitigation measure in which the melted reactor
core is cooled inside the Reactor Pressure Vessel (RPV) of a nuclear power plant. This measure
could be implemented to VVER-1000 reactor designs by flooding the reactor cavity. Successful
implementation of IVR requires that the Critical Heat Flux (CHF) is not reached at the outer
side of the RPV. CHF occurs when a stable vapour layer covers a section of the heated wall.
Since vapour has a lower heat transfer coefficient than liquid, the wall temperature will increase
in order to maintain the imposed heat flux. The large wall temperatures are a safety concern
since they could reach the melting point of the RPV walls. In order to prevent melt through of
the vessel subcooled water will be pumped into the cavity through nozzles that direct the water
to the RPV wall so that CHF is not reached. The aim with this study is to design the positions
of these nozzles in order to ensure successful melt retention during a severe accident in a
VVER-1000.
To predict if CHF occurs an Eulerian multiphase CFD (Computational Fluid Dynamics) model
is used. In this model, independent mass, momentum and energy equations are solved for the
vapour and the liquid phases; and analytical correlations are used to model the mass, momentum
and energy exchange between them. The two-equation 𝑘𝑘𝑘𝑘 − 𝜔𝜔𝜔𝜔 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 model is used as turbulence
model and the temperature in the RPV walls is modelled with the heat conduction equation.
Boiling at the RPV walls is modelled using the non-equilibrium Rensselaer Polytechnic
Institute (RPI) model which is an extension of the original RPI model which enables computing
saturated boiling. In this model the heat transfer from the wall, qw, is described by:
𝑞𝑞𝑞𝑞𝑤𝑤𝑤𝑤 = �𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐 + 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 + 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 �𝑓𝑓𝑓𝑓(𝛼𝛼𝛼𝛼𝐿𝐿𝐿𝐿 ) + 𝑞𝑞𝑞𝑞𝑣𝑣𝑣𝑣 (1 − 𝑓𝑓𝑓𝑓(𝛼𝛼𝛼𝛼𝐿𝐿𝐿𝐿 ))

Where qw is the total heat transfer from the wall, qc, is heat conduction to the liquid, qq is
quenching, qe is evaporation and qv is possible heating of the vapour phase above saturation.
The definition of 𝑓𝑓𝑓𝑓(𝛼𝛼𝛼𝛼𝐿𝐿𝐿𝐿 ) is such that 𝑓𝑓𝑓𝑓(𝛼𝛼𝛼𝛼𝐿𝐿𝐿𝐿 ) = 0 when the liquid volume fraction,𝛼𝛼𝛼𝛼𝐿𝐿𝐿𝐿 , in the nearwall cell is below 0.2. The simulations are run using ANSYS Fluent 19.1.

The geometry modelled is the cavity below the RPV and the lower part of the RPV including
the RPV material. The computational mesh was built in ANSA with hexahedral elements using
a multi-block approach. A mesh sensitivity analysis was performed. The heat flux is specified
as a function of height at the inner wall of the RPV.
The parameters in the design are location of the nozzles, mass flow and sub cooling
temperature. Several configurations varying these parameters have been simulated and an
optimal positioning of the nozzles that prevents CHF with large margin is proposed.
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In the three-dimensional boundary layer on swept wing, an unstable mode called the crossflow
vortex grows and causes an early turbulent transition via secondary instability of the crossflow
vortices. The unstable mode is sensitive to the wall surface roughness and hence a prediction
of the turbulent transition on actual wall surfaces practically difficult. For predicting the
transition on an actual swept wing, the use of nonlinear parabolized stability equations (NPSE)
has shown good performances in literature. However, it is still difficult to consider reversed
flows around roughness elements, because in the NPSE analysis an integral calculation should
be performed from the upstream. The complex flow around the roughness should be considered
by a more rigorous way such as direct numerical simulation (DNS). In this study, we analysed
only the region around the roughness element by DNS and then the growth of disturbance,
which initial amplitude is obtained from DNS, was calculated using NPSE. We aim to analyse
the transition process for the entire wing. Our present interest is in the switching condition
between two different processes of the transitions with and without the crossflow instability. In
particular, the roughness height is focused as an important switching parameter.
We considered a swept wing model of NLF(2)-0415, on which cylindrical roughness elements
were located at its leading edge and with a spanwise spacing equivalent to the most unstable
wavelength. Basically, calculation conditions were according to Tempelmann et al. [1]: the
sweepback angle is 45°, the Mach number is 0.065, and the chord-length Reynolds number is
2.4 × 106. A steady baseflow was computed from the pressure distribution on the wing surface,
using Iyer’s formulation [2], and was used for DNS of the flow around the roughness mimicked
by immersed boundary method. The NPSE analysis with initial disturbance amplitude obtained
from DNS was started from neutral stability point and considered curvature.
As the roughness height increased, the amplitude of the disturbance was found to increase and
the saturation position of the amplitude shifted upstream. For the roughness Reynolds number
(Rekk based on the roughness height) less than about 600, the stationary vortex was dominant,
while Rekk > 600 exhibited the forced transition immediately after the roughness.
REFERENCES
[1] D. Tempelmann et al., Swept wing boundary-layer receptivity to localized surface

roughness, J. Fluid Mech., Vol. 711, pp. 516−544, 2012.
[2] V. Iyer, Three-dimensional boundary-layer program (BL3D) for swept subsonic or
supersonic wings with applicant to laminar flow control, NASA Contract Rep. 4531, 1993.
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Recently, installation of vortex generators (VGs) on a piston surface of SI engine is attempted
to suppress knocking by lowering temperature near the surface. Endo et al.[1] performed direct
numerical simulation (DNS) to investigate an effect of yaw-angle of a single VG in a
boundary layer flow. However, in practical situations, numerous VGs will be installed, which
are not considered in the previous study.
In the present study, we performed DNS to investigate heat transfer enhancement effect of
two VGs in a laminar boundary layer flow on a flat plate. Surfaces of the wall and the VGs
are cooled at constant temperature. The size and arrangement of the VGs is shown in Fig. 1.
The Prandtl number is set at 0.71. The Reynolds number based on mainstream velocity and
inlet boundary layer thickness is 1300.
Distribution of an instantaneous Nusselt number (Nu) normalized by that on a flat surface
(Nu0) is shown in Fig. 2. Heat transfer enhancement is especially remarkable in the
downstream of the second VG. Vortices in the same instantaneous flow field are shown in Fig.
3. Vortices increase and spread widely in the spanwise direction in the downstream of the
second VG. In consequence, installing two VGs in the mainstream direction is more effective
to disturb the flow and it contributes to heat transfer enhancement.

Nu/Nu0

1

8

15

Fig. 2 Distribution of Nu/Nu0.

Fig. 1 Computational domain.
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Fig. 3 Visualization of vortices(II+=-0.3).
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Reduction.
Traveling wave control can realize large drag reduction of turbulent channel and pipe flows[1].
However, an effect of wavelength on drag reduction has not been investigated sufficiently. In
the present study, direct numerical simulation of a turbulent pipe flow is performed to
investigate the effect of the wavelength of the traveling wave. The length of the pipe is 16πR,
which is four times longer than the previous study[1]. The friction Reynolds number is 110. The
control input is wall-normal velocity on the wall ur,w, which is given as follows;
=
ur ,w a sin 2 ( z − ct ) /  .
(1)
Here, a, c and λ are the wave amplitude, the wavespeed and the wavelength, respectively,
which are given as (a+, c+, λ+) = (3, 55, 691), (5, 55, 346) and (8, 55, 46).
Figure 1 shows the time traces of the drag reduction rate. In this study, large drag reduction is
obtained even in the range of λ+ < 150 and λ+ > 500, where the traveling wave control was not
effective in the previous study[1]. In the long-wavelength case (λ+ = 691), the drag repeated
reduction and increase. An instantaneous flow field of the long-wavelength case is shown in
Fig. 2. The colour contour shown in the upper half represents wall-normal velocity ur, and the
white area represents vortex which is defined as the second invariant of velocity gradient tensor
Ⅱ+ = -0.03 and shown in the lower half. The vortices repeated emergence and disappearance
periodically. This is a characteristic phenomenon in the long-wavelength case.
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Fig. 1 Time traces of drag reduction rate.

Fig. 2 Instantaneous flow field (λ+ = 691).

REFERENCES
[1] S. Koganezawa et al., Pathline analysis of traveling wavy blowing and suction control in

turbulent pipe flow for drag reduction. Int. J. Heat Fluid Flow, Vol. 77, pp. 388−401, 2019.

1528

Takahiro
High
Egr Konagamitsu,
Rate, Lean Trf-Air
Kohei
Turbulent
Sakai, Yuki
Combustion
Minamoto,
with
Masayasu
TumbleShimura
Flow in and
a Constant
Mamoru
Volume
TanaVessel at Elevated Pressure
hashi
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France
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To realize highly efficient spark ignition engines, establishment of combustion technology
using lean, high exhaust recirculation (EGR) rate, high turbulence intensity is required. Under
such conditions of combustion, however, ignition is difficult and the flame propagation
characteristics are not thoroughly clarified. In a previous study[1], fundamental insights into
turbulence-flame interactions and heat loss characteristics of hydrogen-air mixture under a
pressure rising condition have been examined. However, these characteristics of hydrocarbon
fuel under such extreme conditions where flame propagation would be suppressed by intense
turbulence have not been studied. Therefore, it is necessary to clarify the flame propagation
characteristics as well. In this study, to investigate the flame-wall interactions under a high
efficiency spark ignition engine condition, a direct numerical simulation (DNS) of forced
ignition of a premixed mixture in a constant volume vessel with a tumble flow has been
performed for a lean Toluene Reference Fuel (TRF)-air mixture at a high exhaust gas
recirculation rate at elevated pressure. To examine flame-wall interaction, distributions of heat
release rate and mass fractions of some chemical species are examined. From these results, it is
found that overall, the flame just after the ignition phase shows flamelet-like structure, whereas,
on near wall, OH concentration and heat release rate show low values, but the CH2O and
concentration shows relatively high value.
This abstract is the result of a collaborative research program with the Research association
of Automotive Internal Combustion Engines (AICE) for fiscal year 2019.
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Fruit packaging is highly impactful in temperature and humidity distribution for post-harvest
fresh fruit cooling and conservation. It is also the most flexible part on fruit production and
should be able to increase shelf-life by deterring adverse conditions. However, packaging
thermal performance during cold storage where it is displayed to the internal airflow is
influenced by the size and position of vent-holes.
In this study airflow inside the fruit box and fruits thermal behaviour are evaluated in order to
determine differences between three prototype package models. Models differ from each
other by the holes configuration and size. Furthermore, models performance is compared to a
commercially available box of similar dimensions. Experimental tests were carried out in
three stacked boxes, equipped with temperature and humidity sensors and placed inside a
refrigeration chamber with forced air cooling. Packaging box CFD models of each prototype
wall were developed to predict the airflow and heat transfer during storage in a refrigeration
chamber. Models predictions were validated by experiments results. According with
simulation results, all prototypes have better thermal performance than the commercial model.
However, significant performance differences between prototype walls were found. Fewer,
larger and strategically distributed vent-holes allow a better result in terms of temperature
homogeneity inside the box and significant reduction in fruit cooling times.
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Complex flow phenomena of the world can be represented with superposition of several modes [1]. Thus
far, a variety of modal analyses, e.g., proper orthogonal decomposition (POD) [2], dynamic mode decomposition [3], has been utilized to extract low-dimensional flow representation so that it can be useful
for construction of reduced order modeling. One of the beauties of the aforementioned methods-based
reduced order modeling is that we can analyze high-dimensional flows with low computational costs and
interpretable low-dimensional modes. However, the analysis with these methods for complex flow phenomena, i.e., turbulence, are still challenging, since these methods are based on linear theory. Although
autoencoder-based dimension reductions have been utilized to extract hidden nonlinear features of fluid
flows and overcome the issues mentioned above [4], the remained conundrum here is lack of interpretability due to the use of machine learning known as black box. Here, we propose a new flow decomposition method based on a convolutional neural network-based autoencoder (called mode-decomposing
convolutional neural network autoencoder) which can consider nonlinearity into its structure in order to
decompose flow fields into nonlinear low-dimensional modes and to visualize each mode [5]. The capability of the proposed method is investigated with a flow around a cylinder at ReD = 100 and its transient
process. We find that each extracted/visualized mode via the proposed autoencoder holds several POD
modes thanks to nonlinear activation function of machine learning model. Based on the knowledge and
drawbacks through the investigation for the mode-decomposing convolutional neural network autoencoder, we also briefly introduce an other customized autoencoder named hierarchical autoencoder to
handle more complex flows.
* We acknowledge the support from the Japan Society for the Promotion of Science (18H03758).
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Injection of bubbles into a turbulent boundary layer has multiple impacts, and frictional
drag reduction is a phenomenon from their combined effect[1]. Large bubble, around 𝑊𝑊𝑊𝑊 ≥
100, show large area of drag reduction than small and micro bubble, especially for large scale
flow problems such as ships’ hull wall boundary layers. However, it is hard to maintain their
shape (when critical 𝑤𝑤𝑤𝑤 is around 10 cause unstable and fragment into multiple small
bubbles) and prone to deform in turbulent flow[2]. In order to understand and control the drag
reduction mechanism by the large bubble injection, it is necessary to know a behavior of large
bubble in turbulent boundary layer and their interaction to the wall shear stress.
In this study, a solver “interIsoFoam” [3] for two-phase flow of an open-license software
“OpenFOAM” is applied for an LES of turbulent channel flow with a large bubble, the gasliquid interface of which is directly captured by improved VOF method. The research
objectives are checking the capability of simulation on large bubble and establishing
numerical procedure how to inject the large bubble on turbulent channel flow without
breakup. In addition, understanding its characteristic such as. the surrounding flow
phenomena was performed.
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In recent years, supervised machine learning methods have been emerged as a new analysis tool for fluid
dynamics [1], e.g., turbulence modeling [2], data reconstruction [3], and reduced order modeling [4].
The capability of supervised machine learning which can take account nonlinearlity into its regression
procedure enables fluid dynamicists to apply for various unresolved issues in numerical requirements.
However, despite the enthusiastic uses of the supervised machine learning for fluid dynamics community,
almost all reported works are limited to numerical applications. Hence, of particular interest with the
aforementioned combination is the applications to experimental data. Here, we use a convolutional neural
network, which is one of the supervised machine learning methods, to reconstruct experimental flow data
from particle images obtained by PIV measurements. As examples, velocity fields around single and
double square cylinders are considered. In this study, we aim to establish the machine learning model F
to output velocity fields u = {u, v} from particle images q such that q ≈ F (uu). Although our final goal
is an application to experimental data, the particle images with corresponding velocity fields obtained by
PIV techniques, e.g., correlation method, optical flow method, are not sufficient as the training data due
to reflection of a laser light. To prepare clean training data without using experimental data which include
missing area, we utilize artificial particle images (APIs) generated by direct numerical simulation (DNS)
at ReD = 300 as input data for machine learning models. Furthermore, we consider two cases as the input
data types: API with and without lacked portions based on our exact wind tunnel set up. The augmented
velocity fields with both full and lacked APIs are in great agreement with the reference DNS data in
terms of various statistical assessments. At last, we further use the machine-learned models trained with
the numerical data to experimental images so that the applicability to the exact experimental situation
can be investigated. The results indicate that the proposed method can be applied to the experimental
particle images, even if strong unsteadiness is contained in the lacked portions.
* This work was supported from the Japan Society for the Promotion of Science (18H03758).
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Liquid 4He of ultra-low temperature exhibits superfluidity below 2.17 K and consists of an
inviscid superfluid component and a viscus normal-fluid component, i.e., two fluid model. The
circulation of the superfluid vortex is quantized by Bose-Einstein condensation and the
superfluid vortex forms a vortex line. In the present study, we introduce the two-way coupled
3D simulation between quantized vortices and normal fluid in superfluid 4He at 1.9 K to
investigate anomalously anisotropic fluctuations in normal fluid observed in experiments [1]
The quantized vortex of the superfluid component is solved with the vortex filament model
(VFM) [2]. The vortex filament (line) is discretized by a series of points and the induced
velocity at any filament on the vortex line is calculated from the Biot-Savart law [3]. The normal
fluid component is described by incompressible Navier-Stokes equations with a mutual friction
term as an external force. Only a few points separating the vortex line are included in the mesh,
so that the mutual friction is locally calculated.
We obtained normal fluid vortices around superfluid vortex lines owing to the mutual friction.
The normal fluid fluctuations in the streamwise direction increase as the normal fluid velocity
increases. This result is consistent with the experiments [1]. Moreover, in high wave numbers,
it is found that energy spectra show k-1 for superfluid and k-2 for normal fluid.
We concluded that the proposed two-way coupling method is valid. The normal fluid
fluctuation might trigger the transition to turbulence unlike classical turbulence. This method
will open a significant new area of research and pave the way for notable progress in the field.
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Significantly reduced development times of today’s powertrains as well as steadily increasing
requirements regarding fuel consumption and pollutant emissions require a continuous
refinement of the development methods for internal combustion engines. The presented
simulation method focuses on the new and tightened approval cycles for passenger cars engines;
more particularly on the start-up phase as well as on sharp load changes, which lead to increased
engine out emissions.
The aim of this study is to create a simulation tool for the investigation and evaluation of the
emissions during dynamic engine operation. Established simulation methods, such as 3Dcomputational fluid dynamics, are bundled in such a way that transient processes can be
simulated within a reasonable calculation time without significant loss of information. The tool
is based on a 1D gas exchange simulation software. Herein, detailed reaction kinetics is used to
simulate the combustion process, which also takes into account both the thermal boundary
conditions (wall temperatures) and the quality of the mixture formation. For this purpose, the
gas exchange model is extended with a thermal network and the mixture formation process is
assessed with 3D-CFD. Suitable test bench data serve to validate the whole process chain.
In addition to the improvement of the CAE-based assessment for the development of virtual
engines, the simulation tool should provide an understanding of the phenomena leading to
emission formation under the transient engine operation. Furthermore, using such a tool can
contribute to the development of alternative driving concepts and exhaust aftertreatment
systems.
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ABSTRACT
The Navier-Stokes (NS) equations are an excellent mathematical model for turbulence. Unfortunately,
most of practical turbulent flows cannot be computed directly from the NS equations because not enough
resolution is available to resolve all relevant scales of motion. Therefore, numerical simulations have to
resort to turbulence modeling. We may therefore turn to large-eddy simulation (LES) to predict the largescale behavior of turbulent flows. In LES, the large scales of motions in a flow are explicitly computed,
whereas effects of small-scale motions are modeled. Since the advent of CFD many subgrid-scale (SGS)
models have been proposed and successfully applied to a wide range of flows. Most of the difficulties
in LES are then associated with the presence of walls where SGS activity tends to vanish. Therefore,
apart from many other relevant properties, LES models should properly capture this feature [1, 2]. This
implies an accurate resolution of the near-wall region which results on an (extremely) high computational
cost at high Reynolds numbers. Hence, in the foreseeable future, the feasibility of LES simulations will
have to rely on specific near-wall region modelization techniques [3, 4]. In this context, the objective of
this Minisymposium is to bring together people working on advanced, cutting-edge methods for LES of
turbulent flows with special emphasis to wall-bounded problems and unsteady separated flows at high
Reynolds numbers where a higher degree of modelization (e.g. DES, wall-modeled LES) is required.
REFERENCES
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simulation. Physics of Fluids, 27:085107, 2015.
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Large-eddy-simulation is a promising strategy for turbulent flow simulation in applications. However, a
very fine mesh is required near the wall (wall-resolved) for reliable results, so wall-modelled methods
have been developed to reduce the computational cost. The main aim of this work is to provide a general strategy to simulate wall-bounded flows in the LES framework using a smooth transition between
a wall-modelled and a wall-resolved approach. The wall-model is based on a set of ordinary differential equations proposed by Larsson et al. [2016]. The proposed methodology can prescribe the right
(modelled or resolved) wall stress and heat flux, together with no-slip/no-penetration velocity conditions.
The proper implementation in a finite-difference algorithm [De Vanna et al., 2020] allows the automatic
transition between the two approaches. The results highlight an excellent accuracy in representing wall
turbulence both in terms of mean velocity profiles and fluctuations, almost independently of the nearwall spatial resolution. More details on this method and quantitative tests on channel flows and boundary
layers for different Reynolds number and Mach number will be given in the final paper.
References
Johan Larsson, Soshi Kawai, Julien Bodart, and Ivan Bermejo-Moreno. Large eddy simulation with
modeled wall-stress: recent progress and future directions. Mechanical Eng. Reviews, 3(1), 2016.
Francesco De Vanna, Francesco Picano, and Ernesto Benini. A sharp-interface immersed boundary
method for moving objects in compressible viscous flows. Computers & Fluids, page 104415, 2020.

(a) Reτ = 1000, Ma = 0.1

(b) Reτ = 2000, Ma = 0.1

Figure 1: Streamwise velocity contours of turbulent channel flows at Ma = 0.1 and different Reτ
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Turbulent base flows are of vital importance in supersonic missile aerodynamics field due to
the existence of large circulation areas and pressure fluctuations at the wake of the body.
Despite the simple geometry, base flows have complex flow characteristics [1]. In this study,
effects of turbulence modelling on a supersonic base flow field are investigated rigorously using
CFD++. Both steady-state and transient computational fluid dynamics (CFD) simulations are
conducted at a Mach number of 2.46 which corresponds to a Reynolds number of 5.2x107.
Various turbulence models are applied to the problem and numerical findings are compared
with each other and with experimental data [2].
Firstly, preliminary 2-D and 3-D simulations are conducted. Pressure coefficient distribution
on the base for various turbulence models and flow field for Mach number is given in Figure 1.
It is seen that results of cubic    turbulence model suites the experimental data better than
other models. The circulation zone and shear layer that is formed due to the separation of flow
at the base leading edge can easily be seen in Figure 1. It is expected that pressure distribution
on base will be different with various turbulence models since the turbulent production and
mixing is modelled differently. Also due to the large separation regions, all these linear models
are operating beyond their range of calibration. Results related to 3-D hybrid RANS/LES
simulations will be presented in the full paper with enhanced flow field characteristics
investigations.

Figure 1. Pressure coefficient distribution on base (left), flow field for Mach number (right)
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The simulation of turbulent flows with adverse-pressure gradients (APG) is crucial for
accurate predictions of complex flows, e.g. around aircraft at the border of the flight envelope.
Apart from classical RANS modelling, there is also great interest in scale-resolving
simulation capabilities for APG boundary layers in order to capture possible subsequent
separation. For this reason, we conduct a fundamental assessment of embedded wall-modelled
LES (WM-LES) of a generic APG flow at rather large Reynolds numbers [1]. The
simulations employ the unstructured finite-volume solver DLR-TAU and combine the
Improved Delayed DES (IDDES) with a synthetic turbulence (ST) generator [2].
The test case is characterized by different momentum-thickness Reynolds numbers at a
reference location upstream of the APG region, which is realized by a ramp contour placed on
a wind-tunnel wall, see Fig. 1 (left). The hybrid grids for the embedded WM-LES are locally
refined in a domain covering the full APG region and its surrounding, see Fig. 1 (left).
Besides two different inflow Reynolds numbers, the simulations consider multiple streamwise
locations for the RANS-to-LES interface to study the performance of the synthetic turbulence
method in adverse pressure gradients. Further numerical studies (e.g. w.r.t. domain width, ST
parameters) are performed to assess the sensitivities of the simulation setup. Exemplarily, Fig.
1 (right) depicts the mean skin friction in the reference setup at ReΘ = 15000 computed with
two synthetic source-term variants, showing widely consistent results in throughout the APG
region. Where available, the numerical results are compared with measurement data from [2].

Fig. 1: Left: Reference simulation setup (top) and corresponding vorticity snapshot (bottom).
Right: Skin friction along the APG contour from RANS and embedded WM-LES simulations.
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Among the scale-resolving approaches, hybrid RANS-LES methods present the most competitive balance between accuracy and computational cost. In particular, in those applications where complex turbulent flows at high Reynolds number are involved. One of the most popular, actively evolving and
comprehensively studied is the non-zonal DES approaches’ family. Their current development is aimed
at solving the so-called “grey area” problem which is mostly the delay of RANS-to-LES transition to the
mesh-resolved turbulence in the shear layers. To treat it, some modifications of the DES approach are
recently proposed. They consist in the use of either a special subgrid scale (∆˜ ω , ∆SLA ) [1, 2] adapted to
the shear layers, or more advanced alternative (not Smagorinsky) LES models [1] (σ or WALE models),
or their joint usage. We present a new approach which is based on the so-called least mean square subgrid length scale, ∆lsq [3], with optional usage of the novel LES subgrid model (named S3QR) presented
in [4]. The ∆lsq formulation appear to be simpler in implementation and less empirical in comparison
with the ∆˜ ω and ∆SLA ones especially applied to arbitrary unstructured meshes. Evaluation of the new
DES modification is done using the three well-known computational cases with reliable reference data:
turbulent flows in the channel with a sudden expansion with ratios 5/4 and 2; immersed subsonic round
turbulent jet. Two unstructured control volume codes are considered: NOISEtte and OpenFOAM. The
analysis based on comparison with reference data and the results obtained using another approaches
(proposed in [1, 2]) includes both near field flow characteristics and far field noise (for the jet case).
The work is supported by the Moscow Center of Fundamental and Applied Mathematics at the Keldysh
Institute of Applied Mathematics of Russian Academy of Sciences, project No. 20-02-01.
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The accuracy of wall-modelled large-eddy simulations (WMLES) may be influenced by a wide
range of parameters. While recommendations for some of these are available from the literature,
uncertainties remain due to the use of different numerical codes and wall modelling techniques.
Furthermore, most validation studies have only considered the velocity statistics. However,
pressure fluctuations may also be of interest, e.g. for acoustics predictions.
An investigation of WMLES was carried out to assess predictions of both velocity and pressure
statistics, based on simulations of channel flow using OpenFOAM (version 5.x). An isotropic,
hexahedral mesh was employed with 28 cells per boundary layer thickness in each direction,
following the recommendation of Rezaeiravesh et al. [1]. The WALE model [2] was applied
for the sub-grid eddy viscosity. Wall shear stress was predicted using an algebraic model based
on Spalding’s law-of-the wall. Following the recommendations of Kawai and Larsson [3] and
Mukha et al. [4], the sampling location for the velocity was moved away from the wall. Using
the fourth cell from the wall, better predictions of wall stress were obtained, leading to improved
predictions for the boundary layer statistics.
Furthermore, it was observed that the differencing scheme for the convection term had a
significant influence. Using linear differencing, predictions were relatively good near the wall,
but poorer away from the walls. Better results were achieved in the bulk of the channel by using
a scheme which blends some upwinding, such as “limitedLinear 0.1”. In that case, however,
predictions were relatively poor close to the walls.
Taking into account these observations, a hybrid differencing scheme was implemented, which
allowed different schemes to be applied depending on the distance from the wall. The linear
scheme was applied to the cells closest to the wall, while applying the “limitedLinear 0.1” in
the bulk. Comparisons with published DNS data showed improved accuracy with respect to
profiles of mean velocity, Reynolds stresses, and r.m.s. pressure fluctuations. Furthermore,
good results were obtained with the same method over a range of friction velocity-based
Reynolds numbers between 1000 and 5200.

1544

G. Lane, W. Sidebottom and P.Croaker.

REFERENCES
[1] S. Rezaeiravesh, T. Mukha, M. Liefvendahl, Systematic study of accuracy of wall-modeled

large eddy simulation using uncertainty quantiﬁcation techniques, Comput. Fluids,
Vol. 185, pp. 34–58, 2019.
[2] Nicoud F, Ducros F. Subgrid-scale stress modelling based on the square of the velocity
gradient tensor. Flow Turbul. Combust., Vol. 62(3), pp.183–200, 1999.
[3] S. Kawai, and J. Larsson, Wall-modelling in large-eddy simulation: Length scales, grid
resolution and accuracy, Phys. Fluids, Vol. 24:015105, 2012.
[4] T.Mukha, S. Rezaeiravesh, M. Liefvendahl, A library for wall-modelled large-eddy
simulation based on OpenFOAM technology, Comput. Phys. Commun., Vol. 239, pp. 209–
224. 2019.

1545

LargeVerstappen
Roel
Eddy Simulations Based On Finite-Volume Filtered Navier-Stokes Equations

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

LARGE EDDY SIMULATIONS BASED ON FINITE-VOLUME
FILTERED NAVIER-STOKES EQUATIONS
Roel Verstappen
Bernoulli Institute, University of Groningen, The Netherlands, r.w.c.p.verstappen@rug.nl
Key Words: Large Eddy Simulation, Closure Modelling, Turbulence
This paper is about models for large-eddy simulation (LES) of wall-bounded turbulent flow that truncate
the small scales of motion for which numerical resolution is not available by making sure that they do
not get energy from the larger, resolved, eddies. To identify the resolved eddies, the (incompressible)
Navier-Stokes equations are discretized with the help of a finite-volume method. i.e., we use Schumann’s
filter [1]: the finite-volume discretization effectively acts as the filter. The closure modelling is performed
at the discrete level instead of at the continuous level. The discrete framework to closure modelling uses
an approximate inverse of the finite-volume filter. Note this is similar to histopolation, the process of
converting integral values to nodal values. The inverse is typically ill-posed or ill-conditioned. Therefore, a minimum dissipation model is added to regularize the inversion process [2]. Here, the minimum
dissipation model describes the effects of the scales of motion that are not captured by the approximate
inversion of the finite-volume filter [3]. The minimum amount of dissipation is determined such that the
nonlinear production of too small, unresolvable scales of motion is counteracted. The direct development of this requirement results into a condition that depends explictly on unresolved scales; hence it is
not useable. Therefore, we make use of Poincaré’s inequality to reformulate the dissipation-production
balance at the smallest scale that is resolved. To properly represent the physics of wall-bounded turbulent
flows on coarse meshes, we make use of a two layer approach. Near to the wall, where the dissipative
processes are dominant, we use a low-order approximation of the inverse, whereas, further away from the
wall (where the interactions between turbulent structures are more important), we apply a higher-order
approximation.
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simulation, Physics of Fluids (2015) 27, 085107.
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On a wing operated at low Reynolds numbers the boundary layer is likely to separate before it experiences
transition to turbulence. Depending on the airfoil this occurs already at low angles of attack. Following
the separation Kelvin-Helmholtz vortices are formed above the separated layer, which break up into
turbulence and hence the flow re-attaches and forms a turbulent boundary layer. This process is very
sensitive to ambient turbulence impinging the boundary layer upstream of the separation and thereby
delaying or accelerating the separation process. Further, the breakup of shear layer vortices is accelerated
by local variations introduced by the ambient turbulence.
In the present work computations of a NACA0018 airfoil at a Reynolds number of Re = 80000 have been
performed using hybrid RANS-LES methods. This allows to resolve the significant contributions by
turbulence. Since the transition occurs above the separated layer in the LES region the model is capable
to produce resolved turbulence, which has been shown in previous work [1]. Unresolved turbulence is
modelled using the SST-based DDES model supplemented with a transition model to initially produce a
laminar boundary layer.
The setup is based on experimental work by Istvan and Yarusevych [2]. In the numerical simulation
synthetic turbulence is introduced upstream of the wing by volume forces. Both turbulence intensity
and integral length scale can independently be set to prescribed values. A wide range of turbulence
parameters have been investigated featuring turbulence intensities up to 10% and length scales between
3% and 20% of the chord length. The effect of ambient turbulence depends strongly on the length scales.
Small scales impinge the boundary layer and directly interact with the separation and the transition
process, whereas larger scales can locally change the angle of attack and thereby have an indirect effect.
Due to the locally and temporally isolated effect in the boundary layer a plain temporal average will not
be able to fully explain the process. Instead several local events of impinging eddies have been identified
and analysed in a conditioned view. It is shown how the shape of the boundary layer is changed by
individual events and how this is affecting the separation and the transition process.
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In this work, we aim to shed light to the following research question: can we find a nonlinear tensorial subgrid-scale (SGS) heat flux model with good physical and numerical properties, such that we can
obtain satisfactory predictions for buoyancy-driven turbulent flows? This is motivated by our findings
showing that the classical (linear) eddy-diffusivity assumption, qeddy ∝ ∇T , fails to provide a reasonable approximation for the actual SGS heat flux, q = uT − uT : namely, a priori analysis for air-filled
Rayleigh-Bénard convection (RBC) clearly shows a strong misalignment. In the quest for more accurate
models, we firstly study and confirm the suitability of the eddy-viscosity assumption for RBC carrying
out a posteriori tests at very low Prandtl numbers (liquid sodium, Pr = 0.005) where no heat flux SGS
activity is expected. Then, different (nonlinear) tensor-diffusivity SGS heat flux models are studied a
priori using DNS data of air-filled (Pr = 0.7) RBC at Rayleigh numbers up to 1011 . Apart from having good alignment trends with the actual SGS heat flux, we also restrict ourselves to models that are
numerically stable per se and have the proper cubic near-wall behavior. This analysis leads to a new family of SGS heat flux models based on the symmetric positive semi-definite tensor GGT where G ≡ ∇u,
i.e. q ∝ GGT ∇T , and the invariants of the GGT tensor.
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Figure 1: Left: alignment trends of the actual SGS heat flux, q. For details the reader is referred to our work [1].
Right: DNS of the air-filled RBC at Ra = 1010 studied in Ref. [1].
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Wall-modelled large-eddy simulation (WMLES) is a turbulence modelling approach, in which the LES
equations are complemented with special near-wall modelling, allowing to by-pass the resolution of the
inner region of turbulent boundary layers (TBLs) with the computational grid [1]. As consequence,
simulation of higher Reynolds number flows, as compared to wall-resolving LES, becomes possible.
Traditionally, LES is performed on structured hexahedral grids but in industrial applications the geometrical complexity of the computational domain typically requires the grid to be unstructured. Currently,
the effects of the grid-cell topology on the predictive accuracy of WMLES remain largely unexplored.
The presented study builds upon [2] and systematically assesses the predictive accuracy of WMLES
on several types of unstructured meshes. Turbulent channel flow and TBL flow over a flat-plate are
considered as model problems. For the former, four different grid-cell topologies are considered: cubes,
polygonal prisms, triangle prisms, and a mix of polygonal prisms near the wall with arbitrary polyhedra
in the core of the channel. Furthermore, for each grid, four grid densities are considered. Results reveal
that the predictive accuracy on the unstructured grids is similar to what is obtained using cubes. For
a given grid density, the simulation on the grid consisting of triangle prisms exhibits the least accurate
result, but the associated computational cost is, on the other hand, significantly lower. For the flat-plate
TBL, three grids are considered, with the region occupied by the TBL meshed with prismatic layers
produced by extruding, respectively, a polygonal, trianglular, and quad-dominant wall-surface mesh. A
similar level of predictive accuracy is obtained on all three meshes, also similar to that reported in [2].
In summary, all the considered grid types produced acceptable results. Triangular prisms can be considered the optimal meshing approach when both accuracy and affordability are taken into account.
However, further study is needed to determine how robust the simulations on the different meshes are
with respect to the diffusivity of the employed numerical algorithms.
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Wall modeling is vital to make LES viable for high Reynolds number flows typical or real-world problems. In the finite element context, wall modeling uses a slip condition plus a traction at the wall in the
direction opposite to the velocity. The magnitude of this traction depends on the velocity at some point
close to the wall. In [1], we have significantly improved the typical wall law implementation used by
finite element practitioners by altering the location of the input velocity. Nevertheless, finite element
wall modeling still suffers robustness issues for highly complex geometries.
The difficulties are associated with how no penetration with slip is applied in finite elements. It requires
the definition of a normal at boundary nodes, that is defined so that the total flow through the boundaries
surrounding the node is zero. This introduces difficulties at sharp edges. The most basic example of
the problem is the flow around a 2D symmetric airfoil with a sharp trailing edge at zero angle of attack.
If both boundaries touching the node at the trailing edge have the same size, the normal at the trailing
edge node turns out to be aligned with the incoming flow. The no penetration boundary condition, zero
velocity in the normal direction, creates a spurious stagnation point and an unphysical rise of the pressure
at the node. When such a situation arises in a finite element grid, two possible solutions are adopted:
smoothening out the geometry so that the sharp trailing edge is removed or modifying the boundary
condition at the trailing edge node so that penetration is allowed. Both methods involve user intervention
and provide non-optimal results. For really complex geometries, they become unfeasible. In this work,
we propose an alternative approach that modifies the viscosity in the first element so that the modified
viscosity times the velocity gradient equals the traction calculated from the wall law. In this way, we can
prescribe the velocity to zero at the wall and recover the correct traction. Having a zero velocity at the
wall eliminates the problems that we have described previously and thus provides a much more robust
approach. According to our knowledge, this method has not been used in the finite element context
before, despite it eliminates well-known problems when the no penetration slip boundary condition is
used with complex geometries.
The method has been tested in the NACA4412 at Rec = 106 and a DrivAer car at Re = 4.87 × 106 . It has
enabled the simulation of flow around real vehicles, inside cities, and complex terrain wind farms.
E-mail: herbert.owen@bsc.es
REFERENCES
[1] Owen, H. and Chrysokentis, G. and Avila, et al. Wall-modeled large-eddy simulation in a finite
element framework. Int. J. Num. Meth. Fluids (2019) 92:20–37.
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The incompressible Navier-Stokes equations stand as the best mathematical model for turbulent flows.
However, direct numerical simulations at high Reynolds numbers are not yet feasible because the convective term produces far too many relevant scales of motion, thus remaining limited to relatively lowReynolds numbers. Dynamically less complex mathematical formulations have been developed for
coarse-grain simulations, like the well known eddy-viscosity models. Most of these models are based
on the combination of invariants of a symmetric tensor that depends on the gradient of the resolved velocity field, G = ∇u, and should properly detect different flow configurations (laminar and 2D flows,
near-wall behavior, transitional regime, etc.). Brand-new models have been constructed considering the
first three invariants of the symmetric tensor GGT with excellent results [1]; hence, it is formally based
2
on the lowest-order approximation of the subgrid stress tensor, τ(u) = ∆12 GGT + O (∆4 ), i.e. the gradient
model proposed by Clark [2]. Furthermore, these models have been implemented on a pseudo-spectral
algorithm with a fully-explicit second-order time-integration method [3]. The performance of this special configuration has been successfully tested for decaying isotropic turbulence and a turbulent channel
flow. It is currently being developed for a semi-infinite boundary layer with periodic conditions as a
previous step to carry out wind farm simulations. Details of the implementation and numerical results
will be presented.
REFERENCES
[1] F. X. Trias, D. Folch, A. Gorobets, and A. Oliva. Building proper invariants for eddy-viscosity
subgrid-scale models. Physics of Fluids, 27(6):065103, 2015.
[2] R. A. Clark, J. H. Ferziger, and W. C. Reynolds. Evaluation of subgrid-scale models using an
accurately simulated turbulent flow. Journal Fluid Mechanics, 91:1–16, 1979.
[3] F. X. Trias, D. Folch, A. Gorobets, and A. Oliva. Spectrally-consistent regularization of NavierStokes equations. Journal of Scientific Computing, 79:992–1014, 2019.
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ADVANCES IN HYPERSONIC FLOW SIMULATION
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Rémi Abgrall∗ , Pierre-Henri Maire†
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∗
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ABSTRACT
There is currently a renew of the scientific interest on the simulation of hypersonic flows, for several
reasons ranging from geopolitical constraints, the various project of sending men to Mars to classical
economical ones.
This mini-symposium intends to propose an overview of the current state of the art and the different
challenges in that field: the various flow regimes, from rarefied flows to dense regimes, which boundary
conditions, the various thermodynamical models, as well as the turbulence modelling, The numerical
discretisation: block structured versus unstructured meshes. Why, how and what are the challenges,
which flow solver ? The issues of robustness of the solvers: positivity issues due to strong shock waves,
strong fans and flow/boundary layers interactions, The issues coming from moving geometries because of
ablation, The mismatch between nozzle flow experiments and true flight, because of missing similarity
parameters, Steady flow versus unsteady flows: is there a potential for high order methods, and if so,
which type of high order methods, Uncertainty quantification, etc
The speakers will come from European institutions (ESA, VKI, ONERA, DLR, etc), defence related
institutions such as CEA in France, and possibly NASA. A tentative list is: Pierre-Henri Maire (CEACESTA), ”Challenges in hypersonic flow simulation”, Thierry Magin (VKI, Belgium)” Rarefied gas
dynamics modellisation”, V. Lago (CNRS ICARE Orlans) ’Rarefied flows, an experimental view point’,
ONERA , Pietro Congedo (Inria) ”Uncertainty quantification in hypersonics”, P. Gnoffo (NASA Langley), Jean-Luc Vérant (ONERA Toulouse) ’Modelisation of thermal effects’, C. Marmignon (ONERA
Chatllon) ’Numerical simulation of hypersonic flows’, F. Chalot (Dassault).
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A HYBRIDIZED DISCONTINUOUS GALERKIN METHOD FOR
HIGH-MACH-NUMBER FLOW
Koen Devesse1 , Georg May1 , Thierry Magin1
1

von Karmann Institute for Fluid Dynamics, Waterloosesteenweg 72, 1640 Sint-Genesius-Rode,
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Key Words: high-enthalpy flow, discontinuous Galerkin methods, shock capturing, hp-adaptation
Hypersonic flow presents a challenge to numerical simulation. This is true even for well-established
discretization methods. On the other hand, higher-order methods, such as discontinuous Galerkin (DG)
methods, have not yet made a great impact on compressible flow simulation even for less challenging
flow regimes.
The ultimate motivation behind high-order methods is to achieve better resolution with fewer computational degrees of freedom. For applications in high-speed flow, an efficient adaptive methodology, e.g.
hp-adaptivity and possibly anisotropic adaptation, is essentially mandatory to realize potential benefits
of higher order schemes in practice. Furthermore, robust shock-capturing methods are required. While
shock-capturing techniques have been developed for DG methods, as well as for other high-order methods, validation has not usually included the hypersonic flow regime. In general, such techniques must be
considered less robust, compared to standard solvers. Finally, incorporating advanced thermodynamics
and chemistry modeling adds extra complexity to the solver development, as well as further strain on
robustness and solution efficiency.
We present the development of a solver for high-speed flow using hybridized Discontinuous Galerkin
(HDG) discretization, operating on standard unstructured meshes with simplex mesh elements. The
solver has thus far been validated for model problems and external aerodynamics at relatively low speed,
using such techniques as anisotropic mesh optimization, based on our recently proposed metric-based
approach [1]. We aim to demonstrate the extension to high-speed, high-temperature settings through
the incorporation of advanced thermodynamic and chemistry modeling for high-enthalpy flow using the
open source library mutation++ [2].
Initial verification and validation results using a variety of model problems and flow cases will be presented.
REFERENCES
[1] Rangarajan, Ajay and Balan, Aravind and May, Georg, Mesh Optimization for Discontinuous
Galerkin Methods Using a Continuous Mesh Model. AIAA Journal Vol. 56(10), pp. 4060–4073,
2018.
[2] Scoggins, James B. and Magin, Thierry E., Development of Mutation++: Multicomponent Thermodynamic and Transport Properties for Ionized Plasmas written in C++. AIAA Paper 14-2966,
2014.
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SOLVERS FROM LAGRANGIAN ONES FOR DISCRETIZING
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Pierre-Henri Maire1 , Agnès Chan2 , Gérard Gallice3 and Raphaël Loubère4
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In this presentation, we aim at constructing innovative finite volume discretizations dedicated to the
numerical approximation of hyperbolic systems of conservation laws such as the Euler equations [1].
The cornerstone of any finite volume is the approximate Riemann solver which provides a generic way
to compute the numerical flux at the cell interfaces.
Here, we revisit the works initiated by one of the author [2, 3] devoted to the construction of simple Riemann solver written under Eulerian formalism from simple approximate Riemann solver written under
Lagrangian formalism. The general methodology, which mimics at the discrete level the continuous Lagrange to Euler transformation, is thoroughly described. The resulting Riemann solvers are conservative
and entropy conditions are derived such that they can induce entropic Godunov-type schemes.
The particular case of Euler equations is investigated to construct positive and entropic approximate
Riemann solvers under both Lagrangian and Eulerian formalisms. The mathematical properties of the
resulting first-order finite volume schemes are also described.
REFERENCES
[1] Godlewski, E. and Raviart P.-A. Numerical approximation of hyperbolic systems of conservations
laws. Springer, (1996).
[2] Gallice, G. Approximation numérique de systèmes hyperboliques non-linéaires conservatifs ou nonconservatifs. Habilitation à diriger des recherches, Université de Bordeaux, (1991).
[3] Gallice, G. Positive and entropy stable Godunov-type schemes for gas dynamics and MHD equations in Lagrangian or Eulerian coordinates. Numer. Math. (2003) 94:673–713.
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ADAPTIVE FINITE VOLUME SOLUTION OF SHOCK
INTERFERENCE PATTERNS IN HIGH-ENERGY
NONEQUILIBRIUM FLOWS
Catarina Garbacz1 , Walter T. Maier2 , Juan J. Alonso2 , James B. Scoggins3 ,
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Key words: High-enthalpy nonequilibrium flows, adaptive solution, multi-species and multitemperature flows
High-enthalpy hypersonic flows have been the subject of a lot research efforts, both experimentally and numerically through the years. Despite the investments, the scientific community is
still striving to fully tackle the complex physics of this class of flows. This is due to the coexistence of different mechanisms such as strong compressibility effects, finite-rate energy exchange
and chemical nonequilibrium that require advanced experimental and numerical approaches.
In the latter case, many different models, physical and numerical have been proposed by researchers with different degree of complexity and consistency with the physics [1, 2]. In the
present work, the high-Mach flow of various gas mixtures over a series of canonical geometries
(i.e. double wedges and cones) is simulated with adaptive Finite Volume approach discretising
a multi-species and multi-temperature model of the fluid flow. The open-source solver SU2
[3] and the thermochemical library Mutation++[4] are integrated to provide a state-of-the-art
computational framework for such nonequilibrium flows. The comparison with existing experimental observations is used to assess the uncertainty of the adopted approach with respect to
the physical and numericla model.
REFERENCES
[1] Gnoffo, P., Gupta, R., and Shinn, J. (1989). Conservation equations and physical models for
hypersonic air flows in thermal andchemical nonequilibrium, NASA Technical Paper 2867,
pp.158.
[2] Sarma, G.S.R. (2000). Physico–chemical modelling in hypersonic flow simulation, Progress
in Aeropsace Science, 36(3-4), pp. 281-349.
[3] Economon, T. D., Palacios, F., Copeland, S. R., Lukaczyk, T. W., and Alonso, J. J. (2016).
SU2: An Open-Source Suite for Multiphysics Simulation and Design,”AIAA Journal, 54(3),
pp. 828–846.
[4] Scoggins, J., and Magin, T. (2014) Development of Mutation++: Multicomponent Thermodynamic and Transport Properties forIonized Plasmas written in C++, doi:10.2514/6.20142966
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Key Words: Rarefied flows, ES-BGK model, DSMC, vibration, variable degree of freedom.
During re-entry, a space vehicle encounters different atmospheric layers. To design such vehicles it is
necessary to simulate the air flow around them. Beyond continuous regime, at high altitude, the air is
rarefied and the classical fluid dynamics equations are not valid: the resolution of a kinetic model is
needed. When the vehicles reach hypersonic velocities the temperature of the flow becomes very large
and different chemical species are excited. At 1000K, the effects of the molecular vibrations appear
in the energy exchanges between the different modes which modify the equilibrium state of the gas
and influence the parietal heat flux and the shock position. The solution of the Boltzmann equation is
generally calculated by the DSMC method, but the computational cost can be high when the air is close to
the continuous regime and far from the free molecular regime. It is interesting to use instead the simpler
BGK model in which the collision term is replaced by an operator which ensures a relaxation towards
equilibrium, the conservation of the macroscopic quantities and the H-Theorem. The BGK model had
been improved in the ES-BGK model in order to consider real Prandtl numbers [1] and polyatomic gases
[2].
In this talk we will present the evolution of the ES-BGK model to take into account the effects of high
temperature. Indeed, in these conditions the energy exchanges between internal, vibrational and chemical
modes appear which make the degree of freedom and the specific heat capacity temperature dependent
and need to be considered by the model [3]. We will conclude the talk with validations and comparisons
with DSMC simulations and cases from the literature.
REFERENCES
[1] Jr. Lowell and H. Holway, “New statistical models for kinetic theory: Methods of construction”,
Physics of Fluids, 9(9), pp. 1658–1673, 1966.
[2] P. Andries, P. Le Tallec, J.P. Perlat and P. Perthame, “The Gaussian-BGK model of Boltzmann
equation with small Prandtl number” Eur. J. Mech. B. Fluids., 19(6), pp. 813-830, 2000.
[3] C. Baranger, Y. Dauvois, G. Marois, J. Mathé, J. Mathiaud and L. Mieussens, “A BGK model for
high temperature rarefied gas flows”, Eur. J. Mech. B. Fluids., 20, pp. 1-12, 2020.
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Gas-surface interaction phenomena has a strong impact on the heat flux experienced by an atmospheric
entry vehicle and space debris. Numerically, it can be expressed as a boundary condition to be imposed
as a closure for Navier-Stokes equations for predictive simulations. It satisfies the mass and energy conservation on a thin layer containing both the solid and the gas phase.
Bellas[1] has proposed to abstract the implementation of the surface mass and energy balances from the
CFD solver and to implement it in a separate library, MUTATION++[2]. It is convenient to easily plug
complicated and verified GSI models in any type of CFD solver for the characterizing the surfaces. It
was used to describe catalytic and ablative behavior, both assuming thermal equilibrium on the surface
and not (state-to-state catalysis or two temperature ablation).
We have extended the library to use state-of-the-art nitridation and nitrogen recombination rate coefficients computed in University of Minnesota[3] in a zero-dimensional framework, on the base of beam
experiments. MUTATION++ was coupled with a high-fidelity finite-volume CFD solver, US3D [4], to
simulate an experimental campaign conducted at the von Karman Institute. It consists of a subsonic
high-enthalpy nitrogen flow over an a axi-symmetric ablative sample. Flow and surface results were
extracted, respectively, on the stagnation line and on the stagnation point, and they were compared with
the ones obtained using an in-house one-dimensional solver, whose coupling was already validated. The
two results showed good agreement, verifying the implementation of the boundary condition.
REFERENCES
[1] Bellas, G. Development of advanced gas-surface interaction models for chemically reaction flows
for re-entry condition.
[2] Scoggins, J., B. et al. Mutation++: MUlticomponent Thermodynamic And Transport properties for
IONized gases in C++.
[3] Prata, K., S. et al. Air-Carbon Ablation Model for Hypersonic Flight from Molecular Beam Data.
[4] Candler, G., V. et al. Development of the US3D code for advanced compressible and reacting flow
simulations.
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DAAA, ONERA, Université Paris Saclay, F-92322 Châtillon, France, florent.renac@onera.fr

Key Words: Compressible multicomponent flows, Relaxation of hyperbolic systems, Finite volume
method, Relaxation scheme
This work concerns the numerical approximation with a finite volume method of inviscid, nonequilibrium, high-temperature flows in multiple space dimensions. We derive a general framework for the
design of numerical schemes for this model from numerical schemes for the monocomponent compressible Euler equations for a polytropic gas. Under a very simple condition on the adiabatic exponent of the
polytropic gas, the scheme for the multicomponent system enjoys the same properties as the one for the
monocomponent system: discrete entropy inequality, positivity of the partial densities and internal and
vibration energies, discrete maximum principle on the mass fractions, and discrete minimum principle
on the entropy. Our approach extends the relaxation of energy approximation [1] to the multicomponent
Euler system. In the limit of instantaneous relaxation we show that the solution formally converges to a
unique and stable equilibrium solution to the multicomponent Euler equations.
We then use this framework to design numerical schemes from three schemes for the polytropic Euler
system: the Godunov exact Riemann solver [2], the HLL approximate Riemann solver [3], and the
approximate Riemann solver based on pressure relaxation [4]. Numerical experiments in one and two
space dimensions on flows with discontinuous solutions support the conclusions of our analysis and
highlight stability, robustness and convergence of the schemes.
REFERENCES
[1] F. Coquel and B. Perthame, Relaxation of energy and approximate Riemann solvers for general
pressure laws in fluid dynamics, SIAM J. Numer. Anal., 35 (1998), 2223–2249.
[2] S. Godunov, A difference scheme for numerical computation of discontinuous solutions of equations of fluid dynamics, Math. USSR Sbornik, 47 (1959), 271–306.
[3] A. Harten, P. D. Lax, and B. Van Leer, On upstream differencing and Godunov-type schemes for
hyperbolic conservation laws, SIAM Rev., 25 (1983), 35–61.
[4] F. Bouchut, Nonlinear Stability of Finite Volume Methods for Hyperbolic Conservation Laws and
Well-Balanced Schemes for Sources, Frontiers in Mathematics, Birkhauser, 2004.
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After a break of a few decades a certain interest re-emerges for hypersonic aircraft design, which is
largely based on the availability of numerical simulations of three-dimensional high-speed aerodynamic
flows. The underlying physical model is the Navier-Stokes (N-S) equations which describe the conservation laws of mass, momentum and energy of a viscous and heat-conductive compressible fluid. The
flow around the aircraft is characterized by the presence of a boundary layer along the object, attached
and/or detached shock waves, relaxation and re-circulation zones depending on the geometry of the aircraft. The physical variables of the flow - mass density, pressure, velocity and temperature - undergo very
important spatial and temporal variations. Simulating such flows requires robust and accurate numerical
methods capable of faithfully reproducing the complexity of the physical phenomena aforementioned.
Historical numerical methods rely on finite volume (FV) approaches that capture shocks using approximate Riemann solvers. It discretizes the N-S equations on structured multi-block meshes that guarantee
accurate description of the boundary layers. However, the construction of such meshes can be tedious
in cases where complex geometries must be taken into account. This talk will present the development
of FV methods to solve the non-viscous and non-conductive part of the N-S equations, i.e. the Euler
equations, on unstructured meshes. More specifically we focus on the development of a multidimensional approximation of the numerical fluxes based on the strategies of nodal solvers developed in the
context of centered schemes for Lagrangian hydrodynamics [1, 3]. Particular care will be taken in the
study of the properties of these numerical methods to ensure the preservation of the positivity of physical
quantities such as density and internal energy and the satisfaction of a discrete entropy inequality. These
properties respectively guarantee the robustness and the thermodynamic consistency of the methods thus
constructed. In order to increase accuracy, a rise in order of spatial discretization will be conducted using the MOOD paradigm [2]. Several preliminary numerical studies and simulations will be presented
assessing the interest of this novel approach.
REFERENCES
[1] Maire, P.-H., Abgrall, R., Breil, J., Ovadia, J. A cell-centered Lagrangian scheme for two-dimensional compressible flow. SIAM J. Sci. Comput. 29 (2007) 1781-1824.
[2] Clain, S., Diot, S., Loubère, R., A high-order FV method for systems of conservation laws - multi-dimensional
optimal order detection (MOOD). J. Comput. Phys. 230 (2011), 4028- 4050.
[3] Shen, Z.J., Yan, W., Yuan, G.W. A robust and contact resolving Riemann solver on unstructured mesh, Part
I, Euler method Journal of Computational Physics. Volume 268, 1 July 2014, 432-455
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The accuracy of engineering predictions in hypersonic flows strongly depends on the fidelity of the
physico-chemical models used to close the governing equations. Such flows span a broad range of
temporal scales, from local thermodynamic equilibrium to thermo-chemical nonequilibrium. As such,
myriads of physicochemical models, data, and algorithms are used in today’s hypersonic CFD codes
and represent a significant body of work in the scientific literature [?, ?, ?, ?]. The thermochemical
models employed in these codes directly affect the evaluation of gas properties necessary to close the
conservation laws governing the fluid. These include mixture thermodynamic and transport properties,
species chemical production rates, and energy transfer rates. Each of these properties further depends on
the selection of a variety of specialized algorithms and data, such as species partition functions, transport
collision integrals, and reaction rate coefficients.
The MUlticomponent Thermodynamic And Transport properties for IONized gases library written in
C++ (MUTATION++) has been developed at the von Karman Institute to help centralize physico-chemical
models, algorithms, and data into a single software package, which may be shared among several CFD
tools. This process works seamlessly thanks to a unique design concept called a State Model, providing a
description of the equation set which is being solved. The model fidelity ranges from detailed chemistry
approaches considering internal energy levels as pseudo-species to multitemperature approaches based
on Maxwell-Boltzmann distribution of thermal baths in equilibrium with relevant energy modes. Leveraging the MUTATION++ framework, we can make use of the Open Source community to share and
disseminate these contributions with other researchers in the fields of atmospheric entries, solar physics,
electric propulsion, and meteors.
REFERENCES
[1] Magin, T.E, Degrez, G., Transport algorithms for partially ionized and unmagnetized plasmas.
Journal of Computational Physics (2004) 198:424-449.
[2] Scoggins, J. B., et al., Thermodynamic properties of carbon-phenolic gas mixtures. Aerospace
Science and Technology (2017) 66:177-192.
[3] Bellas Chatzigeorgis, G., Barbante, P., Magin, T.E., using state-to-state catalysis applied to hypersonic flows. AIAA Journal (2020) 58.
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TURBULENCE MODELING FOR HYPERSONIC BOUNDARY LAYERS
WITH SURFACE ROUGHNESS AND BLOWING EFFECTS
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In many situations such as re-entry of ablatively-cooled vehicles, surface roughness and transpiration
effects may occur and interact in the near-wall region of turbulent boundary layers. Both phenomena have
received considerable attention independently of one another. However, only few studies were focused
on their combined effects. Currently, there is no model able to predict the interaction between roughness
and blowing suited to RANS turbulence models. An analysis of experimental data [1, 2, 3] pointed out an
underestimation of friction factor and Stanton number using k − ω SST turbulence model in combination
with roughness corrections [4, 5] and wall blowing conditions. Based on the description of the velocity
profile in the logarithmic layer, a general strategy has been proposed to recover the expected law of the
wall for rough surfaces with blowing. The latter is similar to Stevenson’s law of the wall but shifted
downwards. The velocity shift reflects not only roughness effects but also the influence of blowing. This
term constitutes the keystone of the model presented in this paper. In order to predict the correct velocity
shift, a modification of the reduced equivalent sand grain height is proposed . The good agreements with
the experimental data demonstrate the relevance of the present strategy.
REFERENCES
[1] J. M. Healzer, R. J. Moffat, and W. M. Kays. The turbulent boundary layer on a porous, rough plate:
Experimental heat transfer with uniform blowing. In Thermophysics and Heat Transfer Conference,
page 680, 1974.
[2] R. L. P. Voisinet. Combined influence of roughness and mass transfer on turbulent skin friction at
Mach 2.9. In 17th Aerospace Sciences Meeting, 1979.
[3] M. S. Holden. Fundamental studies of the structure of hypersonic attached and separated boundary
layers over smooth, rough and transpiration-cooled surfaces. Technical report, Calspan-UB Research
Center, 1991.
[4] B. Aupoix. Roughness corrections for the k − ω shear stress transport model: Status and proposals.
Journal of Fluids Engineering, Transactions of the ASME, 137(2), 2015.
[5] B. Aupoix. Improved heat transfer predictions on rough surfaces. International Journal of Heat and
Fluid Flow, 56:160–171, 2015.
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ABSTRACT
The design process in engineering applications is currently experiencing a change in paradigm
away from experience-based design to numerical design. In many such engineering
applications, flows of complex fluids are encountered; posing the challenge of understanding,
describing, computing, and controlling these flows. In this spirit, this mini-symposium aims at
providing a forum for questions concerning both numerical and optimization methods specific
to fluid flow. On the modelling-side it covers the issues related to complex, non-Newtonian
flow phenomena, such as choice of model or appropriate stabilization. Furthermore, in the area
of simulation, novel numerical methods, ranging from discretization methods to both freeboundary problems and deforming domain problems, are considered. In all cases, the flow
solution may serve as the forward solution of a shape optimization problem, requiring a shape
representation and a design objective along with problem-specific optimization schemes.
Topics of this mini-symposium include, but are not limited to:
•
•
•
•

Methods particular to specific applications such as primary manufacturing processes, dam
breaks, industrial storage tanks, combustion engines, ship design, etc.
Non-Newtonian fluid models describing shear-thinning or viscoelastic properties, e.g.,
Carreau-Yasuda, extended Pom-Pom, Phan-Thien-Tanner, Giesekus, etc.
Simulation methods including stabilization schemes, interface capturing, and interface
tracking.
Methods and applications related to shape optimization in fluid flow, e.g., geometry
representation, boundary conditions on the shape, or choice of objective function.
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A CFD Investigation on Grid Fin Efficiency and Body Interaction for
Supersonic Flight Conditions
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To increase control capability, the use of grid fins has been becoming a popular engineering
solution, especially for supersonic civil applications, such as sounding rockets, due to its stall
resistance at higher angles of attack and lower hinge moments than planar fins except
transonic speeds. In literature, there have been several studies on aerodynamic performance
and design of grid fins. Belotserkovsky (1985) introduced the concept of grid fins for flight
vehicle control and stability purposes [1]. Despeyroux et al. have investigated and compared
the static and dynamic performance of grid fins with the conventional planar fins at modest
supersonic conditions with a Mach number of 2.5 [2].
In this paper, CFD simulations are parallelly performed in supersonic conditions for a generic
flight vehicle geometry [2] with an unstructred grid of 25 million cells. Those simulations are
done for Mach 2 to 4 interval, and from 0° to 15° angles of attack values. Supersonic regime
is investigated in order to emphasize complex flow patterns and aerodynamic performance.
Firstly, results for Mach 2.5 at 5°, 10° and 15° angles of attack are compared with
experimental results of Ref. [2] are. Sample Mach contours of 5° angle of attack analysis is
shown in Figure 1. Then, oscillatory dynamic flight conditions are applied to obtain pitch, with a reduced frequency of 0.05 as used in Ref. [3].
damping coefficient,
In conclusion, a generic body with grid fins is investigated at different flight conditions in
order to compare the effect of flight Mach number, angle of attack and altitude. It is expected
to have a contribution to literature about dynamic coefficients of a flight vehicle with grid fins
since there exists a limited number of study on it.

Figure 1 Mach contours for Mach 2.5 at 5° angle of attack analysis

REFERENCES
[1] S. M. Belotserkovsky, et al., Reshetchatye Krylya (Lattice Wings). Mashinostroenie,
Moscow (in Russian), 1985.
[2] Washington, D., Miller, M. S., “Experimental Investigations of Grid Fin Aerodynamics: A
Synopsis of Nine Wind Tunnel and Three Flight Tests”, NATO RTO, France, 1998, pp. 1014.
[3] Despeyroux, A., et al., “Numerical Analysis of Static and Dynamic Performances of Grid
Fin Controlled Missiles”, 32nd AIAA Applied Aerodynamics Conference, USA, 2014
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A FULLY COUPLED HIGH-ORDER DISCONTINUOUS GALERKIN
SCHEME FOR UNSTEADY REACTING LOW MACH FLOWS
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We present a new high-order Discontinuous Galerkin method for the simulation of reactive flows in the
low Mach limit. The low Mach approximation of the Navier-Stokes equations is frequently used for
reactive flows, where the acoustic effects are often unimportant for the time evolution of the flow field.
The low Mach approximation allows filtering out the fast scale effects, making the CFL condition much
less restrictive [1].
Variable density flows play a central role in different physical phenomena such as mixing of reactants
in engines or the flow of air near a flame. For systems where density variations are big, the Boussinesq
approximation leads to inconsistencies in the mass conservation laws. In contrast, the non-isothermal
low Mach number Navier-Stokes equations allows large variations of density [2], an important point to
consider in reactive flows.
The convective terms are discretized using local Lax-Friedrichs fluxes and the diffusive terms are discretized using the Symmetrical Interior Penalty method. The discretized set of equations is solved using
a fully coupled iterative strategy in each time-step using Newton type methods, which converge rapidly
if the initial iterate is close enough to the roots of the problem. Nevertheless, some test cases have proven
to be challenging. A homotopy strategy is found to be useful in those cases.
In this talk a convergence study and current results for benchmark cases, including tests for reactive and
non-reactive flows in the low Mach limit, are presented.
REFERENCES
[1] Müller, Bernhard. “Low-Mach-Number Asymptotics of the Navier-Stokes Equations.” Journal of
Engineering Mathematics 34, no. 1 (July 1, 1998): 97–109.
[2] Principe, Javier and Codina, Ramon. (2009). Mathematical models for thermally coupled low speed
flows. Advances in Theoretical and Applied Mechanics. 2.
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Various types of materials and solid-fluid mixtures of engineering and biomedical interest can be modelled as generalised Newtonian fluids, as their apparent viscosity depends locally on the flow field. Despite the peculiarities of such models, it is common practice to combine them with classical numerical
techniques originally conceived for Newtonian fluids. Methods and solvers designed specifically for the
generalised case [1] are rather scarce in the literature, as well as their use in practical applications. As
it turns out, tackling non-Newtonian problems with standard finite element formulations can have undesired consequences such as the induction of spurious pressure boundary layers in low-order stabilised
formulations and the emergence of natural boundary conditions not suitable for outflow regions.
In this context, we present a novel framework that deals with those issues while maintaining low computational cost and simple implementation. The new stabilised formulation is based on a modified boundary value problem which combines the continuity equation with a Poisson equation for the pressure and
consistent pressure boundary conditions. The corresponding variational formulation resembles standard
residual-based methods, but with the stabilisation term computed not only in element interiors but in the
whole domain. A simple projection of the rheological law is employed to enable both appropriate natural
boundary conditions and full consistency for first-order finite element pairs.
Furthermore, we comment on efficient time-splitting schemes to decouple not only the computation of
pressure and velocity, but also the individual velocity components. This type of technique, already wellknown for Newtonian fluids [2, 3], involves increased mathematical complexity in the non-Newtonian
case. We provide various numerical examples demonstrating the potential of our novel framework in
yielding accurate solutions for problems of practical interest.
REFERENCES
[1] Deteix, D. and Yakoubi, D. Shear rate projection schemes for non-Newtonian fluids. Comput. Methods. Appl. Mech. Eng. (2019) 354:620–636.
[2] Johnston, H.J. and Liu, J.-G. Accurate, stable and efficient Navier–Stokes solvers based on explicit
treatment of the pressure term. J. Comput. Phys. (2004) 199:221–259.
[3] Liu, J. Open and traction boundary conditions for the incompressible NavierStokes equations. J.
Comput. Phys. (2009) 228:7250–7267.
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SIMULATING AUTOMOTIVE SPRAY WSAH PROCESS USING
SMOOTHED PARTICLE HYDRODYNAMICS
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The automotive industry adopts several processes in the manufacturing paint shop to ensure
quality of manufactured parts, some of them quite involving complex fluid dynamics. One such
process in the pre-treatment of Body-In-White (BIW) involving complete cleaning of the
surface through high pressure injection nozzles spraying water. The relevance of cleaning every
part of the BIW is well known in the industry, and we will focus on the fluid dynamics aspects
of the process. As the industry relies on experiences from previous designs and experimental
observations of model-based studies, it slows down optimization of process and improvements
in design for changing industry needs. Computer based simulations of the fluid dynamics can
be a great value addition to industry experience in improving process design. Reliable computer
models that can capture the complexities in the process and produce quick estimations are the
need for industry experts. The current study focuses on the Computational Fluid Dynamic
(CFD) evaluation of spray washing of car parts using Smoothed Particle Hydrodynamics (SPH).
Contrary to traditional CFD techniques, SPH is a Lagrangian based purely meshless method.
The study focuses on the application of this method to obtain the fluid behaviour in the spray
process and their interaction with the automotive part being washed. Simulation results are
discussed for a car part that travels through a pre-treatment line where, specifically arranged set
of nozzles spray water at a constant flow rate. The process conditions including the flow
characteristics are derived from industry partners. This is a highly complex problem for
conventional grid-based solvers, as it involves a solid geometry moving through a huge empty
space with fluids being sprayed from the domain boundaries. This could end up with high cost
of conducting simulation studies, especially considering the massive 3-dimensional grid. As a
Lagrangian based fully meshless method, SPH is well suited for simulating fluid dynamic
problems involving large fluid deformations and free-surface flows. Computational domain is
discretized as particles and the fluid dynamics is solved in a discrete form of Navier-Stokes
equations. The solver is based on a Predictive-Corrective Incompressible (PCISPH)
formulation of SPH, which obtains instantaneous physical properties of the fluids and their
impact on the solids. The mass-based domain discretization ensures lesser computational cost
in domain partially filled with fluids. Additionally, algorithms implemented on Graphics
Processing Unit (GPU) make the simulations faster in comparison to CPUs. Scalability is
increased through a framework that allows computations to be deployed on multiple GPU
devices, which makes the solver suitable to solve highly complex industrial problems involving
large number of particles with by optimizing the computational cost.
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Bubble-size Predictions for Polyurethane Foam using a Population Balance Equation
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polyurethane foam
Polyurethane foams are widely used in manufacturing in part due to their ease of use and
beneficial material properties, such as low thermal conductivity, stress and shock cushioning,
and tunable density. Our goal is to develop computational models to predict these properties
as a function of precursor formulations and processing conditions to aid in the manufacturing
of polyurethane products. In this presentation, we focus on PMDI polyurethane foams, which
are chemically blown foams used for electronic encapsulation and lightweight structural parts.
A recently published kinetic model [1] is extended with a population balance equation using
the Quadrature Method of Moments (QMOM) [2] in order to predict bubble size evolution as
well as density variations during mold filling. We use a stabilized finite element method to
solve the conservation equations; equations of motion, energy balance equation, species
conservation with reaction, and transport of moments for QMOM. We combine these
equations with the level set method in order to track the free surface between the foam and the
surrounding gas. This model is used to predict final foam properties including density,
thermal conductivity, and bubble size evolution in a three-dimensional foam bar geometry.
Results for final densities are compared to experimental X-ray CT data. Bubble size evolution
and final distributions are compared to experimental optical and SEM data.
REFERENCES
[1] Rao, Rekha, et al. "Density predictions using a finite element/level set model of
polyurethane foam expansion and polymerization." Computers & Fluids 175 (2018): 20-35.
[2] Karimi, Mohsen, Hermes Droghetti, and Daniele L. Marchisio. "Multiscale modeling of
expanding polyurethane foams via computational fluid dynamics and population balance
equation." Macromolecular Symposia. Vol. 360. No. 1. 2016.
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Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.
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Computational analysis of blade coating flows
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Blade coating is a simple method to apply a uniformly thin liquid film on moving substrate,
where an excess of the coating liquid is metered by a narrow channel formed between a blade
and the substrate. For large-scale high-speed operations, hydrodynamic models without
considering surface tension are enough to simulate commercial high-speed blade coating where
the viscous force is dominant. [1] However, the model cannot describe the low-speed blade
coating system, which is typically used in many laboratory trials for testing various materials.
Recently, there is an attempt to modify this blade coating system by adding supplying feed
channel inside the blade to a systematic investigation of novel film fabrications, such as organic
semiconductor [2] and pharmaceutical films [3]. One can find this channel is close to a wellknown microfluidic system. However, the size of the channel leads to a low Reynolds number
flow that may hamper an efficient mixing of chemicals inside the channel. Here, we add a
passive mixing function to this channel for organic semiconductor fabrication examples by
adding baffle-like structures inside following the idea proposed by A. D. Stroock et al. [4].
In this study, we performed a computational analysis on the blade coating system with a
passive mixing channel. The hydrodynamics of coating flows with the capillary effect will be
examined in detail using finite element methods and the asymptotic models. Also, the
performance of passive mixing and quantification of the degree of mixing will be evaluated by
three-dimensional finite element models. Flow visualization experiments will be presented and
compared with theoretical and computational analyses.
REFERENCES
[1] K. J. Ruschak (1985) Coating flows. Annu. Rev. Fluid Mech., 17(1), 65–89, 1985.
[2] Diao, Y. et al. (2013) Solution coating of large-area organic semiconductor thin films with

aligned single-crystalline domains. Nat. Mater., 12(7), 665–671.
[3] Elizabeth M. H. et al. (2018) Solution coating of pharmaceutical nanothin films and
multilayer nanocomposites with controlled morphology and polymorphism. ACS Appl.
Mater., 10, 10480-10489
[4] A. D. Stroock et al. (2002) Chaotic mixer for microchannels. Science, 295(5555), 647-651.
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Computational Rheology with OpenFOAM® Computational Library
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The current capabilities of numerical codes, able to model very complex processes, and the
existing powerful computational resources, clearly promote the advantages of employing
numerical modelling tools to assist any design related tasks. The Computational Rheology
Group, from the Institute for Polymers and Composites / University of Minho (IPC/UMinho),
has been for more than one decade developing and exploiting modelling codes to aid the design
of different tools, with a special focus on polymer processing applications. During the last 5
years, most of the numerical developments of the Computational Rheology Group are based on
the OpenFOAM® computational library.
This talk aims to provide an overview of the computational rheology related work done at
IPC/UMinho in many cases in close cooperation with industry, and to report the advantages of
using the computational library OpenFOAM® to support development of new codes. The topics
covered describe the development of new solvers (e.g. the integral viscoelastic solver, coupled
viscoelastic solver, multiphase immersed boundary solver, among others) and applications of
those solvers to support the design of processing tools (e.g. profile extrusion/coextrusion dies
design, design of parts and moulds for extrusion blow moulding, manufacture of parts for the
shoe industry, etc.).
Acknowledgments
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Technology under the projects UID/CTM/50025/2013, POCI-01-0247-FEDER-017656 and
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Deforming computational domains in fluid flow can be categorized as follows: (1) The domain deformation is given from an external source (e.g. a fixed deformation or given via another code as in
fluid-structure-interaction) or (2) the domain deformation needs to be computed in the frame of a freeboundary problem. Numerically, both domain deformation categories are subject to either interface
capturing or interface tracking methods. Interface capturing methods use a separate marker function to
track the interface and subsume methods like level-set or volume of fluid. Interface tracking instead
uses boundary conforming grids, which adapt to the domain deformation. This presentation will focus
on the case of interface tracking, where, in particular, the Deforming-Spatial-Domain/Stabilized-SpaceTime (DSD/SST) formulation will be considered. This method allows to detach the mesh deformation
from the flow pattern, which gives additional flexibility when developing mesh deformation procedures.
Recent developments in domain deformation methods will be presented. These include rotational, translational, and arbitrary deformations [1].
The application area are primary manufacturing methods. The category of primary shaping manufacturing processes have in common that — using a mold or die — they form material from an initially
unshaped state (usually melt) into a desired shape. A general challenge in primary manufacturing is that
the exact design of the mold cannot be determined directly and intuitively from the product shape. This
is due to the nonlinear behavior of the material regarding the flow and solidification processes [2]. This
field of application gives rise to a number of challenges in the area of domain deformation, ranging from
fixed deformations, via free-surface flows to shape optimization.
REFERENCES
[1] Key, F. and Pauli, L. and Elgeti, S. The Virtual Ring Shear-Slip Mesh Update Method. Computers
and Fluids (2018) 172:352–361.
[2] Zwicke, F., and Eusterholz, S. and Elgeti, S. Boundary-Conforming Free-Surface Flow Computations: Interface Tracking for Linear, Higher-Order and Isogeometric Finite Elements. Computer
Methods in Applied Mechanics and Engineering (2017) 326C:175-192.

1575

Fundamental
Kohei
Maruyama
Aerodynamic
and Kazuhisa
Study
Chiba
of Box Wing for Flying Car
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11 – 15 January 2021, Paris, France
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We conducted a parametric aerodynamic study of box wing for flying car with small wingspan,
using three dimensional Reynolds-averaged Navier Stokes Computations.
Box wing is known as a wing generating minimum induced drag [1]. Also, it can produce higher
lift than monoplane which has the same planform, due to its characteristics as a multi-surface
wing. In the past, Lorenzo [2] verified its induced drag characteristics for subsonic and transonic
regions and Timothy [3] conducted optimization for a design of 100 passengers, 500nmi range
regional aircraft with box wing.
Recently, various types of urban air mobility, which accommodates 1 to 5 people, are under
developing. Since they are rotational wing aircraft mostly, which requires large power. In this
paper, we considered a box wing for an application to flying car to take-off from narrow existing
infrastructure for power saving to rotational aircraft. We present three type geometries to
compare aerodynamic coefficients and to obtain fundamental aerodynamic information about
box wing for Mach=0.1, take-off conditions. Those are; A) a box wing with a wingspan within
two lanes of load and a height of general car shape; B) the same wingspan but with twice height
as A); and C) the same wingspan and height as B) but with an additional middle lifting surface
between its upper and lower surfaces.
The results revealed that;
1) Box wing with additional middle lifting surface (box tri-wing) has 10% higher span
efficiency than box wing without middle surface, due to its little wingtip vortex generated
from middle surface, in the same total lift condition,
2) Box tri-wing generates smallest total drag under high lift conditions than box wing in spite
of its larger parasite drag.
3) Box tri-wing has larger delayed stall angle and can generate largest lift, due to mutual
interference among three lifting surfaces.
REFERENCES
[1] L. Prandtl, Induced Drag of Multiplanes, NACA Technical Note No.182, 1924
[2] Lorenzo Russo, Renato Tognaccini and Luciano Demasi, Box Wing and Induced Drag:

Compressibility Effects in Subsonic and Transonic Regimes, Volume 58, Number 6, June
2020, AIAAJ Aeronautics, Astronautics
[3] Timothy Chau and David W. Zingg, Aerodynamic Shpae Optimization of a Box-Wing
Regional Aircraft Based on the Reynolds -Averaged Navier-Stokes Equations, 35th AIAA
Applied Aerodynamics Conference, 5-7 June 2017, AVIATION FORUM
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We present a immersed boundary method (IBM) using cut cells to describe active particles in a liquid
environment. The model is implemented using a Discontinuous Galerkin (DG) approach [1].
Active particles, e.g. bacteria, convert energy provided by their environment into kinetic energy. While
many biological systems can be seen as active particles, we restrict ourself to particles on a micro-scale,
where the environment is high-viscous. An example of such particles would be bacteria or synthetic
particles, so-called Janus particles [2].
We discuss the challenges resulting from the highly viscous environment of the active particles and
present first results. Our model is based on simple geometric primitives, e.g. an ellipse in two dimensions. On one half of the surface an active tangential stress is applied and a no-slip boundary condition on
the other half. The fluid is modelled by the Navier-Stokes equations. The solution for the flow field is approximated with discrete polynomials, providing a high-order discretization. The particles a considered
to be rigid bodies. Thus, Newton-Euler equations are used to describe the translational and rotational
motion of the particle. Collisions between multiple particles are represented with a momentum conservation model. An iteration scheme generates the coupling between the fluid and the particles. Based on
the results of this model we discuss the near- and far field interactions of active suspensions.
REFERENCES
[1] Krause, D. and Kummer, F. An incompressible immersed boundary solver for moving body flows
using a cut cell discontinuous Galerkin method. Comp. Fluids (2017) 153:118–129
[2] Saintillan, D. and Shelley, M.J. Active suspensions and their nonlinear models. C. R. Physique
(2013) 14:497–517
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One of the most challenging application of CFD is the hemodynamics within the heart and in its proximal vessels. Indeed, the blood pool inside the heart chamber undergoes large displacements due to
myocardium contraction, and the presence and motion of cardiac valves requires accurate and robust
techniques to deal with complex geometries.
In the present talk, recent techniques for computational cardiac hemodynamics in the left ventricle are
presented, in the presence of moving valves. The shape and motion of the ventricle and of the valves are
obtained from clinical images, by means of semi-automatic reconstruction pipeline. The reconstructed
domain kinematics acts then as a boundary condition for the CFD: an Arbitrary Lagrangian-Eulerian
approach accounts for the ventricle displacement, while a resistive method [1] is employed to immerse
the moving valves in the fluid domain.
In these settings, a parametric study of the Systolic Anterior Motion (SAM) of the mitral valve is conducted [2], in order to describe the blood flow in the ventricle and in the ascending aorta and to quantify
the intraventricular pressure drop induced by such pathology, in terms of the severity of the condition.
Results show that a proper description of the valve leaflets has a major role in the assessment of the
condition. Implications on the clinical treatment will also be discussed.
Acknowledgment This project has received funding from the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation programme (grant agreement No 740132).
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on moving resistive immersed implicit surfaces. Biomech. Model. Mechan. (2017) 16(5):1779–
1803.
[2] Sherrid, M.V., Balaram, S., Kim, B., Axel, L. and Swistel, D.G. The mitral valve in obstructive
hypertrophic cardiomyopathy: a test in context. J. Am. Coll. Cardiol. (2016) 67(15):1846–1858.
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This study examined the chemical reaction models’ inﬂuence on a hybrid rocket’s performance via numerical analyses in a combustion chamber. A hybrid rocket engine (HRE) has distinct phases between
the fuel and the oxidizer. Computational ﬂuid dynamic (CFD) analyses of HREs incorporate suppositions to handle complex combustion phenomena concisely. Chemical reaction modeling is essential
in these assumptions to prescribe the combustion phenomenon because it can derive high-temperature
ﬂame due to omitting some intermediate chemical species. However, no references for comparing their
effects result from the high computational cost of combustion calculations. Thus, this study applied two
chemical reaction models, used in the past CFD analyses for HREs [1,2], to an HRE combustion chamber
with empirical data. We implemented 2D combustion analyses by CHARIOT (Cost-effective High-order
Accurate Reconstruction-scheme Intensively Optimized for Turbulent combustion; a large-eddy simulation code), developed by Japan Aerospace Exploration Agency, for scrutinizing the chemical reaction
models’ impact on the HRE performance in terms of ﬂame temperature and gaseous fuel/oxidizer distribution. Consequently, we have quantitatively revealed the effect of the intermediate chemical species on
the HRE combustion.
REFERENCES
[1] Charles K Westbrook and Frederick L Dryer. Simpliﬁed reaction mechanisms for the oxidation of
hydrocarbon fuels in ﬂames. Combustion Science and Technology, 27(1-2):31–43, 1981.
[2] Deepak J Singh and Casimir J Jachimowski. Quasiglobal reaction model for ethylene combustion.
AIAA Journal, 32(1):213–216, 1994.
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We presently discuss turbulence models resulting from a novel symmetry-based modelling approach [2]
and their implementation in the Discontinuous Galerkin (DG) solver framework BoSSS [3].
Turbulence modelling based on Lie-symmetries can be seen as a natural extension to invariant modelling,
which formulates a well-established set of constraints that any physically meaningful turbulence model
must fulfill. Unlike the constraints subsumed under invariant modelling, symmetry constraints can be
derived algorithmically. This leads to a stricter set of constraints that do not only ensure consistency
of the model with respect to the principles of classical mechanics, but also with important aspects of
turbulent statistics including intermittency and non-Gaussianity. A particular characteristic resulting
from these symmetry constraints is the appearance of an additional velocity and pressure field and a
modified convective term in the equations for mean momentum and the turbulent variables.
We discuss the challenges resulting from these unusual properties when implementing the model in a DG
framework and show some preliminary results. The DG method approximates the solution using discrete
polynomials, thus providing a conservative high-order discretization. Hence, this approach combines
the advantages of finite volume and finite element methods. The numerical properties of the DG discretization however introduce challenges for solving the equations of Reynolds-averaged Navier-Stokes
(RANS) turbulence models, as is discussed in such contributions as [1]. Apart from DG-specific issues,
we also seek to validate and improve the new symmetry-based models.
The work of Dario Klingenberg is supported by the Excellence Initiative of the German Federal and State Governments and the Graduate
School of Computational Engineering at Technical University Darmstadt.

References
[1] Andrea Crivellini, Valerio D’Alessandro, and Francesco Bassi. A spalart–allmaras turbulence model
implementation in a discontinuous galerkin solver for incompressible flows. Journal of Computational Physics, 241:388 – 415, 2013.
[2] Dario Klingenberg, Martin Oberlack, and Dominik Pluemacher. Symmetry-based turbulence modeling. Progress in Turbulence VIII, page 27–32, 2019.
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ABSTRACT
Many problems in computational mechanics involve one or more boundaries that are
interfaces between different materials, including fluid-fluid, solid-solid, or fluid-solid.
Problems in this class present many difficulties for numerical solution techniques since they
introduce moving boundaries and consequently evolving geometries whose location and
topology is unknown a priori. In this Minisymposium, we will provide a forum for
researchers to meet and share ideas and experiences in this challenging area of computational
mechanics. We seek submissions on all aspects of this problem: theory, formulation,
analysis, and applications. Presentations including numerical verification and experimental
validation are encouraged. We also encourage papers on manufacturing flows and flows with
free surface flows with non-Newtonian fluids.
Methods include, but are not limited to: Level set and volume-of-fluid, arbitrary-LagrangianEulerian (ALE) methods, immersed boundaries, sharp and diffuse modeling of interfacial
zones, deformed geometry remeshing, fictitious domain methods, particle methods, embedded
boundary conditions, Cut mesh methods
Applications include, but are not limited to: 1) Manufacturing flows 2) Fluid-solid
interactions 3) Multiphase flow 4) Dynamics reaction fronts 5) Low capillary flows 6)
Surface tension formulations 7) Interfacial mass transfer 8) Melt/solidification front modeling
9) Bubble and suspension dynamics 10) Mold filling 11) Dynamic wetting lines 11)
Suspension and emulsion rheology 12) Polymer extrusion and mixing
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A fully implicit algorithm based on arbitrary Lagrangian-Eulerian approach [3] has been developed to
simulate incompressible multiphase flows. Face centered unstructured finite volume method is used for
the discretization of the incompressible Navier-Stokes equations. A novel kinematic boundary condition
that satisfies the discrete geometric conservation law has been implemented to ensure the mass of each
species at the machine precision. The pressure field is treated to be discontinuous across the interface
with the discontinuous treatment of density and viscosity. Surface tension force is treated as a tangent
force and discretized in a semi-implicit form. Two different approaches for the computation of unit
normal vector have been implemented: the least square biquadratic surface fitting (LSBSF) and the
mean weighted by sine and edge length reciprocals (MWSELR). The resulting large system of algebraic
equations are solved in a fully coupled manner in order to improve the time step restrictions due to the
Courant-Friedrichs-Lewy (CFL) and capillary waves. A new matrix factorization introduced by Cetin
and Sahin [1] which is similar to that of the projection method is implemented as a preconditioner and
the parallel algebraic multigrid solver BoomerAMG has been utilized for the scaled discrete Laplacian
provided by the HYPRE library which is accessed through the PETSc library. For the modified mesh
deformation block, PETSc geometric algebraic multigrid (GAMG) preconditioner is used. The accuracy
of the surface tension force highly depends on the accurate evaluation of the unit normal vector and the
inaccuracies significantly contributes to the unphysical velocities, called parasitic currents. Thus, LSBSF
and MWSELR methods are tested on the static bubble problem and the parasitic currents are reduced to
machine precision for the MWSELR method. Then, the developed algorithm is validated for a spherical
bubble (gas) rising in a stagnant mineral oil. The results are compared with the experimental results of
Hnat and Buckmaster [4] and the numerical results of Gueyffier et. al [2].
REFERENCES
[1] Cetin, A. and Sahin, M. A monolithic fluid-structure interaction framework applied to red blood
cells. International Journal for Numerical Methods in Biomedical Engineering (2019) 35(2):e3171.
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[3] Guventurk, C. and Sahin, M. An arbitrary Lagrangian-Eulerian framework with exact mass conservation for the numerical simulation of 2D rising bubble problem. International Journal for Numerical Methods in Engineering (2017) 112(13): 2110–2134.
[4] Hnat, J. G. and Buckmaster, J. D. Spherical cap bubbles and skirt formation. Physics of Fluids
(1976) 19(2):182–194.
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Embedded solids into a fixed finite element meshes are nowadays an alternative solution to
solve fluid-structure interaction problems. A classical Lagrangian solid mechanics approach is
used for the structure that moves over a fixed mesh where the fluid dynamics is computed in
an Eulerian way in the whole domain. The body contour varies during time and it behaves as
an internal boundary for the fluid analysis. Such boundary is located at the instantaneous body
position and the body velocity needs to be imposed on it. As time progresses, the fluid
dynamics is computed considering this internal boundary. Moreover, the hydrodynamic forces
are evaluated over such internal boundary, i.e., over the body contour, and they are considered
as new external forces to solve the solid dynamics. The body velocity is transferred to the
fluid using a penalization technique previously described for the fluid-solid rigid motion at
low Reynolds numbers [1]. In the present work, we present the coupling with a well reported
solid mechanics code [2] able to solve flexible bodies undergoing large displacements and
strains. The resulting finite element formulation is validated using numerical tests computed
with other efficient and precise techniques well-reported in the literature [3,4].
The authors thank the support given by project FONDECY 1170620.
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Mode transitions of the decelerating flows developing between two vertical concentric
cylinders are investigated numerically and experimentally. The inner cylinder rotates and the
outer cylinder and the bottom wall are stationary. The top is the free surface and the flow field
is asymmetric. This flow was studied from experimental and industrial point of views [1], [2].
In this study, the radius ratio of the inner to outer cylinders is 0.667 and the aspect ratio  is
given by the fraction of the height of the quiescent working fluid to the cylinders’ gap width.
The Reynolds number Re is defined by the circumferential velocity of the inner cylinder and
the gap width. The governing equations are the unsteady Navier-Stokes equations and the
equation of continuity. The dynamics of the free surface is modelled by the volume-of-fluid
method, and the effects of the gravitational acceleration and the surface tension are considered.
Figure 1 shows the transitions of the flows of the normal 7-vortex mode (N7) and the anomalous
6-vortex mode (Au6) to the flows of Au6 and the normal 5-vortex mode (N5) appearing at
lower Reynolds numbers. At  = 6.0, the experimental and numerical results show a good
agreement of the transition from N7 to Au6. For the transition from N7 at the aspect ratio about
5.5, the experimental result shows higher critical Reynolds number than that of the numerical
result. This difference may result from the inevitable imperfection in the experiment.
Experimental result
N7 → Au6
Au6 → N5
N7 → N5

Numerical result
N7 → Au6
Au6 → N5
N7 → N5
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Figure 1. Critical Reynolds numbers of mode transitions.
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The impact of drops on solid and free liquid surfaces represents a crucial topic in interfacial
hydrodynamics and soft matter rheology directly related to extremely important
environmental and industrial situations, such as pesticides deposition, inkjet printing, coating,
motor jets, ceramic beads and non-spherical particles production, as well as encapsulation
processes [1, 2, 3]. Interestingly, despite the considerable number of studies devoted to this
topic, its most fundamental question remains opened: what is the maximum diameter
attained by an impacting drop? In this connection, controversial theoretical arguments and
scaling laws have been proposed [4].
In the present work, we highlight this long-standing problem within fluid mechanics trough
finite element-based numerical simulations combined with an adaptive variational multi-scale
and a Level-Set methods for three materials (air, Newtonian liquid and
Newtonian/viscoplastic drop) [5, 6]. Thanks to kinematic and energy budget analyses that
take into account a wide range of impact velocities and rheological properties, we show that
the maximum spreading of Newtonian and viscoplastic drops impacting on solid or liquid
surfaces is simply governed by the conservation of kinetic energy into surface, viscous
dissipation, plastic and/or pressure/gravitational energies. This energy transfer process gives
rise to a number of spreading regimes expressed by scaling laws related to the Weber number,
the Reynolds number, the Bingham number and the Froude number. The scaling laws,
however, are highly dependent on the interfacial interactions between the drop and the
impacted surface. Lastly, comparisons between our numerical results and experimental ones
available in the literature indicate that, for most situations of practical interest, all energy
terms mentioned above are important, which elucidates the origins of the controversial debate
concerning the spreading scaling laws.
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This study concerns the numerical simulation of liquid/solid interface in the context of nuclear Severe
Accidents (SA). During such event, the core of the nuclear reactor heats up due to the lack of fuel
cooling. This may lead to the formation of corium (molten core oxidic and metallic liquid materials).
This liquid can relocate in the lower plenum of the pressure reactor vessel and create a corium pool. Due
to the latent heat of the corium, it can lead to the ablation, fusion and subsequent failure of the vessel.
Some strategies are employed to limit the fusion of the metallic vessel and to restrain the corium into
the vessel. To demonstrate the feasibility of such strategies, experiments and simulations are carried out.
Two modelling approaches are considered here: first, integral models are introduced in an industrial code
dedicated to statistics studies of nuclear SA. Then a Computational Fluid Dynamics (CFD) approach is
used to perform simulation of interaction between the thermohydraulic corium and the vessel. These
simulations are needed to improve the closures of integral models. The aim of this work is focused on
the numerical modelling of liquid/solid interfaces playing an important role in these codes.
In the integral code, we present a 2D model of interface tracking based on a projection-remeshing algorithm. As a first approach, we use the heat equation as crust/vessel modelling solved with mixed finite
elements. We can provide comparative results between an interface capturing 0D model [1] and our new
2D model. Numerical simulations of a more industrial application will be presented as well.
In the CFD approach, we have adapted the Front Tracking (FT) method in TrioCFD [2] used to track
interface between vapor and liquid, to our liquid-solid interface. In this case, incompressible NavierStokes equations are monolitically used in all the domain. This method is a coupled method between
Volume Of Fluid (VOF) and FT. The aim of this coupling is to track the interface with FT and ensure the
mass conservation using VOF algorithm. Numerical simulations will be presented in order to assess our
approach.
REFERENCES
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NUMERICAL SIMULATION OF TEMPERATURE-DRIVEN FREE
SURFACE FLOWS, WITH APPLICATION TO LASER SURFACE
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We present a multi-physics model for the approximation of the coupled system formed by the temperaturedependent Navier-Stokes equations with free surfaces. The targeted application is the polishing process
via laser surface melting. The goal of this study is to simulate the internal motion of a melting pool, and
to accurately model the interactions between internal currents and free surface deformations.
We consider the incompressible Navier-Stokes equations with solidification. We add thermal effects with
an enthalpy-based convection-diffusion heat equation, and we model the laser source through physicallyconsistent boundary conditions. We incorporate surface tension effects and Marangoni effects on the
liquid metal free surface.
The numerical method incorporates all the physical phenomena within an operator splitting strategy. In
particular, diffusion processes, such as heat diffusion and the Stokes model, are decoupled from the transport phenomena. The volume-of-fluid approach is used to track the free surfaces between the (liquid or
solidified) metal and the ambient air. The numerical space discretization relies on a multi-grid approach
that uses an unstructured finite element mesh for the diffusion phenomena and a structured Cartesian grid
for the advection phenomena. Local mesh refinement is incorporated in order to accurately track the free
surfaces.
The numerical model is validated through some numerical experiments, and simulation results are compared with experimental results or results from the literature. In particular, we show the sensitivity of the
influence of Marangoni effects on the liquid metal during the re-melting process, and we emphasize how
laser polishing can reduce surface roughness.
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One challenging category of problems in flow computation is the modeling of moving boundaries and
interfaces. These include fluid-particle, fluid-object and fluid-structure interactions, free-surface and
two-fluid flows, and flows with moving mechanical components. One method often used to solve such
problems is the level-set method [1]. It consists in to separate two phases with signed distance functions, in which the interface between phases is defined as the zero level-set. The standard formulation
is divided into two steps: first, we solve an advection equation, and then, to keep the signed distance
function properties, we correct the iso-surfaces with a reinitialization equation. Here, we implement a
modified level-set method, called convected level-set [2], [3]. The difference to the standard level-set
method is that the reinitialization step is embedded in the transport equation model, avoiding a separate
step during the calculation. The convected level-set has a penalty coefficient, λ, that defines the contribution of the reinitialization equation in the advection equation. A small λ may not be enough to correct
the iso-surfaces to recover the signed distance properties adequately, and a large one may change the
interface shape. In this work, we study the influence of λ, together with the time-step and element-size,
in rising bubbles problems. To do that, we couple the level-set method with the Navier-Stokes equations. We solve the Navier-Stokes equations with the residual-based variational multiscale finite element
formulation and the convected level set with a SUPG formulation with discontinuity-capturing. We implement the whole scheme on libMesh, an open finite element library that provides a framework for
multiphysics, considering adaptive mesh refinement. We analyze and discuss the influence of λ in 2D
and 3D simulations of gas bubbles rising in viscous liquids.
REFERENCES
[1] Osher, S. and Sethian, J. Fronts propagating with curvature-dependent speed: algorithms based on
hamilton-jacobi formulations. Journal of Computational Physics (1988) 79:12–49.
[2] Ville, L. and Silva, L. and Coupez, T. Convected level set method for the numerical simulation of
fluid buckling. International Journal for numerical methods in fluids (2011) 66(3):324–344.
[3] Bahbah, C. and Khalloufi, M. and Larcher, A. and Mesri, Y. and Coupez, T. and Valette, R. and
Hachem, E. Conservative and adaptive level-set method for the simulation of two-fluid flows. Computers & Fluids (2019) 191:104223.
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The early stages of solidification of multicomponent alloys have a large influence on the
characteristics of the materials. We focus on ternary systems and present a computational
strategy that makes use of the level-set method to capture the motion of the solidification front,
adaptive Octree grids to minimize the computational footprint and parallel implementations to
perform large simulations. The overall algorithm is based on a minimization approach that
imposes the correct boundary conditions at the solidification front for the temperature and the
compositions, while solving for their diffusion and for the temperature field.
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Gas Metal Arc Welding (GMAW) belongs to the family of arc welding processes and uses a plasma arc
discharge between the wire and the weld pool. The plasma arc discharge develops high temperatures at
the electrodes, which results, besides the heating of the cathode-workpiece, in the anode wire melting and
the formation of droplets. The droplets detach and are afterwards advected through the arc plasma to the
workpiece. While the main driving forces for the droplet detachment in GMAW are of electromagnetic
nature, gravity, surface tension, arc pressure, and non-isothermal phenomena have also an influence on
the droplet formation and detachment by regulating the shape, volume, frequency, and acceleration of the
detached droplet [1]. Since the gradients at the fluid-gas boundary within the droplet are very high, due
to the thermal and electromagnetic arc-droplet attachment processes, a fast and robust method is desired
that allows for local refinement in both time and space.
The droplet formation and detachment during GMA welding is described by an incompressible nonisothermal two-phase flow, with phase transition effects, while not considering the electromagnetic processes, in a first approach. This flow is governed by the transient incompressible Navier-Stokes equations, which are coupled with the heat equation. For the description of the moving droplet front, the
level-set method is used, because of its inherent ability to account for topological changes of the interface. For reducing the dimensionality and consequently the complexity of our problem, we make
use of an axisymmetric description of the governing equations. A stabilized finite element method is
also adapted for unstructured space-time meshes, allowing a space-time refinement in the vicinity of the
evolving interface. The space-time method has inherent ability to admit completely unstructured meshes
with varying levels of refinement not only in spatial dimensions but also in the time dimension, giving
us the flexibility to use a type of local time-stepping for our simulations [2].
REFERENCES
[1] O. Semenov, V. Demchenko, I. Krivtsun, U. Reisgen, O. Mokrov and A. Zabirov, A dynamic model
of droplet formation in GMA welding. Model. Simul. Mater. Sci. Eng. (2012) 20(4): 045003.
[2] V. Karyofylli, L. Wendling, M. Make, N. Hosters and M. Behr, Simplex space-time meshes in
thermally coupled two-phase flow simulations of mold filling. Comput. Fluids (2019) 192: 104261.
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The utilization of flow control techniques in aerodynamic applications has been proven to
enhance performance where it has shown excellent results on the manipulation of
aerodynamic forces and moments. Flow control can be divided into two main categories:
passive and active (AFC) depending the means used to control flow behaviour. In turns AFC
can be divided into fluidic, electromagnetic-based and plasma-based depending the source of
energy employed. Synthetic jets are one of the most popular actuators of fluidic flow control.
This consist in an oscillating membrane, piezoelectric or electrodynamic driven that sucks and
blows air ejecting through an orifice at high velocity into external flow.
Computational Fluid Dynamics (CFD) simulations of synthetic jets (SJ) are subject of several
challenges, some of them are: need of reliable boundary conditions that capture the oscillation
of the membrane, accounting compressible effects associated to the high velocities achieved
at the jet’s outlet, turbulence models to capture the unsteady nature of the flow behaviour;
and, the disparity between SJ and flow being controlled length and characteristic time scales
requires development of trustworthy models that can eliminate the need to include the entire
actuator geometry in the simulation. Overcoming some of these limitations will allow the
employment of such devices on wind turbines, for instance.
To develop reliable models of SJ a computational simulation approach is employed to
understand the physical phenomena involved with the actuation in two specific scenarios:
first, the actuation of a SJ on quiescent flow; and second, the SJ within cross-flow. The
former exhibits large fluctuations of velocity near the actuator jet, however, downstream this
velocity oscillation and vortex generation is easily dissipated [1]. In the latter, when the jet
interacts with crossflow the flow field becomes more complex and the behaviour of the vortex
generated by the jet depends of several variables; blowing ratio, skew and pitch angle
relatives to the jet flow, orifice aspect ratio, and actuation frequency; for instance [2].
In the present study results from CFD simulations are compared to experimental data
provided by Langley Research Center Workshop on the CFD Validation of Synthetic Jets and
Turbulent Separation Control cases 1 and 2 [3]. Comparison between two simulated scenarios
will be shown as well as the effect of variables as blowing ratio, orifice aspect ratio, and
actuation frequency. For the first scenario, results show the influence of the ring vortices at
the outlet of the slot on the flow field away from the orifice; as well as, the dissipation of
them upstream. For the second scenario, it was achieved a good agreement between CFD
results and experimental data for velocity profile at the outlet of the orifice and just above of it
at the centreline.
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ABSTRACT
Multiphase liquid-vapor flows such as cavitating flows, boiling and flashing flows are found in a large
variety of industrial and technological processes in numerous areas of engineering. These flows often
are characterized by complex phenomena such as vapor cavities growth and collapse, interfaces and
shock formation. Important advances have been made in computational methods for the simulation of
these multiphase flows, based on various mathematical and physical models and different numerical
approaches, e.g. [3, 2, 1]. Yet there are many open challenges towards the accurate prediction of
these flows in realistic configurations. First, there is a need for models and methods allowing a
more precise description of the flow physics and thermodynamics. This includes for instance the
development of efficient numerical models accounting for accurate equations of state, metastable states,
interphase transfer of variable relaxation rate, surface tension effects. Furthermore, the simulation
of realistic problems demands time-affordable computational tools applicable to multi-dimensional
complex geometries and to a large range of Mach number regimes. The aim of this minisymposium is to
bring together scientists working on computational models for liquid-vapor flows to share and exchange
ideas, discuss challenges, new trends and innovative methods in the field. The minisymposium will be
open to a broad spectrum of modelling techniques and numerical approaches.
REFERENCES
[1] Pelanti, M. and Shyue, K.-M. A numerical model for multiphase liquid-vapor-gas flows with
interfaces and cavitation. Int. J. Multiphase Flow (2019) 113:208–230.
[2] Rodio, M. G. and Abgrall, R. An innovative phase transition modeling for reproducing cavitation
through a five-equation model and theoretical generalization to six and seven-equation models. Int.
J. Heat Mass Transfer (2015) 89:1386–1401.
[3] Rodio, M. G. and Congedo, P. M. Robust analysis of cavitating flows in the Venturi tube, Eur. J.
Mech. B/Fluids (2014) 44:88–99.
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We extended a previously developed VoF-based numerical method for phase-changing flows to solve
the governing equations in a low Mach framework. Compared to the fully compressible formulation,
the proposed methodology is able to relax the assumption of constant gas and liquid bulk densities
(and more generally of any other thermophysical property) while effectively removing the acoustics
effects and the associated stringent numerical time-step restriction. In order to efficiently solve the
variable density Poisson equation for pressure, two strategies are proposed, both relying on fast FFTbased solvers. The first one is direct but suitable for limited density ratios, the second one is iterative but
more robust and accurate for higher density ratios and steep density gradients between the two phases.
The resulting approach is built on top of a second order accurate two-fluid Navier-Stokes solver coupled
with an algebraic volume of fluid method (MTHINC), and extended with the corresponding transport
equations for the vaporized liquid mass and thermal energy. In order to highlight the low Mach effects
due to phase change, the method is first tested against a two-dimensional condensing and evaporating
droplet in closed domains with imposed constant and uniform mass-flux. Then, more complex cases
comprising isothermal and non isothermal evaporation will be addressed and analyzed both in open and
closed domains.
E-mail: nicolos@kth.se
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Phase change and boiling are omnipresent in many industrial processes, but the full understanding of the
fluid dynamics and heat transfer of the liquid-vapor phase transition remains a challenge, in particular
for numerical modeling and simulation. In this presentation, we pursue our work on an adaptive Eulerian
framework associated with the Variational Multiscale Method (VMS) to simulate complex fluid and
thermal problems [1]. The integration of the Level Set method coupled with a volume surface tension
formulation [2] and parallel anisotropic mesh adaptation enables accurate simulations of two phase flows
problems. We then extend our work with the addition of a phase change model. Relevant physics
associated with the contribution of the liquid phase heating is considered in the computation of the mass
transfer. A new method is presented to account for thermal contributions of both phases for a thick
interface. This requires an accurate calculation of the heat flux jump across the interface along with a
projection method to access the heat flux jump on the entire thick interface. A stabilizing reaction term
is added to guaranty the conservation of the saturated condition on the interface. This method is applied
and validated in 2D and 3D using various boiling test cases.
REFERENCES
[1] Hachem, E. Digonnet, H., Massoni, E. and Coupez, T., Immersed volume method for solving
natural convection, conduction and radiation of a hat-shaepd disk inside a 3D enclosure, Int. J.
Numer. Methods Heat Fluid Flow, (2012) 22,6 718-741.
[2] Khalloufi, M., Mesri, Y., Valette, R., Massoni, E. and Hachem, E., High fidelity anisotropic adaptive
variational multiscale method for multiphase flows with surface tension, Comput. Methods Appl.
Mech. Eng., 307 (2016) 44-67.
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An extensive number of experimental studies about two-phase flow in tube bundles can be found in literature. More recently, some numerical work has been performed as well, in which mainly two trends are
distinguishable. On the one hand, some studies start from the assumption that only relatively small bubbles occur in a continuous liquid flow, for which typically Eulerian-Lagrangian modelling is appropriate.
This approach is not suitable when modelling flow-induced vibrations in tube bundles, as the most severe
vibration conditions are achieved in intermittent, churn or slug flow. On the other hand, some studies
focus on accurate numerical modelling of the bubble shape. In that case, it is customary to start from
a bubble which is already present inside the domain. However, in the current research, the aim is to
investigate the forces on tube bundles subjected to multiple large bubbles over a longer period of time.
In order to simulate a sufficiently long flow time, the bubbles should enter the domain through an inlet
boundary. In this paper, a new inlet model is proposed which defines a transient inlet boundary condition
to be applied in a subsequent Eulerian simulation, more specifically using the Volume-Of-Fluid method.
In the first part of this paper, the inlet model is described. The bubbles to be introduced at the inlet can
take any arbitrary shape, but this shape needs to be predefined. On the other hand, the occurrence of the
bubbles - both in time and space - and the amount of gas trapped inside the bubble are chosen randomly,
but with certain constraints (e.g. bubbles should not overlap). The model guarantees the introduction of
a user-specified amount of gas during a set time-interval. Subsequently, the model is tested on a 3x5 tube
bundle subjected to an axially flowing air/water mixture. The geometry is based on the experimental
study by Ren et al. [1] and Liu et al. [2]. The computational time required to complete the inlet model is
reported for different values of the most important model parameters. Subsequently, the computational
effort of the new inlet model is compared to that of a simulation with a precursor-domain where bubbles
are created by break-up of air jets imposed at the inlet.
REFERENCES
[1] Ren, Q., Zhou, W., Du, S., Li, Z. and Pan, L. Sub-channel flow regime maps in vertical rod bundles
with spacer grids. Int. J. Heat Mass Tran. (2018) 122:1138–1152.
[2] Liu, H., Pan, L., Hibiki, T., Zhou, W., Ren, Q. and Li, S. Axial development of gas-liquid flow
regime maps in a vertical 5x5 rod bundle with prototypic spacer grids. Nucl. Eng. Des. (2018)
339:1–10.
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In recent research, the numerical simulations of gases with real gas EOS and their applications have
been under focus. Such flows also include those of dense gases, the behaviour of which is predicted
using van der Waals gas EOS. In contrast to the classical non-linear waves, these dense gases admit
physical expansion shocks in high speed fluid flows, without violating entropy conditions. Typically such
behaviour is observed in the region close to the critical point, and such effects are generally captured only
by using real gas EOS. The real gas EOS plays a crucial role in their governing dynamics as well as in
developing algorithms. Such fluids are popularly known as BZT fluids.
In the present work we propose a simple, robust and yet accurate central solver to simulate the flow of
a BZT fluid with van der Waals EOS in a 1D shock tube and a C-D Nozzle. We study the efficiency
of the numerical algorithm in resolving the non-classical waves. The numerical diffusion is fixed based
on RH conditions in a centrally discretized finite volume framework. The algorithm, being a central
solver, is not tied to eigen-structure of the underlying hyperbolic systems, thus avoiding Riemann solvers
and complicated flux splittings. Further, the shape of the nozzles are optimized using gradient based
optimization techniques, to obtain the best optimized shape for a given configuration.
REFERENCES
[1] B.M. Argrow, Computational Analysis of Dense gas shock tube flow, Shock Waves 6 (1996), p.p.
241-248.
[2] A.A. Borisov, Al.A. Borisov, S.S. Kutateladze, V.E. Nakoryakov, Rarefaction shock wave near the
critical liquidvapour point, Journal of Fluid Mechanics 126 (1983), p.p. 59-73.
[3] B.P. Brown, B.M. Argrow, Nonclassical Dense gas flows for simple geometries, AIAA Journal
36(10), October 1998.
[4] K. Ramesh, Novel, Robust and Accurate Central Solvers for Real, Dense and Multi-component
Gases, Ph.D. thesis, Department of Aerospace Engineering, Indian Institute of Science, Bangalore,
India (2019).
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CEA/DEN/DANS/DM2S/STMF/LMEC, Université Paris-Saclay, CEA, Service de thermo-hydraulique et
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Two-phase flows with phase transition are often involved in a wide range of industrial processes such as heat
exchangers. Therefore accurate and stable simulation tools of two-phase fluid flows can improve the design of
machines and their operating processes. We consider here that both phase in the flows are separated by a sharp
interface and that each phase is represented by a compressible material equipped with its own Equation of State
(EOS). The position of the interface is captured thanks to the Level-Set method [1].
We are interested in simulation settings where the Mach number that represents the ratio between the material
velocity and the sound velocity may become very small so that compressible effects are mainly due to dilatation
in the gas phase. Unfortunately, in this Mach regime classic Finite Volume Methods based on the Godunov
approach suffer an important loss of accuracy [2, 3].
The work of [4, 5] propose a numerical scheme that is based on a splitting between acoustic and transport
effects that allow to obtain a uniform truncation error with respect to the Mach number under a classic CourantFriedrichs-Lewy (CFL) stability condition in the case of single-phase flows.
We will present how to extend the approach of [4, 5] to the case of interface two-phase flows with a Level Set
based interface capture method. The first key idea consists in modifying the approximate Riemann solution of
the acoustic step by introducing new jump conditions for the pressure and normal velocity at the interface that
account surface tension and mass transfer effects in the sense of the integral consistency. We chose to model
the mass transfer rate after the models presented by [6]. To avoid mixing cell and remain interface sharp, the
Ghost Fluid strategy [7] is applied for the coupling at interface.
The ratio of pressure perturbation between two different phases could be extremely high, as the fluid properties
like the density and the sound velocity can vary a lot across the interface. This particular feature of our flows
settings leads the all-Mach correction presented in [5, 8] to undergo stability issues. The second key ingredient
of our work, resides proposing a new stable low-Mach correction that takes density ratio into account and gives
a stable prediction with a suitable CFL condition.
The efficiency of our discretization strategy will be tested against classic numerical test cases involving mass
transfer and surface tension.
E-mail: ziqiang.zou@cea.fr
REFERENCES
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[2] Guillard, H. and Viozat, C. (1999). Journal of Computational Physics, 28, pp. 63–86.
[3] Dellacherie, S. (2010). Journal of Computational Physics, 229, pp. 978–1016.
[4] Chalons, C.,et al (2016). Communications in Computational Physics, 20, pp. 188–233.
[5] Chalons, C., et al (2017). Journal of Computational Physics, 335, pp. 885–904.
[6] Kharangate, C. R., and Mudawar, I. (2017). Int. J. Heat Mass Tran., 108, pp. 1164–1196.
[7] Fedkiw, R. P.,et al (1999). Journal of computational physics, 152(2), pp. 457–492.
[8] Peluchon, S.,et al (2017). Journal of Computational Physics, 339, pp. 328–355.
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We describe liquid-vapor flows by a single-velocity six-equation two-phase compressible flow model
with relaxation source terms accounting for volume, heat and mass transfer [1]. The system of equations
is numerically solved by a classical fractional step algorithm, where we alternate between the solution
of the homogeneous hyperbolic portion of the model system via a second-order accurate HLLC-type
finite volume scheme, and the solution of a sequence of systems of ordinary differential equations for the
relaxation source terms driving the flow toward mechanical, thermal and chemical equilibrium. For an
accurate description of the thermodynamical processes involved in transient liquid-vapor flow problems
it is often important to be able to simulate both instantaneous and finite-rate relaxation processes. For
instance, in some phenomena such as fast depressurizations the delay of vaporization and the appearance
of metastable states are key features in the flow dynamics [2]. In the present work we present new
numerical relaxation procedures to integrate interphase transfer terms with two significant properties: the
capability to describe heat and mass transfer processes with arbitrary relaxation rate, and the applicability
to a general equation of state. We adopt some of the ideas previously developed in our work [3], but we
design here novel efficient techniques suited for both non-stiff and stiff relaxation processes. We show
the effectiveness of the proposed computational liquid-vapor flow model by presenting several numerical
tests in one and two dimensions, including simulations of depressurizations and blowdown experiments.
REFERENCES
[1] Pelanti, M. and Shyue, K.-M. A mixture-energy-consistent six-equation two-phase numerical
model for fluids with interfaces, cavitation and evaporation waves. J. Comput. Phys. (2014) 259:
331–357.
[2] De Lorenzo, M., Lafon, P., Di Matteo, M., Pelanti, M., Seynhaeve, J.-M. and Bartosiewicz, Y.
Homogeneous Two-Phase Flow Models and Accurate Steam-Water Table Look-up Method for Fast
Transient Simulations. Int. J. Multiphase Flow (2017) 95: 199–219.
[3] De Lorenzo, M., Lafon, P. and Pelanti, M. A hyperbolic phase-transition model with noninstantaneous EoS-independent relaxation procedures. J. Comput. Phys. (2019) 379: 279–308.
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2
Eurobios SCB, Cachan, France

Key Words: Machine learning, Surrogate model, Neural Networks, Mechanics, Numerical Simulation
In the last years, many progress have been done in the field of machine learning, and in particular to
provide efficient and user-friendly implementations. Machine learning tools are now easily accessible
to experts from other fields, such as physicists and engineers. This talk presents a case study of using a
machine learning library to build a surrogate model for a physical problem.
The physical problem describes the sag of a cable hanging between two pylons. It depends on eight
physical parameters. An existing PDE model is used to train a surrogate model using the open-source
Python library Scikit-learn. The methodology of the training is discussed from the point of view of a
non-specialist user.
The main kind of models that is presented in this talk are the ReLU neural networks. The influence
of the size of the network and the size of the training set on the precision of the model are studied. A
special effort has been done to give an interpretation to the coefficients of the fitted models. This allows
to reduce the complexity of the surrogate model and give some insights on the behavior of the full model.
However, neural network relies on gradient descent and it can be expensive to find a good local minimum.
Simpler models (in particular Radial Basis Functions-based models) have been considered in order to
simplify the learning phase. However, this type of models might not be flexible enough to accurately
model the problem.
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The hypothetical core disruptive accident (HCDA) of a fast Breeder reactor can be modelled considering
the high-pressure bubble expansion of vaporized materials in the liquid sodium; the flow thus involves
(first stage) weak shock waves propagating in the liquid phase which generates the low Mach motion of
the liquid itself, the impact of which (second stage) can damage the containment and mechanical devices.
In the low-Mach number limit, it is well known that all classical compressible finite volume methods
using Godunov-type schemes present accuracy (on 2D quadrangular/3D cubic meshes) and efficiency
problems. Consequently, the two-phase computational methods based on such approach, for example
the Discrete Equation Method [1], could artificially underestimate the fluid impact on mechanical devices and consume excessive CPU time to provide load estimates. Low-Mach extension of compressible
solvers [2] can be used to fix the accuracy problem but the CPU constraints would remain because of the
timestep limitation induced by the propagation of acoustic waves through the large-scale computational
domain.
In this work, we have investigated the HCDA problem in 1D, with water replacing the liquid sodium
and described using the stiffened gas equation of state. A semi-analytical solution is derived under
the hypothesis of low Mach number flow, in which acoustic waves are filtered by supposing that they
are infinitely fast. This solution is compared with reference (but expensive) compressible numerical
solutions obtained using 5 equations [3] and 7 equations [1, 4] compressible solvers. Depending on the
pressure applied on the bubble, the low Mach approximation is found to provide, or not, an acceptable
solution to the flow problem. For cases where the low Mach approximation appears relevant, a weakly
compressible model [5] is also applied in order to increase the stability time step, thus reducing the CPU
time consumption and offering an attractive accuracy / efficiency combination.
REFERENCES
[1] R. Abgrall, R. Saurel, J. Comput. Phys., 186(2), 2003.
[2] S. Dellacherie, J. Comput. Phys., 229 (4), 2010.
[3] F. Daude, P. Galon, Z. Gao, E. Blaud, Computers & Fluids, 94, 2014.
[4] K. Tang, A. Beccantini, C. Corre, Computers & Fluids, 93, 2014.
[5] R.R. Nourgaliev, T.N. Dinh, T.G. Theofanous, Int. J. of Multiphase Flow, 30, 2004.

1605

Cavitation
Ehsan
Mahravan,
BubbleJihoo
Collapse
Moon
in and
Microscale
Daegyoum
Liquid
Kim
Film and Droplet

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France
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Jet formation due to the collapse of a high-pressure bubble, generated on a solid, is simulated using
compressible volume of fluid method in OpenFOAM. Two cases of a bubble inside a thin liquid film
(h = 14 − 32 µm) and a droplet (R = 60 − 100 µm) are considered. The former is used in Laser Induced
Forward Transfer (LIFT) [1, 2] for printing of high viscosity liquid films. Unlike the common bubble
collapses near a single boundary, this particular case of confined bubble between free surface and solid
has been less studied. Due to the small sizes, experiments can not show the bubble behavior at the
collapse time and to the knowledge of the authors, no numerical simulation of the whole collapse and
jetting process for this particular case has been done before.
For small thicknesses, the bubble center has a much higher velocity than other parts, leading to the
separation of the bubble tip. This is accompanied by contraction of the bubble near the tip that leads
to a small primary collapse followed by increased pressure and velocity. This increased energy before
the main collapse triggers a much powerful and collapse with a sharper penetrating liquid jet compared
to thicker liquid films. The power and the occurrence time of the collapse vary non-linearly with the
thickness. Indeed the outgoing liquid jet is faster and thinner.
The collapse of a bubble inside a small liquid droplet is also examined, and the same primary collapse is
observed. This happens when the bubble is nucleated on the wall or close to it. The bubble expansion
pushes the liquid volume away, but due to the resistance from the wall the liquid and subsequently the
bubble return radially, while at the axial direction bubble is still expanding. The bubble contracts from
the sides and initiates a primary collapse, much stronger than liquid film case, which hugely intensifies
the main collapse.
REFERENCES
[1] Serra P. and Piqué A. Laser-Induced Forward Transfer: Fundamentals and Applications. Advanced
Materials Technologies (2018) 4:1800099.
[2] Brown M. S. and Kattamis N. T. and Arnold C. B. Time-resolved dynamics of laser-induced microjets from thin liquid films. Microfluidics and Nanofluidics (2011) 11:(199-207).
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Cooption of the host vasculature is a strategy that some cancers use to sustain tumor progression
without—or before—angiogenesis or in response to antiangiogenic therapy (1). For example,
some solid tumors grow without creating new blood vessels, instead exploiting the preexisting,
host vasculature in a process termed vessel cooption. Nonangiogenic coopting tumors have
been reported in the brain, lung, liver, and skin in both preclinical (mouse) models and patients
(2). Facilitated by certain growth factors, cooption can mediate tumor infiltration and confer
resistance to antiangiogenic drugs. Unfortunately, this mode of tumor progression is difficult to
target because the underlying mechanisms are not fully understood.Even if antiangiogenic
therapy can block such secondary angiogenesis, the tumor can sustain itself by coopting existing
vessels. Hence, tumor progression can only be stopped by combination therapies that
judiciously block both angiogenesis and cooption.
Here, using intravital microscopy, we found that longterm treatment of established GBMs with
cediranib leads to an increase in tumor invasion along existing brain vessels (3). We also found
that coopting cancer cells often compress vessels, which can trigger hypoxia-induced
angiogenesis. Furthermore, to provide deeper insights into the mechanism of vessel cooption,
we developed a mathematical framework for tumor growth and response to antiangiogenic
treatment, taking into account the biological and physical events driving the process (3), from
the early stage of vascular modifications through cooption of the host vasculature and the
secondary, VEGF-dependent angiogenic process. The model was designed to integrate events
from the cellular/subcellular level with overall tumor growth. Model formulation was guided
by multiple sets of experimental data, and its predictions agree qualitatively—and in many cases
quantitatively—with data on the spatiotemporal evolution of vessel cooption and compression,
VEGF and Ang2 levels, vascular density distribution, and tumor oxygenation. Interestingly,
according to the model, inhibition of VEGF-dependent angiogenesis will not completely
eliminate tumor vasculature and hence tumor growth can continue through this therapy. We
found that anti-VEGF inhibition needs to be applied judiciously and that dual blocking of
cooption and VEGF can decrease tumor vasculature and growth, but only under certain
conditions of cancer cell proliferation and migration.
REFERENCES
1.
2.
3.

Griveau A, et al. (2018) A Glial Signature and Wnt7 Signaling Regulate GliomaVascular Interactions and Tumor Microenvironment. Cancer cell 33(5):874-+.
Pezzella F & Gatter K (2015) Non-angiogenic tumours unveil a new chapter in cancer
biology. The Journal of pathology 235(3):381-383.
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Traffic congestion on the expressway is a big problem, which incurs economic loss due to delay,
exhaust gas retention, noise, etc. In Japan, since the aging of expressway road structure is
progressing, scheduled road work is needed for maintenance. Thus, the importance of traffic
forecasting is rising because not only naturally occurring congestions but also scheduled ones
are to be handled. In addition, the region which should be managed is rising wide.
If traffic phenomena on the expressway are simulated in a wide region, it takes much calculation
cost because of a huge number of vehicles. For example, if targeting the west area of Japan, the
mean number of vehicles using expressways is about 3 million per day [1]. Thus, we should
simulate 105-106 vehicles at the moment. Though macroscopic models are suitable for such a
scale, it remains some concern that the accuracy of forecasting becomes worse because each
vehicle is not distinguished.
Then the authors propose a micro- and macro-scale hybrid traffic simulation model to tackle
scale and accuracy problems. The main idea is like that: Simulation in the whole region is done
macroscopically, using Cell Transmission Model [2]. If any congested areas are detected in the
macroscopic scale, a microscopic expression is given for those areas. ADVENTURE_Mates,
which is based on a multi-agent model [3], is employed as a microscopic simulator. The time
interval on the microscopic scale is shorter than that on the macroscopic scale. Two models
with different granularity are applied to a certain area at the same time and the traffic
phenomena change independently in each scale as the time is evolved. Here, the boundary
condition on the microscopic model is given from the macroscopic model at the common time
step. This procedure is an analogy of a zooming analysis and a sub-cycling technique in
computational mechanics.
REFERENCES
[1] Japan Expressway Holding and Debt Repayment Agency, Traffic Volume Data of Each
Expressway Company, https://www.jehdra.go.jp/kotu.html (in Japanese).
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Bubble collapse is one the prime reasons for cavitation erosion. To mitigate or avoid the
cavitation damage, quantitative analysis for the collapse process, cavitation strength and
duration is crucial. Although it is feasible to conduct Direct Numerical Simulation (DNS) for
single bubble-collapsing in open space, existence of complex wall boundary brings challenges
for implementation. Therefore, numerical schemes should be redesigned to fulfil the
requirement of dissipation suppression, numerical stability, computational efficiency and
adaption of complex boundary for present DNS. In this work, high-resolution BVD (Boundary
Variation Diminishing) scheme [1] for compressible multiphase flows and a GCIBM (Ghostcell Immersed Boundary Method) strategy for the treatment of complex boundary is proposed.
Corresponding DNS simulator based on block-structured adaptive mesh [2] and immersed
boundary method [3] is developed to numerically reproduce the cavitation flow phenomenon,
containing multiscale, strong discontinuity and complex boundary, which is often inefficient
by traditional Cartesian grid solver. The accuracy and reliability of the target DNS simulator is
validated by theoretical and physical experiment. Finally, the high-fidelity simulation of nearwall bubble collapsing is performed (Fig. 1). Essential factors including the bubble
configurations, boundary geometry etc. that may affect the bubble collapsing are under fully
analyzation. Present simulator will provide high reliable DNS data to promote the development
of theoretical models accounting for the cavitation erosion near complex geometry.

Bubble

Wall

Fig. 1 Bubble collapse near solid wall, iso-surface (volume fraction) of 0.5 and pressure contour are given.
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In the context of global warming, working fluids of air conditioners or heat pumps are harmful for
climate and active research is ongoing to find replacement solutions. A potential candidate is to use water
as working fluid. But to evaporate at ambient temperature at which air conditioners operate working
pressure must be very low, around hundredth of atmospheric pressure. Apart from mechanical design
and processing issues at this subatmospheric pressure, these heat exchangers experience inefficiency due
to the lack of understanding of boiling phenomena at low pressure as usual correlations at atmospheric
pressure are no more valid. Experimental studies are scarce while numerical simulations are inexistent
on the subject to help build new correlations.
Phase change is a complex phenomenon involving multi-physics and multi-parameters and is more complex at low pressure since the hydrostatic pressure can no longer be neglected compared to the interface
pressure. In these conditions a boiling bubble can grow up to 15 centimetres in height and be subjected
to very heterogeneous conditions on its interface which affects bubble shape and growth. Many other
parameters (pressure, temperature, etc.) could impact bubble along its lifetime and are difficult to control
in experiments.
We propose to use direct numerical solver to give some insights while simplifying the problem. An
in-house two-fluids compressible solver based on an accurate low-Mach numerical scheme [1] will be
employed to consider hydrodynamical aspect of bubble growth.
First we will consider the dilatation of an isothermal gas inclusion at low pressure under a free-surface.
Good qualitative reproducibility of experimental results (with phase change, ignored in simulations) will
be shown.
Then phase change model build on instantaneous thermodynamical and mechanical relaxation [2] will
be added. Influence of this model on bubble growth will be assessed against experimental results.
REFERENCES
[1] Grenier N., Vila J.-P., Villedieu P., An accurate low-Mach scheme for a compressible two-fluid
model applied to free-surface flows, Journal of Computational Physics, vol 252, pp 119, 2013.
[2] Faccanoni G., Allaire G., Kokh S., Modelling and numerical simulation of liquid-vapor phase transition, in: EUROTHERM: Seminar on Thermodynamics of Phase Changes, 2009.
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In this work, we present a numerical tool for the simulation of unsteady, weakly compressible multiphase
flows, able to describe different flow topologies and physical phenomena (e.g., mass transfer) [1]. It is
based on a symmetric variant of the Baer and Nunziato model and no equilibrium is assumed between
phase pressure, velocity, nor internal energy. Each phase is described by its own thermodynamic model
and different equations of states can be used. Notably, there is no need to define a mixture speed of
sound. Appropriate source and relaxation terms are included to model the phenomena of interests, e.g.
mass transfer, and to enforce interface equilibrium.
The resulting hyperbolic relaxation system of equations is made dimensionless through a special pressure
scaling that retrieves asymptotically the correct incompressible behavior when the Mach number goes
to zero [2]. We adopt a staggered, finite-volume discretization and an implicit-explicit time discretization that treats implicitly the acoustic part of the governing equations. In addition, we have derived an
unambiguous discretization of the non-conservative terms by enforcing the pressure and velocity nondisturbance condition, to prevent the onset of spurious oscillations across multi-material interfaces [3].
A full implicitly time integration is used for the source terms, which may become stiff when the phases
are far from equilibrium.
The proposed method has been first validated against reference and benchmark results of one-dimensional
shock-tube tests, using simplified equations of states, such as the “stiffened gas” model. Then, more accurate equation of states are used to perform numerical investigations of transient pipe-flows of CO2 -rich
mixtures, considering also phase transition.
REFERENCES
[1] B. Re and R. Abgrall. Non-equilibrium Model for Weakly Compressible Multi-component Flows:
the Hyperbolic Operator. (2019), arXiv:1911.00270 [physics.comp-ph].
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in Boundary-Fitted Coordinates. Journal of Computational Physics, (1998) 141:153–173.
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Conservative Approach. Journal of Computational Physics, (1996) 125:150–160.
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Quenching is a metallurgical procedure used to alter properties of a metallic workpiece, which is heated
up to a temperature about 900 K and then is submerged into a subcooled fluid. The numerical prediction
of fluid behaviour during immersion quenching remains a challenging topic, requiring a better knowledge of the process. The heat from the solid is conjugated into the coolant. The above causes rapid
boiling, development of a vapour film followed by partial film boiling, nucleate boiling and convective
heat transfer regimes. An accurate description of the fluid behaviour is vital to predict final workpiece
properties and would have an excellent value for the industry.
The problem is multiphysics and multiphase by nature. We adopt the Euler-Euler approach for the description of the multiphase fluid. This approach allows us to describe the behaviour of the cooling liquid
simultaneously with its gaseous phase generated during the cooling. Three Navier-Stokes equations govern each phase. The volume fraction equation further accompanies the complete system of six equations.
Further, the energy equation is solved within the solid workpiece. The information between solid and
coolant is exchanged via a temperature boundary condition of each phase. The boundary condition
is estimated at the solid-fluid interface. The necessary closure equations for wall boiling, interfacial
terms between the phases equations, and evaluation of interfacial area concentration using the population
balance will also be discussed within the paper.
The chosen approach has a few limitations which have to be addressed appropriately. Initially, it is crucial
to understand and identify them to direct further development in that area. We aim to provide an overview
of the physics as well as of the numerical procedures using the approach as mentioned above that will
allow further development. We will also demonstrate the capabilities of our strategy and validate it by
replicating a quenching experiment [1]. The results will serve as the first step for further investigation of
physics taking place during immersion quenching using various coolants.
REFERENCES
[1] Srinivasan, V., Moon, K., Gerif, D., Wang, Dm. M. and Kim, M. Numerical simulation of immersion quench cooling process using an Eulerian multi-fluid approach. Appl Therm Eng. (2010) Vol.
30, 499–509.
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Given a linear system of equations, it is well known that its solution by means of iterative methods
is highly affected by the condition number of its related coefficient matrix: the more ill-conditioned,
the poorer the convergence. For this reason, preconditioning results a crucial tool in order to modify
the spectrum of the system being solved and improve the performance achieved by iterative methods.
Nevertheless, a proper balance between the reduction in the number of iterations and the overhead of
the construction and application of the preconditioner needs to be sought to actually decrease the total
execution time of the solver. In this sense, the optimal preconditioning and solution of the variable
coefficients Poisson equation represents a major challenge, specially in the most ill-conditioned situations
(such as in multiphase flows, where there is a high contrast in the coefficients, or when an intense adaptive
mesh refinement is applied, giving rise to large mesh aspect ratios). Among the challenges it poses, let us
emphasize the tremendous cost of updating the preconditioner at each iteration and the fact that, in many
occasions, the full matrix is only available in a factored form. Hence, the aim of this work is to propose
an excellent alternative to the Jacobi preconditioner which, as was introduced in [1], in such situations
gives excellent results in combination with deflation
techniques.
More concretely, applying the fully −1

conservative discretization presented in [2] to ∇ · ρ ∇p = ∇ · u p , the variable coefficients Poisson
equation reads: MR−1 Gph = Muhp , such that R = diag(ρh ) and the gradient and divergence operators
satisfy: G = −Ω−1 Mt , where Ω is a diagonal matrix containing the sizes of the discrete control volumes.
Therefore, our proposal is to precondition the system using ΩR, as this effectively corrects the high
contrasts inherited by the variable operator L̃ = −M(ΩR)−1 Mt from R−1 and Ω−1 . This constitutes an
extremely affordable, highly-parallelizable and easy-to-implement preconditioner that has shown great
improvements in the rate of convergence of the conjugate gradient method (among other Krylov subspace
methods) without any need to explicitly build L̃ at each iteration.
REFERENCES
[1] C. Vuik, A. Segal, and J.A Meijerink. An Efficient Preconditioned CG Method for the Solution of
a Class of Layered Problems with Extreme Contrasts in the Coefficients. Journal of Computational
Physics, 152(1):385–403, jun 1999.
[2] F.X. Trias, O. Lehmkuhl, A. Oliva, C.D. Pérez-Segarra, and R.W.C.P. Verstappen. Symmetrypreserving discretization of Navier-Stokes equations on collocated unstructured grids. Journal of
Computational Physics, 258:246–267, feb 2014.
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Compressible multiphase flows are encountered in a wide variety of engineering applications meeting extreme
conditions with the presence of high temperature gradients, high pressure environments and/or high velocities.
They have therefore gathered the attention of the CFD community in the last decades. In the case of separated
multiphase flows for which the material interfaces can clearly be identified, the numerical diffusion introduced
at the interface by the classical averaging formulations can be eliminated by following a sharp interface approach.
By capturing exactly the discontinuous character of fluid properties while preserving the high-order convergence of the numerical scheme in the vicinity of the interface, the extended discontinuous Galerkin method
(XDGM) developed in this work is very promising for the simulation of separated compressible multiphase
flows. Indeed, it offers the possibility of accurately representing complex interfacial phenomena driving the
physics of the problem, i.e. surface tension, phase transition and hydrodynamic instabilities. This is a crucial
feature in the development of a numerical tool aimed at producing high-fidelity predictions of such situations.
The XDGM has been integrated into an existing multi-physics discontinuous Galerkin (DG) platform by
Schrooyen et al. [1]. The present work will extend the capabilities of the method to compressible twophase flows by addressing the following points: (i) the adaptation of the DG solver to deal with governing
equations closed by general equations of state in the bulk of each phase, (ii) the accurate computation of interface curvature and surface tension forces, (iii) the resolution of jump conditions across the interface with
dedicated algorithms, (iv) the coupling of an artificial viscosity shock capturing method with the XDGM.
Preliminary results of a static liquid droplet surrounded by a gas have already been obtained and are
shown in Fig. 1. Although simple at this stage, this
first test case shows the ability of this novel method to
handle arbitrary high values of interfacial jumps on a
coarse mesh not conforming with the interface; a result that would not have been achievable with a classical diffuse interface approach. Test cases of moving
interface problems are foreseen and will be discussed.
REFERENCES

Figure 1: Discontinuous density field of the static liquid
droplet test case. The initial pressure in the droplet is higher
[1] P. Schrooyen, L. Arbaoui, J.-S. Cagnone, N. Po- than in the surrounding gas and is perfectly balanced by
letz and K. Hillewaert A High-order Extended the jump conditions imposed across the interface by the
Discontinuous Galerkin Method to Treat Hydro- XDGM, making the droplet static.

dynamics Problems, ECCM-ECFD Conference,
June 11-15 2018, Glasgow (UK).
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MaaS (Mobility as a Service), which is the next-generation public transportation service
supported by ICT, has attracted attention in recent years. This is one of the means to relax
excessive dependence of urban and social systems to using private cars. One typical example
of MaaS is a ride-sharing service [1]. The service is expected to solve or relax some traffic
issues such as traffic jams, high CO2 emissions, and accessibility inequality. Providing service
by using autonomous vehicles is also proposed.
In the ride-sharing service assumed in this research, when a user reserves a desired boarding
point using a terminal such as a smartphone, the service provider assigns the user's demand to
an appropriate vehicle in the control center, and the assigned vehicle picks up the user. A major
feature of a ride-sharing service is that a new user is added to the vehicle that is already picking
up the user. The problem that should be solved for a ride-sharing service is called DARP (DialA-Ride Problem) and is NP-hard. Heuristic vehicle dispatch algorithms that achieve both low
computational cost and adequate demand assignments are needed for efficient services.
In this research, the authors proposed the filtering and rebalancing algorithm for the control
center and evaluated them using ADVENTURE_Mates [2, 3], a multi-agent-based traffic
simulator which the authors have been developing. The filtering function to extract vehicles
near the boarding point of new demand was shown to be effective for short-distance transport
through the agent-based simulation case studies. Meanwhile, the effectiveness of the
rebalancing function was limited and more efficient algorithms were suggested to be required.
REFERENCES
[1] Alonso-Mora, J., et al., On-demand high-capacity ride-sharing via dynamic trip-vehicle

assignment, Proceedings of the National Academy of Sciences, vol. 114, no. 3, pp. 462467, 2017.
[2] Yoshimura, S., MATES: Multi-Agent Based Traffic and Environment Simulator - Theory,
Implementation and Practical Application, Computer Modeling in Engineering and
Sciences, vol. 11, no. 1, pp. 17-25, 2006.
[3] Fujii, H., Uchida, H. and Yoshimura, S., Agent-based Simulation Framework for Mixed
Traffic of Cars, Pedestrians and Trams, Transportation Research Part C: Emerging
Technologies, vol. 85, pp. 234-248, 2017.
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Cavitation is a complex physical phenomenon that occurs in most hydrodynamic applications. It is considered as an unfavorable phenomenon in numerous applications, and several efforts have been devoted
to modelling the phenomenon in order to make better hydrodynamic designs with lesser cavitation effects. The modelling problem becomes more complex when more physical aspects are considered, e.g,
unsteadiness, turbulent interactions, laminar-turbulent transition and structural deformation. The area
of cavitation modelling and incorporating more physical interactions is an ongoing research area, and
further developments can contribute to the marine industry. In the present work, we introduce the first
implementation of the homogeneous cavitation modelling to the framework of the variational multi-scale
method (VMS) [2, 1]. The VMS method is an LES-like approach that has shown great promise in modelling complex flows under a wide range of flow regimes [3, 4], and this contribution adds a new field
in the literature of the VMS in which cavitation can be modelled. In the present work, the flow field is
governed by the Navier–Stokes equations along with a transport equation for the vapor volume fraction.
We add the capability of modelling cavitating flows on moving domains by making use of the Arbitrary
Lagrangian-Eulerian description of the continuum. A benchmark problem of simulating the cavitating
flow over a hemispherical fore-body is performed and validated against experimental data. Moreover,
more complex applications are considered to test the stability and the validity of the numerical formulation, namely, the simulation of the INSEAN E779A propeller with experimental validation.
REFERENCES
[1] A. Bayram and A. Korobenko. A numerical formulation for cavitating flows around marine propellers based on variational multiscale method (Under Review). Computer Methods in Applied Mechanics and Engineering, 2020.
[2] A. Bayram and A. Korobenko. Variational multiscale framework for cavitating flows. Computational
Mechanics, pages 1–19, 2020.
[3] A. Korobenko, Y. Bazilevs, K. Takizawa, and T. E. Tezduyar. Recent advances in ALE-VMS and STVMS computational aerodynamic and FSI analysis of wind turbines. In Frontiers in Computational
Fluid-Structure Interaction and Flow Simulation, pages 253–336. Springer, 2018.
[4] K. Takizawa, Y. Bazilevs, T. E. Tezduyar, and A. Korobenko. Computational flow analysis in
aerospace, energy and transportation technologies with the variational multiscale methods. Journal of Advanced Engineering and Computation, 4(2):83–117, 2020.
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Japanese agriculture faces several problems due to the decrease of the agricultural workers and
the aging of Japan society. To solve these problems, the development of smart agriculture such
as robot technology and ICT is very important for enhancing the yield and quality of the
agriculture product. In this paper, we describe prediction of yield and quality in rice cultivation
using machine learning technology.
The yield prediction accuracy improved by adding the weather data integration interval and
adding it to the explanatory variable.
In this study, the cultivation data in the field and the nationwide meteorological data of the
Meteorological Agency are used as learning and test data for determining the prediction
algorithm. The cultivation data from 1984 to 2010 uses as learning data and the data of 2011 to
2014 as test data. The yield and the quality in the rice cultivation are taken as the objective
variables. Three weather data such daily maximum temperature, daily minimum temperature
and daily sunshine time, 13 cultivation data, and two location data are taken as the explanatory
variable. The weather data are integrated as the explanatory variables. Three integration patterns
are taken in order to discuss the explanatory variables; case-1) the integration from the
transplanting day to the ripening day, case-2) the integration from the transplanting day to the
heading day and the integration from the heading day to the ripening day, case-3) the equal half
period of Pattern 2. The prediction model is defined by using XGBoost and LightGBM. The
results are shown in Table 1. The yield and the quality describe the relative error (%) and error,
respectively. The results show that the accuracy of the XGBoost is better than that of the
LightGBM.
REFERENCES
[1] Ministry of Agriculture. Annual agricultural production output and production agricultural

income, http://www.e-stat.go.jp/SG1/stat/List.do.
[2] T.. Chen, C., Guestrin. XGBoost: A scalable Tree Boosting System, Proceedings of the
22nd acm and sigkdd international conference on knowledge discovery and data mining,
ACM, 2016.
Table 1: Comparison of XGBoost and LightGBM. (XGBoost/LightGBM)
case-1
case-2
case-3
Yield
74.6 / 73.9
74.9 / 75.9
76.4 / 76.4
Quality
1.412 / 1.435
1.403 / 1.449
1.464 / 1.485
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ABSTRACT
Utilizing computational fluid dynamics (CFD) for complex engineering problems requires the adoption
of numerical algorithms that are simultaneously accurate, robust, flexible and, ultimately, efficient (i.e.,
with a high accuracy/cost ratio). The fulfilment of such a set of conflicting requirements continues to
thrill the scientific community, especially when it comes to choosing the best method for a specific field
of applications. On the one hand, industrial CFD simulations have been traditionally carried out using
low-order finite-volume or finite-difference schemes, often in conjunction with the immersed boundary
method (IBM) to cope with complex or moving boundaries. On the other hand, recent years have seen
the development of high-order techniques, such as discontinuous Galerkin and spectral-element methods,
that arguably combine high accuracy with geometric flexibility and ease of parallelization. Furthermore,
the whole spectrum of methodologies is nowadays within reach of the community by the availability of
open-source software (e.g., OpenFOAM, Gerris, Nek5000, PyFR, etc.). As a result, there is a growing
interest in understanding and comparing the efficiency of various approaches/solvers.
This minisymposium (MS) brings together researchers from academia, government labs and industry in
an effort to assess and explore the efficiency of a wide range of CFD techniques. The MS invites comparative studies regarding (but not limited to): unstructured vs Cartesian (IBM) techniques, low- vs highorder spatial/temporal methods, assessment of open-source solvers, efficiency of stabilization strategies
(e.g., discrete conservation principles, filtering, etc.), adaptive mesh refinement strategies. Contributions
focusing on novel architectures (e.g., GPU) and high-performance computing aspects are also welcomed.
Example studies can be found in references [1, 2] below.
REFERENCES
[1] Vermeire, B.C., Witherden, F.D. and Vincent, P.E. On the utility of GPU accelerated high-order
methods for unsteady flow simulations: A comparison with industry-standard tools. J. Comput.
Phys. (2017) 334:497-521.
[2] Capuano, F., Palumbo, A. and de Luca, L. Comparative study of spectral-element and finite-volume
solvers for direct numerical simulation of synthetic jets. Comput. Fluids (2019) 179:228-237.
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In this paper, we present an Entropy-Stable finite element algorithm suitable for Large-Eddy Simulation
of turbulent multicomponent Low-Mach flows, including those involving reactions between components.
The objective of this algorithm is to minimize the amount of numerical dissipation introduced by the
stabilization term, in order to improve the overall accuracy of resolved turbulent scales.
Application of the standard continuous Galerkin discretization procedure to the Low-Mach equations
results in a semi-discrete high-order central scheme in space. Since the Low-Mach system is quasihyperbolic, stability can only be achieved through the introduction of a stabilization term, effectively
adding some form of numerical viscosity that controls unbounded growth of spurious oscillations.
The model proposed here fits in the Total Variation Diminishing (TVD) class of schemes: it can be
shown to have a Weighted-Averaged type of numerical flux and its stabilization term is controlled by
a non-linear parameter, called entropy viscosity. The implication is that this scheme is able to achieve
higher spatial order without introducing an excessive amount of oscillatory behavior in the solution fields,
as opposed to high-order linearly stable schemes such as Lax-Wendroff and Taylor-Galerkin of nth order.
The core part of the algorithm is the nonlinear control of the artificial viscosity, based on J. Guermond’s
et. al. developments for generalized scalar strictly hyperbolic problems and Euler type of flows. The
proposal of our algorithm is to stabilize the quasi-hyperbolic Low-Mach multicomponent system by
introducing these entropy viscosities only to the species transport equations and to the enthalpy equation,
leaving mass and momentum untouched. The term entropy stable comes from the fact that solutions
obtained by this algorithm are entropy solutions, in the sense that they satisfy the vanishing viscosity
conditions associated with weak form of hyperbolic systems.
The aim of this paper is to present the derivation of the proposed algorithm, highlight it’s advantages in
the aforementioned application range and present some results for both linear and second order types of
elements.
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Direct numerical simulation require high quality meshes. With increasing the geometry complexity a
generation of body fitted mesh might become a daunting or even impossible task. With the immersed
boundary method (IBM) this issue can be overcome because the mesh does not have to follow the introduced solid surface [1]. The influence of the boundary is then rather accounted for by source terms
in the Navier-Stokes equations. However, the method introduces some uncertainties, which have to be
evaluated for certain specific application scenarios, e.g. a flow around bluff bodies.
In this study we consider an incompressible turbulent channel flow with heat transfer at Reτ = 180 with
deterministic surface structure consisting of truncated cones. In addition to IBM, adoption of such a
surface geometry allows a usage of body-fitted grids, although with considerable effort. This makes
possible comparing the computational performance of solvers of both types.
The present study covers two solvers for each of the two boundary handling strategies. With Nek5000
(spectral element method) and OpenFOAM (finite volume method) the influence of the roughness elements is directly accounted for by an unstructured body fitted mesh, whereas Incompact3d (compact
finite difference method) and SIMSON (pseudo spectral method) utilize the IBM to deal with the 3D
geometry.
The focus of this work is the evaluation of the usability of the IBM and comparison of the parallel
performance of the employed solvers for a specific problem at hand. Since usability is an ambiguous
definition, various quantities are compared: global statistics like Nusselt number and friction coefficient,
one-dimensional wall-normal profiles for first and second order statistics, as well as three-dimensional
phase-averages over roughness sections. In addition, the computational effort for each method is documented.
REFERENCES
[1] Goldstein, D., Handler, R. and Sirovich, L. Modeling a No-Slip Flow Boundary with an External Force Field Journal of
Computational Physics 105 (1993), 354 - 366
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Universitat Politècnica de Catalunya - BarcelonaTech (UPC)
ESEIAAT, C/ Colom 11, 08222 Terrassa (Barcelona), Spain
nina@cttc.upc.edu
∗

Key Words: Computational Fluid Dynamics, Data Driven Models, Indoor Environmental Applications,
Mixed Convection, Turbulence Modeling
The air distribution in buildings is usually evaluated either by simplified reduced-order models or CFD.
Simplified models can provide very rapid predictions but offer limited information due to assumptions
required. On the other hand, CFD is a computationally expensive tool. Despite the growth in computational power and advances in numerical algorithms, high-fidelity CFD simulations are either too slow
or too costly to be used as a primary tool for indoor environment design and control [1]. Moreover, our
findings suggest that the growth of computational resources in the near future would not be enough to
make CFD available for routine use in buildings. This means more work is required on developing better
models to reduce the computational cost of the simulations while maintaining accuracy.
Data-driven models are steadily gaining popularity in the field of indoor environmental simulations, as
they can provide rapid predictions at an accuracy comparable to CFD. In our study, we develop machine
learning algorithms based on data from CFD simulations, which predict comfort-related airflow parameters in a ventilated room with a heated floor [2]. The main focus of our research is on investigating
the capabilities and limitations of these algorithms as a cheaper alternative to CFD, taking into account
specific requirements for indoor environmental applications. We compare the computational cost and
accuracy of three different models, namely artificial neural network (ANN), support vector regression
(SVR), and gradient boosting regression (GBR). We study how the quality of input data affects the quality of prediction, finding a trade-off between the number of simulations alimenting the model and their
fidelity. Moreover, we analyze how discretization and turbulence modeling errors introduced in CFD
simulations affect the error of the final data-driven prediction.
REFERENCES
[1] N. Morozova, F. X. Trias, R. Capdevila, C. D. Pérez-Segarra and A. Oliva. On the feasibility of
affordable high-fidelity CFD simulations for indoor environment design and control. Building and
Environment (2020) 184:107144.
[2] D. Blay, S. Mergui, J. L. Tuhault and F. Penot Experimental turbulent mixed convection created
by confined buoyant wall jets. Proceedings of the First European Heat Transfer Conference (1992)
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The simulation of complex fluid flows is an ongoing challenge in the scientific community. The computational cost of Direct Numerical Simulation (DNS) or Large Eddy Simulation (LES) of turbulent
flows quickly becomes imperative when one is interested in control, design, optimization and uncertainty quantification. For these purposes, simplified models are typically used, such as reduced order
models, surrogate models, low-fidelity models, etc.
In this work we will study reduced order models (ROMs) that are obtained by projecting the fluid flow
equations onto a lower-dimensional space. Classically, this is performed by using a POD-Galerkin
method, where the basis for the projection is built from a proper orthogonal decomposition of the snapshot matrix of a set of high-fidelity simulations. Ongoing issues of this approach are, amongst others,
the stability of the ROM, handling turbulent flows, and conservation properties [1, 2].
We will address the stability of the ROM for the particular case of the incompressible Navier-Stokes
equations. We recently proposed to use an energy-conserving finite volume discretization of the NavierStokes equations [3] as full-order model (FOM), which has the important property that it is energy
conserving in the limit of vanishing viscosity and thus possesses non-linear stability. This was achieved
by projecting the FOM on a lower-dimensional space in such a way that the resulting ROM inherits the
energy conservation property of the FOM, and consequently its non-linear stability properties. The stability of this new energy-conserving ROM has demonstrated for various test cases. In the current work
we extend the developed framework to include the important cases of time-dependent boundary conditions and parametric problems, by also expanding the pressure in terms of POD modes, and projecting
the mass equation (divergence-free constraint) in such a way that the energy-conserving properties (and
therefore the stability) of the model remain satisfied.
REFERENCES
[1] K. Carlberg, Y. Choi, and S. Sargsyan. Conservative model reduction for finite-volume models.
Journal of Computational Physics, 371:280–314, 2018.
[2] L. Fick, Y. Maday, A. T. Patera, and T. Taddei. A stabilized POD model for turbulent flows over
a range of Reynolds numbers: Optimal parameter sampling and constrained projection. Journal of
Computational Physics, 371:214–243, 2018.
[3] B. Sanderse. Non-linearly stable reduced-order models for incompressible flow with energyconserving finite volume methods. arXiv preprint arXiv:1909.11462, 2019.
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Computational Fluid Dynamics (CFD) has developed to a key technology which plays an
important role in design, development and optimization in engineering practice. The role of
the ERCOFTAC SIG15 (Special Interest Group for Turbulence Modelling) is closely
connected to intensive verification and systematic validation of CFD (Computational Fluid
Dynamics) technology for solving the problems of both fundamental importance and
industrial relevance. This task has been accomplishing for years in the form of a series of
computational workshops (sixteen workshops have been hitherto organized; see
www.ercoftac.org under SIG15) aimed at evaluating predictive capabilities of turbulence
models at the RANS, LES and hybrid LES/RANS level in a broad range of well-documented
flows of scientific and industrial relevance. Focus is on the credibility and reliability of both
the numerical methods and mathematical models simulating turbulence. In such a way a large
database of simulation results along with detailed comparison with the reliable reference data
(experimental, DNS and highly-resolved LES databases) has been assembled.
In addition to this prime objective the SIG15 initiated a series of mini symposiums on
“Current Trends in Modelling and Simulation of Turbulent Flows”. The first five such
symposiums were held in Lisbon, Portugal on June 14-17, 2010 in the framework of the “5th
European Conference on Computational Fluid Dynamics - ECCOMAS CFD 2010”, in
Vienna, Austria on September 10-14, 2012 in the framework of the “6th European Congress
on Computational Methods in Applied Sciences and Engineering - ECCOMAS Congress
2012”, in Barcelona, Spain on July 20-25, 2014 in the framework of the “6th European
Conference on Computational Fluid Dynamics - ECCOMAS CFD VI”, in Hersonissos, Crete
Island, Greece on June 5-10, 2016 “7th European Congress on Computational Methods in
Applied Sciences and Engineering - ECCOMAS Congress 2016” and in Glasgow on June 1115, 2018 in the framework of the 7th European Conference on Computational Fluid
Dynamics - ECCOMAS CFD VII”. The mini symposium should promote the discussion and
conclusions about rationale and predictive performance of variety of statistical turbulence
models in the RANS (Reynolds-Averaged Navier-Stokes) framework, SGS (Sub-Grid-Scale)
models in the LES (Large-eddy Simulation) framework, hybrid LES/RANS models as well as
other computational models in conjunction with relevant numerical treatment in a broad range
of well-documented turbulent flow configurations under the scientists, researchers, users and
developers from industry and from the academic field.
1
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Synthetic turbulent fields are widely used to generate artificial inflow for Reynolds-Averaged
Navier–Stokes (RANS)/Large-Eddy-Simulation (LES) applications as well as for verification
and validation of numerical codes.
We present a new method for the numerical generation of random anisotropic turbulent
velocity fields. The proposed method is based on the Randomized Spectral Method (RSM)
[1]. The previously implemented isotropic version of RSM [2] exhibited correlation and
spectral properties of a turbulent field similar to real physics. However, its straightforward
adaptation for anisotropic fields using scaling with Cholesky decomposition of Reynolds
stresses or with the technique proposed in [4] has turned to be inefficient. We have modified
this method to use it in the anisotropic case effectively.
We compare the reference DNS data and LES simulations of canonical turbulent flows, where
inlet turbulence was generated on the base of the method presented here and one of the
existing Kraichnan-type methods [3]. We have obtained a realistic flow structure and good
agreement in the statistical properties of the turbulent field.
The research is partly supported by Russian Foundation for Basic Research (project № 18-0100726).
REFERENCES
[1] O. Kurbanmuradov, K. Sabelfeld, Stochastic Spectral and Fourier-Wavelet Methods for

Vector Gaussian Random Fields. Monte Carlo Methods Appl., 12:5–6, pp. 395–445,
2006.
[2] A. Alexandrov, L. Dorodnicyn, A. Duben, Generation of three-dimensional homogeneous
isotropic turbulent velocity fields based on the randomized spectral method. Math.
Model., Vol. 31(10), pp. 49-62, 2019. (In Russian.)
[3] Michael L. Shur, Philippe R. Spalart, Michael K. Strelets, Andrey K. Travin. Synthetic
Turbulence Generators for RANS-LES Interfaces in Zonal simulations of Aerodynamic
and Aeroacoustic Problems, Flow Turbulence Combust, Vol. 93, pp. 63–92, 2014. DOI
10.1007/s10494-014-9534-8.
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Friction drag accounts for up to half of the total aircraft drag for modern transport aircraft during cruise
flight. It hence remains a promising attempt to promote laminar flow on aircraft surfaces in order to
reduce aircraft fuel consumption. Analysis and design methods for future air mobility must take into
account the effect of laminar-turbulent transition to reduce drag. This work uses NLR’s structured multiblock in-house flow solver ENSOLV [1] to simulate the air flow around lifting surfaces at high Reynolds
numbers and sub- to transonic speeds in low turbulence environments.
An automatic coupling between the flow solver and a linear stability analysis is established. As a result,
a Reynolds-Averaged Navier-Stokes computation with automatic transition prediction can be performed
with minimal extra user effort to set up the simulation and no user-intervention at increased but acceptable
computational cost. By using a physics-based approach, the mechanisms leading to transition can be
better understood, helping in the design of more-laminar configurations. Transition due to stream-wise
waves, cross-flow waves and flow separation are included in the analysis.
The methodology is validated using two experimental test cases. Firstly, the incompressible but complex
flow around DLR’s sickle wing [2] is analyzed. Secondly, the flow around the Natural Laminar Flow
version of the Common Research Model (CRM-NLF) [3] is investigated to show the applicability to
aircraft in transonic flight. It is shown that the various paths to transition in the experiments are well
predicted in the numerical solutions.
REFERENCES
[1] Kok J. C. A high-order low-dispersion symmetry-preserving finite-volume method for compressible
flow on curvilinear grids. Journal of Computational Physics, 228 (2009) 6811-6832.
[2] Petzold, R. and Radespiel, R. Transition on a Wing with Spanwise Varying Crossflow and Linear
Stability Analysis. AIAA Journal, Vol. 53, No. 2, February (2015).
[3] Lynde, M.N. and Campbell, R.L. Computational Design and Analysis of a Transonic Natural Laminar Flow Wing for a Wind Tunnel Model. 35th AIAA Applied Aerodynamics Conference, Denver,
Colorado (2017).
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In the last decade, several efforts have been dedicated to the study of laminar-to-turbulent transition
because of its wide range of applications. While the nowadays used transition models provide quite satisfactory results for natural 2D transition, both in the finite volume and high-order discontinous Galerkin
frameworks, research is still ongoing on criteria able to handle crossflow transition. In literature, results
have been published on the inclusion crossflow effects to the γ − Rθ transition model, see [1]. Nevertheless, up to the author knowledge, no computations have yet been presented using the one equation
correlation γ model. The present paper focuses on the analysis of the results obtained including in the
γ-model a new crossflow criterion, based on modifications found on the online version of the CFX-Ansys
theory guide (not available). The crossflow transition criterion TC1 is included through a separate correlation, it is based on the C1-correlation proposed by Arnal (1984) and it is locally formulated as expected
by the LCTM framework. The TC1 criterion is defined as:
GΨReV
TC1 =
,
150
where the function G accounts for the influence of the pressure gradient and the indicator Ψ is a nondimensional measure of the local crossflow strength in respect of the streamwise strength and it depends
on the vorticity and its derivatives inside the boundary layer. Finally, ReV is the local vorticity Reynolds
◦
number. Results over the 6:1 prolate spheroid for an angle of attack α = 15 and a Re = 6.5 × 106 , based
on the freestream velocity V∞ and the spheroid length L are presented. The computations are run on the
incompressible solver ISIS-CFD.

◦

Figure 1: Skin friction distribution over the 6:1 Prolate Spheroid for α = 15 .

REFERENCES
[1] Grabe, C., Shengyang,N., Krumbein,A.: Transition Transport Modeling for the Prediction of Crossflow transition. 34th AIAA Applied Aerodynamics Conference, 13-17 June 2016, Washington D.C.,
USA.

1632

Puneeth Bikkanahally,
Development
of a Hybrid
Remi
Rans-Les
Manceau
Model
and Based
FranckOn
Mastrippolito
Temporal Filtering for Natural Convection
Flows
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

DEVELOPMENT OF A HYBRID RANS-LES MODEL BASED ON
TEMPORAL FILTERING FOR NATURAL CONVECTION FLOWS
Puneeth Bikkanahally1,2 , Rémi Manceau1,3
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Transient, buoyancy-affected flows play a major role in some industries, for instance in the design of
nuclear power plants or the under-hood space of automobiles. In order to avoid expensive experiments
and promote rapid design and development, it is quintessential to employ efficient, robust, and accurate
CFD models to simulate such flows. With the aim of being cost-effective and retaining the ability to
capture the necessary transient phenomena, the industry standard of using RANS models alone does not
suffice, whereas LES is as of yet not affordable for industrial configurations. In this context, a Hybrid
RANS-LES model based on temporal filtering, called Hybrid Temporal Large Eddy Simulation (HTLES)
is developed, thus reducing computational costs by switching to RANS in the near-wall regions while
being able to predict a large part of the turbulent scales in regions where it is necessary. The present
work is based on the HTLES model developed for iso-thermal configurations [1], with the hybridisation
applied to the standard k − ω SST model. The extension to natural convection flows is carried out using
the DNS database of a differentially heated square cavity [2]. The test case is characterised by the three
non-dimensional numbers viz. Rayleigh number(Ra = 1011 ), Prandtl number(Pr = 0.71), and aspect
ratio(Ax = Lx /Ly = 1) and features a stratified core with a spatially developing buoyant boundary layer.
The study reveals that the HTLES model is able to predict the mean profiles of temperature and velocity
satisfactorily. Comparisons with URANS show that the HTLES model predicts the kinetic energy profiles
more accurately, especially when considering coarser grids. However, it is noted that the current definition
of the shielding function (used to enforce RANS close to the walls based on the Kolmogorov length scale)
is inadvertently modifying the energy ratio far from the wall due to fluctuations in the dissipation rate, ε.
This is further confirmed by way of a priori tests using the DNS database. It is essential to have a shielding
function that is only effective in the near-wall regions. Therefore, to ward off this issue, a shielding
function based on the Elliptic blending framework is developed. For the validation of the approach, flows
in a differentially heated vertical channel [3] and a 4:1 cavity [4] are considered, in order to investigate
the ability of the model to reproduce natural convection flows with very different stratification.
REFERENCES
[1] Duffal, V., de Laage de Meux, B., and Manceau, R. Development and Validation of a Hybrid
RANS-LES Approach Based on Temporal Filtering. Volume 2: Computational Fluid Dynamics (July
2019)
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Abstract
Incompressible flow past the symmetric airfoils (e.g. NACA0012) at low Reynolds number (Re) has been
widely studied due to its importance of fundamental understanding in the fluid mechanics during the past
decades. Specifically, the vortex patterns and wake dynamics are the most significant topics when the
flow past airfoil with a high angle of attack (AOA) because of the separation bubble and the interaction
between upper-surface and lower-surface shear layers. As the Re increases, the vortex structures are
dominated by the so-called period-doubling mechanism[1] which corresponds to first sub-harmonic frequency of the main vortex shedding frequency (St) in spectra[2], and the flow states transiting from the
single-period vortex shedding to chaos via the period-doubling mechanism[1]. This flow transition has
been detected by many studies, including Taylor-Couette flow[3], channel flows[4,5], cylinder flow[6],
and flat plate flow[7]. However, the relationships between vortex shedding and period-doubling mechanism are not fully explored, especially in airfoil flows[8-11]. Furthermore, there are few attentions in
literature about the relevance of Re and AOA to period-doubling mechanism. Thus, we perform a series of
cases via direct numerical simulation to investigate the vortex shedding process of a 2D NACA0012 airfoil incompressible flows at AOA < 26◦ and Re < 2000. A well-validated incompressible finite difference
code in combination with the level-set based immersed boundary method is adopted. Our preliminary
results show that the airfoil flow undergoes a single-period vortex to double-period vortex as the AOA is
increases from 20◦ to 22◦ at the range of Re = 800 − 2000.
REFERENCES
[1] Pulliam, T. H., and Vastano, J. A. Transition to chaos in an open unforced 2D flow. Journal of
Computational Physics. (1993). 105(1), 133-149.
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of Fluid Mechanics. (2003). 496, 63-72.
[3] Vastano, J. A., and Moser, R. D. Short-time Lyapunov exponent analysis and the transition to chaos
in Taylor–Couette flow. Journal of Fluid Mechanics. (1991). 233, 83-118.
[4] Guzman, A. M., and Amon, C. H. Dynamical flow characterization of transitional and chaotic
regimes in converging–diverging channels. Journal of Fluid Mechanics. (1996). 321, 25-57.
[5] Aidun, C. K., and Ding, E. J. Dynamics of particle sedimentation in a vertical channel: Perioddoubling bifurcation and chaotic state. Physics of Fluids. (2003). 15(6), 1612-1621.
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One of the main causes limiting the speed of LPRE inducer-and-centrifugal pumps is cavitation
occurring on the pump blades where the local pressure becomes lower that the vapor pressure.
Cavitation manifests itself in vibration, noise, erosion and reduction of the pump head and
efficiency, and it greatly modifies the dynamic performance of the pump and the whole
hydraulic system.
Combination of the cavity flow in the inducer and the hydraulic system properties can give rise
to resonance phenomena which may result in fatigue failure of the whole structure. Because of
this, for a long time (since the early 1950s) the study of cavity flows is a central point to predict
dynamic performances of hydraulic systems including inducer-and-centrifugal pumps [1].
There are several known types of instabilities due to cavitation, they are: cavitation surge,
rotation cavitation, rotating choke, rotating stall, alternate blade cavitation, higher order rotating
cavitation, and higher order surge [2]. From the above mentioned types of cavitation
instabilities, the only the cavitation surge depends also on the hydraulic system. Other types are
the local pump instabilities causing lateral vibration of the shaft.
The paper presents review of various cavitation instabilities and their mathematical models.
Special attention is given to the developed linear model of unsteady cavity flow in cascades,
which is capable to predict all the above mentioned types of instabilities. The model of cavity
flow is based on the concept of viscous/inviscid interaction. According to the concept, the flow
region is divided into two subregions: the viscous two-phase wake region behind the cavity and
the main external inviscid flow region. The inviscid flow region including the cavity is solved
using discrete source/vortex method in which the cavity closes on the integral displacement
thickness of the viscous turbulent wake behind the cavity. The model of viscous wake is based
on the theory of boundary layers, and makes it possible to incorporate into the problem the
viscosity effects and predict the head of the inducer. The natural frequencies and the regions of
cavitation instabilities are discussed and compared with experimental data.
REFERENCES
[1] Pilipenko, V.V., Zadontsev, V. A., Natanzon, M. S., 1977. Cavitation oscillations and

dynamics of hydro-systems. Mashinostroenie, Moscow, 352p. (in Russian)
[2] Tsujimoto, Y., Semenov, Y.A. (2002) New types of cavitation instabilities in inducers. The
Fourth International Conference on Space Launcher Liquid Propulsion, Liège, Belgium,
December 3 - 6.
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The Ranque-Hilsh vortex tube is a device without moving parts that separates a compressible gas into a
cold and hot stream. Although this thermal separation process is well known and many researchers have
been interested in this topic, a fine scientific understanding of this phenomenon remains a challenge.
To study this phenomenon, we adopted an approach that is both experimental and numerical. An
experimental bench using air as working fluid was built, and a numerical model based on the NavierStokes equations and turbulence modeling (RANS and hybrid LES / RANS) were considered.
The comparison between the CFD results and the experimental data shows that both are in good
agreement, which validated the numerical model. By varying the geometric and operational parameters,
CFD was therefore used to improve Ranque-Hilsch vortex tube performances.
This study highlights the capacity of CFD to predict the flow pattern, as well as the temperature, pressure
and velocity field, which are useful for a theoretical understanding of the physical phenomenon.
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Paris-Saclay, 9 rue Joliot Curie, 91190 Gif-sur-Yvette cedex, France
3
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New contributions Apart from the K62 theory and the log-normality of the pseudo-dissipation, no
consensus on a characterization of intermittency in turbulence is to be found in the literature. The first
contribution of this work is to propose a genuine characterization along with a requirement list to be
satisfied by models designed within the Lagrangian framework. Existing stochastic models are reviewed
according to the proposed criteria. Multifractal models [1, 2] retrieve long-range power-law correlations,
one of the main characteristics identified for intermittent models. The fractional Gaussian noise of Hurst
parameter H = 0 is of great interest because it leads to a log-correlation for the logarithm of the process.
Inspired by the approximation of fractional Brownian Motion by an infinite weighted sum of correlated Ornstein-Uhlenbeck processes, our second contribution is to propose a new stochastic model:
Xt = 0∞ Ytx √1x gr (x)dx, where Ytx is an Ornstein-Uhlenbeck process. A regularization gr is required and
its properties are given to ensure existence, stationarity and logarithmic autocorrelation. A variety of
regularizations are conceivable, and we show that they lead the aforementioned multifractal models.
To simulate the process, we eventually design a new approach relying on a limited number of modes for
approximating the integral through a quadrature Xt = ∑Ni=1 ωiYtxi , using either a conventional quadrature
method, or a non-linear optimization process that finds the best coefficients {ωi , xi } with respect to the
log-correlation in the inertial range. We thus conclude that the former quadrature does effectively get the
expected behavior with at least 10 modes, while the latter can retrieve the expected behavior with only
three modes, making this strategy versatile and computationally attractive for simulating such processes,
while remaining within the proposed framework for a proper description of intermittency.
REFERENCES
[1] Schmitt, F. G. A causal multifractal stochastic equation and its statistical properties. The European
Physical Journal B-Condensed Matter and Complex Systems. (2003) 34(1):85–98.
[2] Pereira, R. M., Moriconi, L., and Chevillard, L. A multifractal model for the velocity gradient
dynamics in turbulent flows. Journal of Fluid Mechanics. (2018) 839:430–467.
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Applications such as load alleviation involve a wide range of parameters including a multitude of different Mach numbers, angles of attack and load cases and therefore create the demand for rapid prediction
of unsteady air loads. First, there is a need for an enhanced prediction accuracy including viscous effects
and shocks for a more reliable judgement of aerodynamic behavior compared to the classically-used
methods based on the potential theory for such applications. Secondly, short turnaround times must be
guaranteed, and this in turn means to find a suitable replacement of the tedious and time-consuming unsteady Navier-Stokes solvers. Driven by these requirements for accurate and fast prediction of air loads,
a time-linearized unsteady Navier-Stokes method was developed also known as linear frequency domain
method (LFD). The LFD in the DLR’s TAU suite is based on the modeling of a damped harmonic oscillator, and it has been shown to be accurate and efficient for the evaluation of unsteady air loads at
transonic and partly separated flow conditions [1]. Since then, the LFD method has been continuously
extended and applied for various applications. The scope of target applications of the LFD has been
growing consistently including different topics in aeroelasticity, where the determined surface pressure
and surface skin friction distributions make an important contribution. Moreover, the time-linearized
method can also be used for the efficient evaluation of flight dynamic (flight mechanical) characteristics
relevant for the stability and control behavior of an aircraft. Furthermore, gust loads were successfully
predicted which are important for structural and control surface design [2, 3] as well as control system
performance. A recent and demanding application was the extension of the LFD method for fluidic
actuators. Thus, the LFD was adopted for simulating pulsating blowing to avoid the enormously long
transient phase inherently occurring during time-marching Navier-Stokes simulations. Several applications involving industrial relevant configurations are presented and discussed to outline the maturity of
the method and to demonstrate the versatility of the technique.
REFERENCES
[1] Thormann, R. and Widhalm, M. Linear Frequency Domain Predictions of Dynamic Response Data
for Viscous Transonic Flows. AIAA Journal, Vol. 51, No. 11, 2540-2557, 2012
[2] Bekemeyer, P. and Ripepi, M. and Heinrich, R. and Görtz, S. Nonlinear Unsteady Reduced-Order
Models for Gust-Loads Predictions. AIAA Journal, Vol. 57, No. 5, 1839-1850, 2019
[3] Seidler, R. B. and Marten, S. and Widhalm, M. and Wild, J. Efficient Prediction of Aerodynamic
Response Behavior for Control Surfaces using the Linear Frequency Domain. AIAA Scitech Forum,
07.-11. Jan 2019, San Diego
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Hydraulic jumps have been the subject of numerous studies owing to the wide application of this flow
phenomenon in hydraulic engineering. Commonly, the so-called ‘classical’ hydraulic jump (CHJ) is
considered, i.e. that occurring in a rectangular channel. A review of the works in which the CHJ is
studied numerically can be found in [2]. The vast majority of these investigations utilize Reynoldsaveraged Navier-Stokes models, however, results from scale-resolving simulations have also recently
been published. This includes the study of Mortazavi et al. [1], which is the first to employ direct
numerical simulation (DNS).
Typical of many multiphase flow problems, for simulations of the CHJ it is difficult to define the appropriate resolution requirements for a scale-resolving turbulence modelling method such as large-eddy
simulation (LES). The reason is that aside from the turbulent scales, it is necessary to consider the resolution of the bubbles that are generated by the air entrainment processes, which mainly occur at the toe
of the jump. To determine the resolution requirements, systematic simulations covering a wide range
of grid sizes should be conducted. Additionally, it is interesting to see how sensitive the solution is to
numerical dissipation, since using more dissipative schemes is a common approach for stabilizing the
simulation. A combined investigation of these modelling aspects is the goal of the present work.
The same jump as in the DNS study [1] will be considered in order to use the DNS data as a reference. At
the highest level of fidelity, an implicit LES with a resolution similar to that of the DNS will be conducted
in OpenFOAM® , using low-dissipative numerical schemes and a geometric volume-of-fluid technique
for interface capturing. In subsequent simulations, the resolution of the grid and the dissipativity of the
numerics will be varied in order to quantify their effect on the solution. A comparison between geometric
and algebraic volume-of-fluid approaches will also be made. The expected outcome is a set of modelling
guidelines for accurately capturing the quantities of interest at a minimal computational cost.
REFERENCES
[1] M. Mortazavi, V. Le Chenadec, P. Moin, and A. Mani. Direct numerical simulation of a turbulent
hydraulic jump: Turbulence statistics and air entrainment. Journal of Fluid Mechanics, 797:60–94,
2016.
[2] N. Viti, D. Valero, and C. Gualtieri. Numerical simulation of hydraulic jumps. Part 2: Recent results
and future outlook. Water, 11(1):1–18, 2018.
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Computational capturing of complex flow configurations featured for instance by unsteady
boundary layer separation at high Reynolds numbers requires application of an adequate
turbulence model. The application of highly feasible computational methods, such as Direct
Numerical Simulation (DNS) and Large-Eddy Simulation (LES), is commonly not affordable,
because of extremely high demands on the spatial and temporal resolutions. Furthermore, a
highly irregular anisotropic grid cells’ arrangement, not only in the immediate wall vicinity,
invalidates the Smagorinsky-related subgrid-scale models, keeping in mind an explicit
dependence of the stresses residing in subgrid scales (𝜏𝜏𝑖𝑖𝑖𝑖 ∝ 𝜈𝜈𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑖𝑖𝑖𝑖 ) on the grid spacing,
corresponding directly to the filter width. Recently, scale-resolving methods employing the subscale model based on the solutions of the equations governing the residual turbulence quantities
have been developed by the authors. There are two options available: a model governing the
entire
sub-scale
stress
tensor
(Jakirlic
and
Maduta,
2015,
https://doi.org/10.1016/j.ijheatfluidflow.2014.09.003;
Köhler
et
al.,
2020,
https://doi.org/10.1007/978-3-030-25253-3_56) and a four equation model, solving in addition
to equations governing the sub-scale kinetic energy of turbulence and its dissipation rate the
equation describing the dynamics of the normal-to-wall turbulence intensity component
(Krumbein et al., 2020, https://doi.org/10.1007/978-3-030-25253-3_9). The models’ sensitivity
towards appropriate capturing of the fluctuating turbulence is enabled through inclusion of an
adequately modelled production term into the relevant scale-supplying equation, proposed in
line with the Scale-Adaptive Simulation concept (SAS, Menter and Egorov, 2010). The initially
proposed SAS-formulation involving the von Karman length scale (𝐿𝐿𝑣𝑣𝑣𝑣 = (𝜅𝜅𝜅𝜅⁄|∇2 𝑈𝑈|)), was
presently reformulated by expressing it as a function of the second derivative of the velocity
field directly, as proposed originally by Rotta (1972). The latter modification made the model
even more sensitive against turbulence unsteadiness (a resolving mode can be enabled at even
coarse grid resolutions). Such a URANS-based (Unsteady Reynolds-averaged Navier-Stokes)
sub-scale model formulations are grid-spacing free unlike the majority of relevant hybrid
RANS/LES models, representing certainly an advantage, especially if unstructured grids with
arbitrary grid-cell topology are to be employed. Such high-fidelity, anisotropy-resolving
models for residual turbulence enable coarser spatial and temporal resolutions, and are,
accordingly, especially suitable for flows at high Reynolds numbers. The models’ feasibility
has been checked in a large number of internal and external flows featuring by boundary layer
separation including for instance, in addition to numerous generic flows, physiologically
pulsating flow in an aortic aneurysm, flow and aeroacoustics past a tandem cylinder, flow past
a plunging wing, flow in the intake of an IC-engine, plasma-actuated flow in a threedimensional diffuser, thermal mixing in a cross-stream T-junction configuration, etc.
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The inclusion of laminar and transitional flow effects on calculations using the Reynolds-Averaged
Navier-Stokes (RANS) equations, critical for the accurate simulation of flows at moderate Reynolds
numbers, is often performed by solving the transport equations that comprise a transition model. Much
like the momentum transport and turbulence model equations, the formulation of the transition model
includes convective and diffusive terms which need to be discretized.
This study details the influence of the choice of the discretization scheme for the convective fluxes of
the transport equations of three commonly used transition models: the intermittency-based γ − Reθ [1]
and γ [2] models and the amplification factor transport (AFT) model [3]. The effect of the discretization
scheme for the turbulence model is analysed as well, due to the strong coupling between the turbulence
and transition models. Emphasis is given to the numerical robustness, i.e, the ability to drive down the
iterative error to negligible levels, and the numerical uncertainty that stems from the discretization error.
The first is assessed by considering the number of iterations required to achieve a desired level of the
residuals, while the second is estimated through systematic grid refinement.
The two test cases chosen are the flow around the NACA 0015 airfoil, and the flow around the NLF(1)0416 airfoil. The results show that using first order schemes for the turbulence quantities (which is a
common approach in practical applications) may lead to very large discretization errors which manifest
as significant changes in the position of transition.
REFERENCES
[1] Langtry, R. B. and Menter, F. R. Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes AIAA Journal (2009) 47(12):2894–2906.
[2] Menter, F. R., Smirnov, P. E., Liu, T. and Avancha, R. A One-Equation Local Correlation-Based
Transition Model. Flow, Turbulence and Combustion (2015) 95(4):583–619.
[3] Coder, J. G. and Maughmer, M. D. Application of the Amplification Factor Transport Transition
Model to the Shear Stress Transport Model. In 53rd AIAA Aerospace Sciences Meeting, No. AIAA2015-0588 (2015).
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In the framework of the Predictive Science Academic Alliance Program (PSAAP) Stanford
Center's research portfolio blends efforts in computer science, uncertainty quantification, and
computational physics to tackle a challenging physical problem: the transfer of radiative energy
to a turbulent mixture of air and solid particles. The context is provided by a relatively untested
and poorly understood method of harvesting solar energy. Traditional solar-thermal systems
use mirrors to concentrate solar radiation on a solid surface and transfer energy to a fluid, the
first step toward generating electricity. In the proposed system, fine particles suspended within
the fluid would absorb sunlight and directly transfer the heat evenly throughout the fluid
volume. The talk will describe the Center's effort to perform uncertainty quantification using
multilevel and multifidelity strategies to characterize parametric uncertainty in the particle
properties and heating conditions. Some aspects of the computer science effort will also be
described.
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Inability of modern turbulence models to reliably predict separated flows is well
recognized [1]. Both simpler eddy-viscosity models and advanced Reynolds stress models
suffer from this issue. Although a common workaround is to switch to scale-resolving
simulations, there are attempts to propose additional terms in the turbulence model equations
to improve their predictive capability within steady RANS approach [2]. The present paper
follows the second route.
First, a classic Periodic Hill Flow at Reynolds number 37 000 was computed using several
Reynolds stress models: SSG/LRR-ω (two versions), RSM-PSAS and TCL-based model. It is
confirmed that all models significantly underpredict the turbulent stress level in the
nonequilibrium shear layer. In the computations, the stresses build up gradually along the
shear layer, in contrast to the experimental and LES data, where peak
values are
observed just near the separation point. This issue leads to thinner shear layer and oversized
recirculation zone, a typical behaviour of turbulence models in this type of flow.
After that, the possibility of obtaining unsteady solutions was studied in which the largestscale motions would be resolved directly. Unsteady solutions were “forced” by reducing the
numerical dissipation level. Unfortunately, the resulting unsteadiness was clearly insufficient
to make up for the missing stresses near the separation point.
Finally, additional empirical terms were proposed for the Reynolds stress models which
capture the origin of separation from smooth surface and locally inject extra turbulent kinetic
energy to the flow. The terms were designed to be Galilean and tensorially invariant but
dependent on wall geometry. Improvements over the standard models were shown for the
Periodic Hill Flow test case.
The research was supported by the Ministry of Education and Science, agreement
No. 075-11-2019-081, project unique identifier RFMEFI62819X0016.
REFERENCES
[1] B. Eisfeld (Ed.), Differential Reynolds stress modeling for separating flows in industrial

aerodynamics, Springer, 2015.

[2] S. Jakirlić and R. Maduta, “Steady” RANS modeling for improved prediction of wall-
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Turbulence modeling is a key feature of CFD design tools, which improvement directly impacts the
design margin of aeronautical products. Second-moment Reynolds-Averaged Navier-Stokes (RANS)
models, also called Reynolds Stress Models (RSM), reduce the empiricism of the Eddy Viscosity Models (EVM) and render inherently the anisotropy of turbulence for 3D and wall-bounded cases, and are
therefore well-adapted to the 3D highly anisotropic flows encountered in the aeronautical applications.
Their spreading in the industry has mainly suffered for a long time from numerical difficulties and a higher computational cost. Recent models have been developed with emphasis on their robustness in order
to be implemented in industrial CFD codes: the elliptic blending Reynolds Stress Model (EB-RSM) [1],
the SSG/LRR-ω model by the DLR [2] and the SSG-ω model by the ONERA [3].
In the present work, these RSM will be benchmarked with EVM on cases of industrial interests, including
the Common Research Model used in the AIAA Drag Prediction Workshop [4] and a generic Falcon
configuration. The influence of their features will be investigated, such as their near-wall models (walldistance free elliptic blending approach vs damping functions) and the influence of their chosen lengthscale. The EB-RSM uses the dissipation rate ε while the others are based on the specific dissipation rate
ω, which offers better predictions in adverse pressure gradient flows but degraded boundary conditions.
Preliminary results show improvement of the RSM over EVM in the pressure coefficient prediction on
the CRM case, especially after the shock on the suction side of the wing, confirming the robustness of
RSM and their promising benefits to aeronautical cases.
REFERENCES
[1] Manceau, R. Recent progress in the development of the elliptic blending reynolds-stress model.
International Journal of Heat and Fluid Flow. (2015) 51:195-220.
[2] Eisfeld, B. Implementation of Reynolds Stress Models into the DLR-FLOWer Code. Report of the
Institute of Aerodynamics and Flow Technology. (2004).
[3] Aupoix, B. Improving the coupling of the Speziale, Sarkar and Gatski differential Reynolds stress
model with an ω scale equation. Rapport Technique, ONERA. (2012) 1:13929.
[4] Tinoco, E. N. et al. Summary of Data from the Sixth AIAA CFD Drag Prediction Workshop: CRM
Cases 2 to 5. In 55th AIAA Aerospace Sciences Meeting. (2017) p. 1208.
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ABSTRACT
Numerical methods with discrete conservation properties have found enormous application in computational fluid dynamics (CFD). The main reason for their success lies in a powerful combination of
physical fidelity and numerical robustness, making them ideal candidates for the simulation of complex
multi-scale problems, such as shock-free turbulence. Most CFD techniques possess inherent conservation properties for primary unknowns, while so-called secondary conservation statements are typically
harder to achieve, and consist into the discrete reproduction of evolution equations for derived quantities
that can be deduced from the continuous formulation. A prominent example is kinetic energy in both
incompressible and compressible flow models [1, 2], but other variables such as enstrophy, vorticity or
entropy have proved to be no less important. As the key ingredients to achieve these properties are more
clearly identified, the CFD community is heading towards a unified approach that encompasses a wide
range of techniques, from classical finite-differencing methods to emerging high-order approaches, with
remarkable repercussions on the viability of complex simulations and on turbulence modeling.
This minisymposium will gather researchers from different CFD-related disciplines working on the development of cutting-edge numerical methods with discrete conservation properties, as well as on the
application of such methods to complex engineering or biological systems. Topics include, but are not
limited to: invariant-preserving algorithms for high-order methods (e.g., discontinuous Galerkin, spectral element), mimetic methods, geometric time integration, boundary conditions, implicit and explicit
large-eddy simulation modeling, unstructured and moving grids, high performance computing.
REFERENCES
[1] Coppola, G., Capuano, F. and de Luca, L. Discrete Energy-Conservation Properties in the Numerical Simulation of the Navier-Stokes Equations. Appl. Mech. Rev. (2019) 7(1):010803.
[2] Trias, F.X., Lehmkuhl, O., Oliva, A., Pérez-Segarra, C.D. and Verstappen, R.W.C.P. Symmetrypreserving discretization of Navier-Stokes equations on collocated unstructured grids. J. Comput.
Phys. (2014) 258(1):246-267.
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Numerical errors in finite differences (FD) of finite volumes (FV) are inherent to the discretization process. Diffusion error appears when non-linear or upwinded schemes are used. Aliasing error appears due
to the fact the resulting non-linearity of multiplying modes, which produces modes higher than the cutoff frequency. Finally, dispersion error appears due to the truncation of the numerical derivative when a
discrete scheme is used, independently of the differential scheme. Regarding this last error, the classical
approach of Tam and Webb [1] and Lele [2] has been used to employ high-order schemes to reduce its
effects. However, this approach cannot handle neither non-linear schemes nor unstructured meshes or
non-uniform ones. More recent approaches, such as Pirozzoli [3] or Fauconnier and Dick [4], have been
able to study the dispersive characteristics of non-linear schemes; however, meshes remained uniform.
Thus, a more general approach that can handle both schemes non-linearity as well as non-regular meshes
would be interesting to study how the combination of differential scheme and mesh affects dispersion.
In this context, this article presents a new methodology able to compute dispersion characteristics. This
method does not require neither uniform mesh spacing nor linear discrete operators. From a practical
point of view, the methodology allows the numerical study of dispersion errors in all kind of meshes,
either non-uniform or unstructured. When evenly spaced one-dimensional meshes are used, the results
obtained with this method coincide with the results when a classical approach is used. In this work, we
present both the theoretical derivation as well as the details of the numerical methodology. We include a
set of results with different meshes in combination with different numerical schemes, considering both
linear and non-linear schemes and low and high-order schemes.
REFERENCES
[1] Tam, C. K. W. and Webb, J. C. Dispersion-relation-preserving finite difference schemes for Computational acoustics. Journal of Computational Physics (1993) 262–281.
[2] Lele, S. Compact finite difference schemes with spectral-like resolution. Journal of Computational
Physics (1992).
[3] Pirozzoli, S. On the spectral properties of shock-capturing schemes. Journal of Computational
Physics (2006) 219(2):489–497.
[4] Fauconnier, D. and Dick, E. On the spectral and conservation properties of nonlinear discretization
operators. Journal of Computational Physics (2011) 230(12):4488–4518.
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In the absence of viscosity and external force, the incompressible Navier-Stokes equations (NSE) conserve kinetic energy and enstrophy (2D) or helicity (3D) [1]. The MEEVC scheme,[2], provides a
discretization that conserves mass, kinetic energy, vorticity and enstrophy for the 2D Navier-Stokes
equations. Following similar steps which led to the MEEVC scheme, we propose a discretization that
conserves mass, kinetic energy and helicity for the 3D Navier-Stokes equations. To satisfy these conservation laws, two carefully designed weak formulations are combined. Just like the MEEVC scheme, both
equations are staggered in time, which avoids the need for linearization of the convective term. Proofs
and numerical tests for the exact conservations will also be presented.
REFERENCES
[1] Rebholz, L.G., An energy- and helicity-conserving finite element scheme for the Navier–Stokes
equations. SIAM Journal on Numerical Analysis. (2007) 45:1622–1638.
[2] Palha, A. and Gerritsma, M., A mass, energy, enstrophy and vorticity conserving (MEEVC)
mimetic spectral element discretization for the 2D incompressible Navier–Stokes equations. Journal of Computational Physics. (2017) 328:200–220.
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Embedding geometries in structured grids allows a simple description of complex objects in fluid flows.
Various methods are available. The commonly used Brinckman volume penalization models geometries
by porous media [1]. In the limit of vanishing porosity a solid object is approximated, thereby arbitrary
objects can be represented. In the simplest form the velocity equation is augmented by a term penalizing
the fluid velocity relative to the body velocity. This friction produces, despite its simplicity, reasonable
results in many applications. However, to reduce the velocity in the body sufficiently near the wall the
friction coefficient needs to be chosen large. This induces numerical stiffness restricting the time step for
explicit schemes. Furthermore, for very high pressure gradients a residual flow through the objects can
be observed even for large but finite friction coefficients.
Here, we discuss the inclusion of the reduced cross section in the porous media. It follows ideas of a
method developed for shallow water equations [2]. This allows to reduce the flux through objects to
practically zero, without inducing numerical stiffness. Unlike previous approaches, we keep the speed
of sound constant in the objects avoiding extra constraints for the time step. The reduced cross section
keeps the skew symmetry of the underlying numerical scheme [3], by which the numerical stability
is improved. Furthermore, a very good conservation of mass and energy in the non-penalized domain
can be derived. The scheme is tested for acoustic cases and strongly compressible flows. Deriving an
adjoint-based optimization for such embedded objects is discussed.
REFERENCES
[1] O. Boiron, G. Chiavassa, and R. Donat. A high-resolution penalization method for large mach
number flows in the presence of obstacles., Computers & Fluids , 38(3):703 – 714, 2009.
[2] N. K.-R. Kevlahan, T. Dubos, and M. Aechtner. Adaptive wavelet simulation of global ocean
dynamics using a new Brinkman volume penalization. Geoscientific Model Development ,
8(12):3891–3909, 2015
[3] J. Reiss and J. Sesterhenn. A conservative, skew-symmetric finite difference scheme for the compressible NavierStokes equations. Computers & Fluids, 101(0):208 – 219, 2014.
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Discrete conservation properties is an important property of numerical methods when solving the compressible Navier–Stokes equations in two–phase flows. Classical Riemann methods are typically used to
obtain the fluxes of conservative quantities (mass, momentum, energy) across the cell faces but, in addition to the well-known issues when dealing with low Mach number flows, these solvers are not easy to
couple with the Volume of Fluid (VOF) method and are their use is restricted to high Reynolds numbers.
Based on the work of [1] we present a density–based all–Mach solver using VOF [2] that prevents from
unphysical momentum and energy exchanges between the two phases. The advection fluxes of the averaged primary variables (ρ, ρu, ρET ) are obtained by adding the contribution of each phase separately,
making each flux consistent with the VOF flux in those cells containing an interface. From basic principles we also derive an equation for the pressure evolution that leads to a Poisson–Helmhotz equation
that is solved implicitely to estimate the pressure at the end of the timestep pn+1 required to obtain the
fluxes of conservative variables. The viscous terms are also treated implicitely in a conservative manner.
The implicit treatment of viscous terms and pressure relax the stability constraints of classical explicit
solvers without penalizing the discrete conservation properties of the method, which allow us to simulate
the collapse of bubbles close to walls at relatively low Reynolds numbers in reasonable computational
times.
Finally we also present the extension of the method to include surface tension forces. Although in this
case the method is not strictly conservative, it is shown to be well-balanced and provides accurate results
on classical tests used to validate surface tension forces.
REFERENCES
[1] Xiao, F. and Akoh, R. and Ii, S., Unified formulation for compressible and incompressible flows by
using multi-integrated moments II: Multi-dimensional version for compressible and incompressible
flows, J. Comp. Phys. (2006) 213(1):31–56.
[2] Fuster, D. and Popinet, S. An all-Mach method for the simulation of bubble dynamics problems in
the presence of surface tension; J. Comp. Phys. (2018) 374:752–768.
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The one-dimensional two-fluid model (TFM) is often used to simulate two-phase pipe flow
efficiently, which is required in for example the oil and gas industry. It is known that the TFM
is only conditionally well-posed [1], which results in severe linear instability for perturbations
of vanishing wavelength, and non-convergence of numerical solutions. We are aiming to tackle
the issue of conditional well-posedness by studying the behavior of the energy for the TFM.
For the incompressible Navier-Stokes equations, the kinetic energy is a norm of the solution,
and it is bounded in time. Energy-stable schemes have been shown to lead to non-linear stability
[2]. Similarly, for the one-dimensional shallow water equations (SWE), energy-stable schemes
prevent numerical instability and yield physically correct solutions in challenging cases [3].
In this work, we show the novel result that the TFM (in its incompressible, isothermal form)
also satisfies an energy equality, forming a critical building block towards proving non-linear
stability of the TFM. We consider both the channel and pipe geometries in a general manner.
Many parallels to the SWE exist, but an important difference lies in the treatment of the nonconservative pressure terms of the TFM.
The second result of this work is a new spatial discretization for the TFM that satisfies a discrete
form of the continuous energy equation. Due to the non-conservative pressure terms it is essential to employ a staggered grid for our conservative discretization. Our numerical simulations
confirm that the discrete energy is conserved. With our proof of energy conservation for the
TFM and an accompanying energy-preserving discretization, we have gained powerful tools,
which we will use to analyze the conditional well-posedness of the TFM from a new angle.
REFERENCES
[1] Fullmer, W. D. et al. Linear and nonlinear analysis of an unstable, but well-posed, onedimensional two-fluid model for two-phase flow based on the inviscid Kelvin–Helmholtz
instability. Nuc. Eng. & Des. (2014) 268:173–184.
[2] Coppola, G. et al. Discrete Energy-Conservation Properties in the Numerical Simulation
of the Navier-Stokes Equations. Appl. Mech. Rev. (2019) 71.
[3] Fjordholm, U. S. et al. Well-balanced and energy stable schemes for the shallow water
equations with discontinuous topography. J. of Comp. Phys. (2011) 230:5587–5609.
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The numerical simulation of multiphase flows presents several challenges from a modeling perspective,
namely the capture of a moving interface and the proper calculation of curvature are relevant obstacle
to include surface tension effects. In addition, the inclusion of the aforementioned within a physicscompatible framework presents a major challenge within multiphase computational methods. Namely,
the imbalance between kinetic and elastic energy in the presence of surface tension is an open question
and prone to numerical instabilities.
In order to tackle this issue, symmetry-preserving ideas [1] have been used to set the mathematical
grounds of the energy conservation in the context of fluid flow simulations. Those provide with a high
degree of physical reliability, but also with improved stability. On the other hand, the framework of the
well-known (mass) Conservative Level-Set method [2] has been adopted for capturing the moving interface. Equipped with these techniques, the conservation of total energy for multiphase flows was recently
addressed in [3] to produce an energy-preserving method for multiphase flows. The energy-preserving
method will be presented along with a brief discussion on the conservation of linear momentum.
This numerical technique will be used to assess the flow topology of a falling film. Relevant in industry,
falling films present instabilities ruled by surface tension. These instabilities have an impact on both heat
and mass transfer phenomena [4]. From this perspective, this flow configuration presents not only an
academically stimulating problem, but also an industrially relevant problem. In view of the foregoing,
simulation of typical falling films by means of [3] are being carried out at MareNostrum IV and will be
presented as well.
REFERENCES
[1] R.W.C.P. Verstappen and A.E.P. Veldman. Symmetry-preserving discretization of turbulent flow. J.
Comput. Phys., 187(1):343–368, 2003.
[2] Elin Olsson and Gunilla Kreiss. A conservative level set method for two phase flow. J. Comput.
Phys., 210(1):225–246, nov 2005.
[3] N. Valle, F.X. Trias, and J. Castro. An energy-preserving level set method for multiphase flows. J.
Comput. Phys., 400:108991, jan 2020.
[4] Georg F. Dietze, W. Rohlfs, K. Nährich, R. Kneer, and B. Scheid. Three-dimensional flow structures
in laminar falling liquid films. J. Fluid Mech., 743:75–123, 2014.
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Given its advantages for complex solution domains, the unstructured finite volume collocated grid apR
and
proach is widely used in industry in codes such as ANSYS-FLUENT, STAR-CCM+, OpenFOAM
Code-Saturn. In such codes, the pressure Poisson equation is standardly solved using a compact stencil.
This compact stencil suppresses the well-known checkerboard problem. However, the application of
the compact stencil in the pressure Poisson equation introduces a kinetic energy conservation error of
O(∆t∆h2 ), causing a reduction of the order of accuracy of the applied temporal schemes to first order.
Furthermore, for typical LES mesh resolutions, the introduced numerical dissipation is larger than the
SGS dissipation rate, making explicit LES modelling not effective [1].
Improved numerical methods are used in the present study in order to eliminate the introduced numerical dissipation. As the base method, we use the symmetry-preserving discretisation of [2], which we
implemented in OpenFOAM. Next, this base method is extended by implementing a family of explicit
and diagonally implicit Runge-Kutta temporal schemes. Furthermore, we assess the application of more
accurate variants of the standardly used predictor steps in the applied projection method for explicit time
integrations and the applied PISO method for implicit time integration. In addition, we use a modified
PISO approach based on a pressure correction instead of the total pressure. It is shown that a pressure
correction-based PISO approach reduces the numerical dissipation significantly. Results are presented
for the Taylor-Green vortex, lid-driven cavity flow, and turbulent channel flow. The presented methods
and their ability to reduce numerical dissipation on collocated unstructured meshes is deemed a relevant
contribution towards successful industrial application of LES or DNS to real-world problems.
REFERENCES
[1] E.M.J. Komen, E.M.A. Frederix, T.H.J. Coppen, V.D’ Alessandro, and J.G.M. Keurten. Analysis of the numerical dissipation rate of different Runge-Kutta and velocity interpolation methods
in an unstructured collocated finite volume method in OpenFOAM. Under review Comput. Phys.
Commun.
[2] F.X. Trias, O. Lehmkuhl, A. Oliva, C.D. Perez-Segarra, and R.W.C.P. Verstappen. Symmetrypreserving discretization of Navier-Stokes equations on collocated unstructured grids. J. Comput.
Phys. 258, 246-267, 2014.
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Numerical discretization of Navier-Stokes equations are widely known to be susceptible to nonlinear
numerical instabilities at high values of the Reynolds number, when central non-dissipative schemes are
used. One of the possible remedies which have shown to be effective in alleviating this problem is the
development of numerical methods that are able to replicate in the discrete sense the conservation of
linear and quadratic invariants of the flow.
The origin of the nonlinear instability is in the spatial discretization of the products derivatives arising in
the convective terms. The problem is hence present both in incompressible and in (low-Mach) compressible flows. However, while in the incompressible case the adoption of staggered meshes and/or of the
skew-symmetric form for the (quadratic) nonlinearity in the momentum equation are usually sufficient
to ensure stable simulations, in the compressible low-Mach case the situation is different. The presence
of an additional energy equation and of cubic nonlinearities highly complicates the analysis, because
of the increased number of degrees of freedom in the choice of the discretization procedure and of the
additional constraints required.
In past years, various energy-preserving integration strategies have been proposed for compressible flows
(for recent reviews cfr. [1]-[2]), in which different choices for the discretization of the energy equation
and of pressure terms have been adopted. Each of them has different merits and peculiar characteristics,
and a systematic assessment of the various approaches is missing. In this work, a review of the recent
and most successful proposals in this field is presented, together with a theoretical analysis of the discrete
equations. The conservation properties yielded by different choices for the energy equation (i.e. total
and internal energy, entropy) are analyzed thoroughly. Numerical tests are performed to confirm the
theoretical analysis, and they show that a careful choice of both the splitting and the energy formulation
can provide robust and accurate results.
REFERENCES
[1] G. Coppola, F. Capuano, S. Pirozzoli and L. de Luca, Numerically stable formulations of convective
terms for turbulent compressible flows. J. Comput. Phys., (2019) 382:86–104.
[2] G. Coppola, F. Capuano, and L. de Luca, Discrete Energy-Conservation Properties in the Numerical
Simulation of the Navier-Stokes Equations Appl. Mech. Rev., (2019) 71:010803.
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A kinetic energy and entropy preserving (KEEP) scheme for compressible flow simulations has been proposed recently [1]. The KEEP scheme proposed in Ref. [1] is 2nd-order accuracy in space on Cartesian
grids, and it has been shown that the KEEP scheme may conduct more stable flow simulations without
having additional numerical dissipation, compared to typical kinetic energy preserving (KEP) schemes.
Based on the KEEP scheme developed in Ref. [1], the present study proposes high-order KEEP schemes
in generalized curvilinear coordinates. One of the key developments in the proposed schemes is that a
numerical flux for theconvective terms is defined for two-dimensional flows as

ξ
ξ
ρ(m±1) + ρ(m) ( ξJx )(m±1) + ( ξJx )(m) u(m±1) + u(m) ( Jy )(m±1) + ( Jy )(m) v(m±1) + v(m) φ(m±1) + φ(m)
+
,
Φ̃|(m± 1 ) ≡
2
2
2
2
2
2
2
where φ is a scalar transport variable. Figure 1 shows the time evolution of the total kinetic energy
and entropy in an inviscid Taylor-Green vortex test (M0 =0.4). The proposed scheme (8th-order KEEP)
demonstrates superior numerical stability by preserving the kinetic energy and entropy well, compared
to an existing KEP scheme [2], which is widely known as a stable numerical scheme.
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Figure 1: Time evolution of total kinetic energy and total entropy in an inviscid Taylor-Green vortex test.
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Preserving primary and secondary invariants of the Navier-Stokes equations at a discrete level is highly
beneficial for reliable numerical simulations of fluid flows [1]. Computational fluid dynamics algorithms
are often based on a semi-discrete philosophy, wherein the spatial and temporal discretizations are carried
out sequentially: both steps can potentially alter the discrete counterparts of the physical balances of
invariant quantities. This talk will focus on the (relatively less discussed) time-integration step.
In the context of incompressible flows, it will be shown analytically, and numerically demonstrated, that
only implicit symplectic Runge-Kutta methods can preserve both linear and quadratic invariants [2]. We
will review cheaper alternatives [3], including time-adaptive error control strategies or recently proposed
explicit relaxation Runga-Kutta methods [4]. The actual impact of the temporal dissipation in direct and
large-eddy simulations of turbulence will be critically discussed.
For compressible flow models, the contribution of the time-advancement procedure to, e.g., the discrete
kinetic energy balance becomes less clearly identifiable. We introduce a mathematical framework based
on a Hamiltonian-like formalism that arguably facilitates this task, and propose a variable-density extension of the cost-effective alternating procedure previously proposed in [5] for incompressible flows.
REFERENCES
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Simulation of the Navier-Stokes Equations. Appl. Mech. Rev., (2019) 71:010803.
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Finite-volume collocated discretizations on unstructured meshes is the solution adopted for most of the
general-purpose CFD codes such as ANSYS-FLUENT, OpenFOAM, etc. Despite the intrinsic errors due
to the improper pressure gradient formulation, this approach is usually preferred over a staggered one due
to its simple form. In this context, a fully-conservative discretization method for general unstructured
grids was proposed in [1]: it exactly preserves the symmetries of the underlying differential operators on
a collocated mesh. Likewise other collocated codes, to suppress the well-known checkerboard problem
the Poisson equation is solved using a compact stencil. Using the same notation than in [1], this reads
Lpc = Musp

(1)

pc is the cell-centered pressure field, usp

T
where L = −MΩ−1
is a face-normal
s M is the Laplacian operator,
velocity and Ωs is a diagonal matrix that contains the staggered control volumes. For staggered velocity
fields, the projection onto a divergence-free space is a well-posed problem. This is not the case for
collocated velocity fields. Namely, cell-centered velocity field, ucp , needs to be interpolated to the faces,
T
usp = Γc→s ucp using a cell-to-face interpolation, Γs→c . Then, the staggered gradient, Gpc = −Ω−1
s M , of
the pressure field obtained by solving Eq.(1) must be interpolated back to the cells. Namely, the overall
procedure can be compactly written as follows
T
T −1
p
un+1
= (I + Ω−1
c
c Γc→s M L MΓc→s )uc .

(2)

The new cell-centered velocity field will not be exactly incompressible, MΓc→s un+1
=≈ 0c , and the overc
all procedure will inevitable introduce some artificial dissipation. Apart from this well-known drawbacks
of using collocated formulations, instability issues may also appear for highly distorted meshes. Namely,
let us consider that we recursively apply the pseudo-projection given in Eq.(2). Then, we obtain
Lpn+1
= Musp + (L − Lc )pnc ,
c

(3)

T
T
where Lc ≡ −MΓc→s Ω−1
c Γc→s M is the non-compact Laplacian operator. This can be viewed like a
stationary iterative solver. The stability of this process will depend on the eigenvalues of (L − Lc ),
which subsequently depend on the interpolation operators. This will be carefully analysed and results
for general unstructured grids will be presented.
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A class of high-order nonlinear filter schemes by Yee et al., Yee, Sjögreen and Kotov et al. [3, 4, 5, 6, 2, 1]
is examined for long time integrations of CAA (computational aeroacoustics) turbulence applications.
This class of schemes was designed for improved nonlinear stability and accuracy for long time integration of compressible DNS (direct numerical simulation) and LES (large Eddy simulation) computations
for both shock-free turbulence and turbulence with shocks. They are based on the skew-symmetric splitting version of the high-order central base scheme in conjunction with adaptive low dissipation control
via a nonlinear filter step to help with stability and accuracy capturing at shock-free regions as well as
in the vicinity of discontinuities. The central DRP (dispersion relation preserving) schemes as well as
classical central schemes of arbitrary orders fit in the frame work of skew-symmetric splitting of the
inviscid flux derivatives. Numerical experiments on CAA turbulence test cases are validated.
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[1] Kotov, D.V., Yee, H.C., Wray, A.A., Sjögreen, B., Kritsuk, A.G.: Numerical disipation control in
high order shock-capturing schemes for LES of low speed flows. J. Comput. Phys. 307, 189–202
(2016).
[2] Kotov, D.V., Yee, H.C., Wray, A.A., Sjögreen, B.: High order numerical methods for dynamic SGS
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[4] Yee, H. C., Vinokur, M, Djomehri, M. J.: Entropy Splitting and Numerical Dissipation. J. Comp.
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Over the years, it has been found advantageous for discretized flow equations to possess additional
(secondary) invariants, next to the (primary) invariants from the constituting conservation laws. Thus
much effort has been put in finding formulations of the flow equations that lead to these additional
properties - a recent overview of such attempts for the compressible flow equations is presented in [1].
A state-of-the-art application in aerodynamics can be found in, e.g., [2].
The paper presents general, necessary and sufficient, requirements for a method to preserve discrete
kinetic energy. Key ingredient is a close consistency between the discrete convection term in the momentum equation and the discrete divergence in the mass equation: when the former is chosen, the latter
is fixed. Next to this interdependency, also the discretizations for the pressure gradient in the momentum
equation and the dilatational term in the equation for internal energy are fixed as soon as the discretization for the convective momentum term has been chosen. The limit of incompressible flow puts a further
relation between the equations. Only the discretization of the diffusive terms is left free to choose.
We will explain how this dependency arises from the analytical equations and how this puts requirements
on their discretization. These requirements hold for any analytic formulation of the equations and for
any discretization method with a volume-consistent scaling [3]. In particular, it is demonstrated how
finite-volume methods can be designed such that, next to the primary invariants (mass, momentum and
internal energy), they also conserve one or more secondary invariants (like kinetic energy), i.e., they
are supra-conservative [3]. As examples, the Euler equations for (in)compressible subsonic flow are
discretized with such supra-conservative finite-volume methods on staggered rectangular grids and on
collocated unstructured grids.
REFERENCES
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convective terms for turbulent compressible flows. J. Comput. Phys. 382, 86–104, 2019.
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The essence of turbulence are the smallest scales of motion. They result from a subtle balance between
convective transport and diffusive dissipation. Mathematically, these terms are governed by two differential operators differing in symmetry: the convective operator is skew-symmetric, whereas the diffusive
is symmetric and positive-definite. On the other hand, accuracy and stability need to be reconciled for
numerical simulations of turbulent flows around complex configurations. With this in mind, a fullyconservative discretization method for general unstructured grids was proposed in Ref. [1]: it exactly
preserves the symmetries of the underlying differential operators on a collocated mesh. In summary, and
following the same notation than in Ref. [1], the method is based on a set of five basic operators: the
cell-centered and staggered control volumes (diagonal matrices), Ωc and Ωs , the matrix containing the
face normal vectors, Ns , the cell-to-face scalar field interpolation, Πc→s and the cell-to-face divergence
operator, M. Once these operators are constructed, the rest follows straightforwardly from them. Therefore, the proposed method constitutes a robust and easy-to-implement approach to solve incompressible
turbulent flows in complex configurations that can be easily implemented in already existing codes such
R
as OpenFOAM�
[2]. However, any pressure-correction method on collocated grids suffer from the
same drawbacks: the cell-centered velocity field is not exactly incompressible and some artificial dissipation is inevitable introduced. On the other hand, for staggered velocity fields, the projection onto a
divergence-free space is a well-posed problem: given a velocity field, it can be uniquely decomposed
into a solenoidal vector and the gradient of a scalar (pressure) field. This can be easily done without
introducing any dissipation as it should be from a physical point-of-view. In this work, we will explore
the possibility to build up staggered formulations based on the above mentioned reduced set of discrete
operators.
REFERENCES
[1] F. X. Trias, O. Lehmkuhl, A. Oliva, C.D. Pérez-Segarra, and R.W.C.P. Verstappen. Symmetrypreserving discretization of Navier-Stokes equations on collocated unstructured meshes. Journal of
Computational Physics, 258:246–267, 2014.
[2] E. M. J. Komen, J. A. Hopman, E. M. A. Frederix, F. X. Trias, and R. W. C. P. Verstappen. Energypreserving discretisation for LES/DNS with unstructured collocated grids in OpenFOAM. In 8th
European Congress on Computational Methods in Applied Sciences and Engineering (ECCOMAS
2020).
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Abstract
Symmetry-preserving (mimetic) discretization aims to preserve certain properties of a continuous differential operator in its discrete counterpart. For these discretizations, stability and
(discrete) conservation of mass, momentum and energy are proven in the same way as for the
original continuous model.
In this presentation, we present a new finite-difference symmetry-preserving space discretization. Specifically, the new discretization combines three important requirements:
• it is made for arbitrary orders of accuracy;
• it works for orthogonal and non-orthogonal structured curvilinear staggered meshes such
as shown in the figure.
• it can be applied to a wide variety of continuous operators, including chain rules and
advection operators.
The new discretization is applied to several problems including the shallow-water equations
on uniform and curvilinear meshes of different resolutions and using different discretization
orders. We show exact conservation of discrete mass, momentum and energy and convergence
corresponding to expected order.

Figure 1: Curvilinear, non-orthogonal, periodic 2D grid used in experiments.
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ABSTRACT
The proposed minisymposium (MS) will showcase the current state-of-the-art within efficient simulation
and optimisation methods for time-dependent heat transfer and fluid-based systems, such as electronics
cooling, thermal energy storage, microfluidic devices, precision tools, fluidic actuators, etc.
Simulation-based optimisation is a computationally heavy task due to the iterative nature of the optimisation process involving hundreds, if not thousands, of simulations. The higher the model complexity
(non-linearities, time-dependency, etc.), the higher the cost. Most often the simulations used to evaluate
performance (the forward problem) and the design sensitivities/gradients (the adjoint/backward problem)
are the computational bottleneck. Thus, highly efficient simulation methods are needed in order to treat
transient problems in a manageable time frame. For adjoint sensitivity analysis, a further problem is
handling the massive amounts of data generated, since the full forward time history is needed during the
backward solve. This requires either significant data storage or costly recomputations.
The MS invites contributions within both heat transfer and fluid-based problems, as long as the treated
problem is time-dependent. Special focus will be on shape and topology optimisation, but papers applying other optimisation methods are also welcome. Furthermore, the MS also invites papers treating
time-dependent simulations of heat transfer and fluid problems as long as focus is on making these techniques more efficient, because this can help the optimisation community to accelerate progress. Examples could be using advanced discretisation schemes and numerical methods such as (but not limited to):
discontinuous Galerkin, multigrid (in time and space), parallel-in-time, multirate integration, reduced
basis approaches, etc.
Submissions to the MS are expected to push the horizon of this developing research field. Submissions
may treat anything from simple two-dimensional investigations to realistic three-dimensional problems,
as long as a practical problem is kept in mind.
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In transient topology optimization memory requirements and computational cost often become
prohibitively large due to the backward-in-time adjoint equations. When solving a transient
optimization problem a nested analysis and design approach is used. First the state equations
are solved and the state variables are stored at every time step. Subsequently, the adjoint
equations are solved starting at the terminal time, taking backward time steps until the initial
time is reached. During this backward solution process, the stored state variables are combined
with the adjoint variables to compute the sensitivities required in a first order design update.
This study presents a new algorithm which reduces both memory and computational time while
maintaining accuracy of the computed sensitivities.
The checkpointing algorithm[1] and Local-in-Time (LiT) algorithm[2] , previously proposed for
the same purpose, are combined to form a hybrid Checkpointing/Local-in-Time (C/LT)
algorithm. Both the Checkpointing and LiT algorithms subdivide the temporal domain into
intervals to reduce memory requirements. The checkpointing algorithm only stores the state
field at the edges of these intervals (the checkpoints) and recomputes the state variables on the
intervals when needed. The LiT algorithm approximates the Lagrange variables at the
checkpoints and performs a forward and backward solve locally on the intervals. Subsequently,
the Lagrange variables at the checkpoints are corrected every design iteration and as the design
converges, so do the Lagrange approximations. However, due to the recomputation of state
variables the Checkpointing algorithm has an increased computational cost, and due to the
approximations in Lagrange field the LiT algorithm may exhibit convergence difficulties.
The proposed algorithm balances memory and computational cost of both algorithms by
combining them into an algorithm with significant memory reduction, which does not need as
many recomputations as the Checkpointing algorithm, and remains stable by introducing error
approximations of the Lagrange field. Only when the error in Lagrange field becomes higher
than a user-defined value does the hybrid C/LT algorithm perform a checkpointing
recomputation. Furthermore, computational time is reduced through a temporal parallelization
in which state and adjoint equations on the temporal intervals are evaluated in parallel. The
effectiveness of the approach will be illustrated using a transient thermal topology optimization
problem.

1668

Maarten J.B. Theulings, Matthijs Langelaar and Fred van Keulen.

REFERENCES
[1] A. Griewank, Achieving logarithmic growth of temporal and spatial complexity in reverse
automatic differentiation. Optimization Methods and Software, Vol. 1, pp 35-54, 1992
[2] N. Yamaleev, B. Diskin, E. Nielsen, Local-in-Time adjoint-based methods for design
optimization of unsteady flows. Journal of Computational Physics 2010; Vol. 229, pp
5394-5407, 2010

1669

Liang Fang, Lagrangian
Augmented
Stefan Vandewalle
Based Multiple
and Johan
Shooting
Meyers for Large Scale Pde-Governed Optimal Control Problems
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

AUGMENTED LAGRANGIAN BASED MULTIPLE SHOOTING FOR
LARGE SCALE PDE-GOVERNED OPTIMAL CONTROL PROBLEMS
∗

Liang Fang1 , Stefan Vandewalle2 and Johan Meyers1
1

Department of Mechanical Engineering, KU Leuven, Celestijnenlaan 300A, B3001 Leuven, Belgium.
liang.fang@kuleuven.be, johan.meyers@kuleuven.be
2
Department of Computer Science, KU Leuven, Celestijnenlaan 200A, B3001 Leuven, Belgium.
stefan.vandewalle@kuleuven.be

Key Words: Multiple Shooting, Augmented Lagrangian, PDE-constrainted Optimization
As a promising approach for parallel-in-time optimization methods, the multiple shooting methods for
solving optimal control problems governed by ODEs have been extensively studied in past decades.
However, their application for solving large scale PDE-based optimal control problems still faces many
challenges, including the difficulty in solving large scale equality constrained optimization problems.
This research proposes and analyzes a new multiple shooting based parallel-in-time algorithm for large
scale time-dependent PDE-governed optimal control problems. The equality constrained optimization
problems introduced by the multiple shooting strategy are solved by the augmented Lagrangian method.
For solving the constrained problems, the augmented Lagrangian approach is one of the most successful
methods. The augmented Lagrangian function is formulated with Lagrange multipliers and a quadratic
penalty term. At each augmented Lagrangian iteration, an unconstrained subproblem is being solved.
The Lagrangian multipliers and penalty parameters are updated subsequently [1]. An optimal control
problem governed by the Nagumo equation [2] is employed to validate the proposed algorithm and analyze the efficiency. The results demonstrated that substantial accelerations can be achieved for multiple
shooting approaches when proper starting guesses of controls are provided and the control variables are
scaled appropriately.
Furthermore, a 2D velocity tracking problem governed by Navier-Stokes equations [3] is investigated
that verifies the robustness of the proposed algorithm. The influence of the flow complexity on the
optimization method is studied. The results illustrate that the algorithm shows a good efficiency for fluid
flows with complex structure.
REFERENCES
[1] Fernández, D., and Solodov, M. (2020). On the cost of solving augmented Lagrangian subproblems.
Mathematical Programming, 182(1), 37-55.
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with Parabolic PDEs. SIAM Journal on Scientific Computing, 41(6), C603-C626.
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In an enhanced geothermal system (EGS), hydraulic fracturing is used to increase the permeability of a hot dry rock mass. Cold fluid is then injected through the fractures to extract heat
for power generation and direct heating. EGS wells have access to vast reserves of renewable
energy, but are susceptible to short-circuiting due to the multiphysics phenomena of flow channeling. Flow channeling is a positive feedback loop which redirects cold fluid away from hot
areas of the rock mass, causing the outlet temperature of an EGS well to decrease over time,
reducing the viability of the well as an energy source. Flow channeling only occurs when considering the coupled thermo-hydro-mechanical behaviour of the system, but models that capture
this behaviour are computationally expensive. There is thus a need for the development of efficient models to allow for the optimization of EGS operations.
Existing work on enhanced geothermal systems have relied upon sequentially or loosely-coupled
models to capture the interaction between multiphysics processes. In this paper, we present the
development of a thermo-hydro-mechanical finite element model suitable to capture the longterm multiphysics behaviour of an enhanced geothermal system. The model considers the fullycoupled deformation and temperature fields of the rock mass, along with fluid pressure and temperature within the crack planes. We consider and address the numerical issues that arise from
this system, such as advection stabilization and spurious oscillations. The fully-coupled model
is compared with sequential and loosely-coupled solution schemes on the merits of accuracy, efficiency, stability, and rates of convergence. The model has been applied to a three-dimensional
rock mass with interconnected two-dimensional crack planes. Figure 1 shows a schematic diagram of the well system, with vertical wells and interconnected horizontal crack planes. Figure 2
shows the application of the model to a sample well with a single crack plane, and the subsequent
development of the normalized temperature profile over several years of operation.

Figure 2: Development of the normalized fluid
temperature profile in a crack plane after 1
month, 1 year, and 2 years of continuous pumping. The injection and production wells are
spaced 250m apart. Vectors indicate the direction of flow.

Figure 1: Schematic diagram of a vertical well
system with interconnected horizontal crack
planes.
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Understanding of heat transfer in a system is key to improve many industrial processes like forging,
quenching or ingot casting. The aim of this presentation is to focus on modelling radiative transfer which
is the dominant mode of heat transfer in a number of high-temperature environment such as furnaces [1]
or solar plants [2].
Radiative transfer simulation is highly reliant on the geometry of the system; it is therefore much more
computationally expensive than conductive or convective transfer simulation, especially in industrial
applications involving manufactured parts with complex shapes. For these reasons, radiative transfer in
time-dependent systems is often approximated as a spatially-averaged out conduction term, which may
not prove accurate for systems with deforming surfaces.
In this work, we propose a new immersed Surface-to-Surface radiative model coupled with a parallel
implementation for the computation of view factor which allows consistent update of radiative sources
as the geometry of the treated problem evolves in time [3]. The proposed framework relies on an immersed volume method [4] to ensure a more precise interaction between several embedded geometries.
Several 2D and 3D test cases will be presented showing good accuracy of the approach with reasonably
computational cost.
REFERENCES
[1] Lentes F-T. and Siedow N., Three-dimensional radiative heat transfert in glass cooling processes,
Glass Science and Technology: Glastechnische Berichte, Jun 1999, 188-196
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transfer in a modified cavity receiver of solar parabolic dish, International Journal of Thermal
Sciences, 1647-1657
[3] Schmid Q., Hachem E. and Mesri Y., A versatile immersed surface-to-surface method for radiation
exchange: Implementation and validation. International Journal of Heat and Mass Transfer, 134,
1091-1100.
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The ever increasing power density of electronics leads to the heat dissipation ability of heat sinks to
become a bottleneck for further development. Due to its high design freedom, topology optimisation can
yield significant performance increases when applied to the design of heat sinks.
In this work, a time-dependent pseudo-3D thermofluid model is proposed to model the transient conjugate heat transfer of forced convection cooling of heat sinks for electronics chips. The model is designed
to reduce the computational cost significantly, by reducing the full three-dimensional problem to a twolayer two-dimensional model, which maintains an acceptable accuracy. The two layers consists of a solid
chip layer and a fluid-solid heat sink layer, which are coupled through an artificial convection coefficient.
The novelty of this work compared to previous work [1, 2] is the extension to time-dependent simulations
in order to model the short-time instantaneous cooling performance [3], rather than looking at the longtime steady-state behaviour. The treated examples highlight the importance of treating the instantaneous
cooling performance directly through transient simulations in the context of cooling of central processing
units (CPUs) and show a significantly improved performance requiring only 33.3% of the pumping power
compared to a reference design.
REFERENCES
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121:1073–1088, doi:10.1016/j.ijheatmasstransfer.2018.01.078.
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Fibre optic taper is an important component in CCD coupling, television imaging and night
vision devices. It is drawn from silica glass preform composed of thousands of optic fibres.
Increasing need in picture transmission devices with high resolution requires better quality of
high ratio fibre optic tapers. Shape of fibre optic taper should be controlled carefully to
achieve high optical quality. Most work has been focused on small radius fibre optic taper
drawing in which radial temperature distribution can be considered uniform and 1-D model
can be used [1-3]. Unlike small radius fibre optic taper drawing, the radial temperature
distribution is nonuniform in the preform during large radius fibre optic taper drawing process,
causing viscosity change from the centre to perimeter of the cross section. This will lead to
nonuniform deformation. Thus, 1-D analysis/model may not be able to accurately predict
large radius fibre optic taper drawing process.
This paper intends to perform theoretical and numerical studies of high ratio and large radius
fibre optic taper drawing in a furnace considering radial temperature changes in the preform.
Specifically, a comprehensive physical model is established which can describe the thermal –
mechanical strong coupling drawing process. Further, a computational strategy is developed
for solving the problem with large deformation, and it is applied to predict fibre optic taper’s
shape and temperature which are dependent with time. Numerical results show that viscosity
of materials, furnace design, and temperature distribution on the furnace wall all can affect the
final shape of fibre optic taper. Tensile force only affects the drawing process and has little
relevance to its final shape. Based on the analysis, a redesigned drawing process is proposed
to obtain large radius fibre optic taper with high ratio.

REFERENCES
[1] Chen Z. Tapering Shape Function for a Fused Fiber. Journal of Shanghai university

(natural science edition), 2007, 13(4).

[2] Xue S , Eijkelenborg M A V , Barton G W , et al. Theoretical, Numerical, and

Experimental Analysis of Optical Fiber Tapering. Journal of Lightwave Technology,
2007, 25(5):1169-1176.
[3] Lu Y, Rong W, Zhang W, et al. Simulation on fused biconical tapering of the fiber based
on creep experiments. 2015 IEEE International Conference on Mechatronics and
Automation (ICMA). IEEE, 2015: 1048-1053.
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An important problem on the way towards accurate calculations of turbulent flows around complex geometries is to construct fast implicit solvers. A side condition is that the solver should use little memory,
making either nonlinear multigrid methods (Full approximation schemes) with low memory smoothers
or Jacobian-Free Newton-Krylov schemes with low memory preconditioners attractive. Here, we discuss
compressible flow problems and use multigrid as a preconditioner. An interesting class of smoothers are
preconditioned pseudo time iterations, which have shown to perform very well on high aspect ratio grids,
an example being AW3 [1]. With these methods, it is possible to solve systems arising from Finite Volume discretizations for flows around air foils in 20-50 iterations. This is close to textbook multigrid
efficieny.
Here, we consider the entropy stable space-time DG spectral element method (STDG-SEM) from [3].
These have the SBP-SAT property in 1D and are equivalent to specific finite volume (FV) discretizations.
This gives rise to the idea to use an approximating FV discretization to define a preconditioner for DG
for use in Newton-Krylov schemes. Specifically, we define an agglomeration multigrid preconditioner
based on the FV discretization. It does not need geometric coarsening of the original mesh and can still
be implemented completely Jacobian-free when using appropriate smoothers [2]. As smoothers, we use
the above mentioned W3. To find good parameters, we use a discrete Fourier analysis. Numerical results
demonstrate the potential of the new approach.
REFERENCES
[1] Birken, P., Bull, J. and Jameson, A. Preconditioned smoothers for the full approximation scheme
for the RANS equations. J. Sci. Comput. (2019) 78(2):995–1022.
[2] Birken, P., Gassner, G. J. and Versbach, L. M. Subcell finite volume multigrid preconditioning for
high-order discontinuous Galerkin methods. Int. J. CFD (2019) 33(9):353–361
[3] Friedrich, L., Schnücke, G., Winters, A. R., Del Rey Fernandez, D. C., Gassner, G. J. and Carpenter, M. H. Entropy Stable SpaceTime Discontinuous Galerkin Schemes with Summation-by-Parts
Property for Hyperbolic Conservation Laws. J. Sci. Comput. (2019) 80(1):175–222
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ABSTRACT
The flow of non-Newtonian fluids is widely spread not only in technical apparatus of chemical and
mechanical engineering industry but also in biological flows. Effects like shear-thinning or shearthickening viscosity, extension viscosity, normal stress differences and memory behaviour are
influencing the flow behaviour dramatically. The theoretical and numerical analyses of such nonNewtonian characteristics are import in order to predict a realistic flow field. The complexity of these
models are challenging in regard to implementation in CFD codes and validation processes, in
particular, when secondary flow phenomena have to be considered. In this MS special attention is laid
on the mixed problem of the impact of thermal loads and flow straining on the viscosity of nonNewtonian fluids and associated flow phenomena, i.e. regarding viscoelastic behaviour.
The aim of the mini-symposium is to bring together researchers, scientist and professional user
working in the field of non-Newtonian fluid flow, and to exchange ideas, new concepts and innovative
approaches. We invite contributions in all areas of computational fluid mechanics of complex liquids
including numerical methods, modelling of nonlinear or viscoelastic behavior by constitutive
equations and determination of fluid material parameter. Further topics (experimental, analytical and
numerical - not restricted) are:






Benchmark non-Newtonian fluid flows
Instabilities influenced by viscoelastic properties
Heat transfer processes in complex liquids
Multiphase flows involving non-Newtonian fluids
Impact of blood flow modelling on hemodynamics
REFERENCES

[1] Olaf Wünsch, “Laminar Fluid Flow with Complex Material Behavior in Devices of Mechanical
Engineering”, International Journal of Emerging Multidisciplinary Fluid Sciences, 2009, Vol. 1,
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[2] Kopecz, S. Krebs, M. Meister, A. Wünsch, O, ”A fast numerical approach for the simulation of
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Neural networks (NN) as an alternative method for universal approximation of differential equations
have proven to be computationally efficient and still sufficiently accurate compared to established methods such as the finite volume method (FVM) [1]. Additionally, analysing weights and biases can give
insights into the underlying physical laws. FVM and NN are both based upon spacial discretisation.
Since a cartesian and equidistant grid is a raster graphics, image-to-image regression techniques can
be used to predict phase velocity fields as well as particle and pressure distributions from simple mass
flow boundary conditions. The impact of convolution layer depth and feature count of a UNet-like architecture, similar to [2], on prediction performance of internal non-Newtownian multiphase flows is
investigated. Parametric training data with 2055 sets is computed using FVM. To capture significant
non-Newtownian effects of a particle-laden fluid (e.g. blood) flowing through small and non-straight
channels, an Euler-Euler multiphase approach is used. The FVM results are normalized and mapped
onto an equidistant grid as supervised learning target. The investigated NNs consist of nconv = {3, 5, 7}
corresponding encoding/decoding blocks with skip connections. Regardless of the convolution depth
(i.e. number of blocks), the deepest spacial down-sampling via strided convolution is adjusted to result in a 1 × 1 × f · 2nconv feature map, with f = {16, 32}. The prediction performance expressed as
channel-averaged normalized root-mean-square error for nconv = {3, 5, 7} blocks and f = 16 and f = 32
(f16)
(f32)
is NRMSEave = {0.008538, 0.007132, 0.006597} and NRMSEave = {0.008262, 0.006585, 0.006334},
respectively. Given an adequate training, the prediction accuracy improves with convolution depth,
where more features have higher impact on deeper NNs. Due to skip connections and batch normalisation, training is similarly efficient, regardless of the depth. This might be further improved by blocks
with dense connections. However, depending on geometrical complexity, spacial resolution is critical,
as it drastically increases the number of learnables and memory requirements. In contrast to theoretical
considerations and literature [2], redundancies in input data do not improve learning and performance.
REFERENCES
[1] Raissi, Mazair. Deep Hidden Physics Models: Deep Learning of Nonlinear Partial Differential
Equations. J. Mach. Learn. Res. (2018) 19:1–24.
[2] Thuerey, Nils and Weissenow, Konstantin and Mehrotra, Harshit and Mainali, Nischal and Prantl,
Lukas and Hu, Xiangyu. Well, how accurate is it? A Study of Deep Learning Methods for ReynoldsAveraged Navier-Stokes Simulations. arXiv (2018) arXiv:1810.08217.
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The combination of fillers and polymers is used to influence the mechanical, optical and processing
properties of the base material and is finding more and more applications. The addition of wood to polymers results in wood-polymer composites (WPC), whereby the wood content can be up to 80 %. The
production of WPC alone has more than doubled since 2016 [1]. This composite is mainly processed
to deckings by means of extrusion. The extrusion die is an essential part of the processing procedure,
which determines both process parameters and the final product. A special feature of WPC extrusion
dies is cooling which leads to partial solidification of the melt before leaving the die. This solidification
is necessary to ensure dimensionally stable extrusion without strand breakage.
For the design of WPC extrusion dies, numerical simulations are increasingly used in addition to empirical values, whereby OpenFOAM is used in the present investigations. Based on rheological measurements, both the shear thinning flow behaviour and the temperature dependence of the viscosity are
modelled. The partial solidification of the melt at the cooling plates before the outlet is modelled in a
single-phase over a step in viscosity. In addition, the solidified melt slips on the cooling wall, which is
also taken into account in the model.
In the parallel zone, there is a pure shear flow, while in the transition elements such as the flange to the
extruder or at the mandrel, uni- and biaxial extension components are dominant due to the cross-sectional
changes. HDPE with wood flour exibits a shear thinning and extension thickening behaviour, so that different models are necessary for description. To calculate the stresses, interpolation is performed between
the different models with respect to the invariants according to [2], depending on the type of flow present.
To validate the numerical calculations, an extrusion tool for a square hollow profile with pressure and
temperature sensors along the flow direction is available. The aim of the numerical simulations is to
investigate the flow in more detail and to optimize the die shapes. In addition to a low pressure loss, a
uniform velocity and temperature distribution at the outlet serve as target values for the extrusion.
REFERENCES
[1] Dammer, L. et al., Current situation and trends of the bio-based industries in Europe with a focus
on bio-based materials. Pilot Study for BBI JU. nova-Institue (2017)
[2] Böhme, G., Strömungsmechanik nichtnewtonscher Fluide. Teubner (2000)
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Recent studies indicate that classical residual-base stabilized methods for unsteady incompressible flows
may experience difficulties when the time step is small in relation with the spatial grid size. Bochev et al.
argue that spatial stabilization in conjunction with finite differencing in time implies destabilizing terms
and that δt > Ch2 (where δt is the time step size, C a positive constant and h the spatial grid size) is a
sufficient condition to avoid these instabilities. Nevertheless, for anisotropic space-time discretizations,
this inequality is not necessarily satisfied, and in fact complications in residual-based stabilized methods
are reported. These problems can happen, for instance, when small time steps result from the necessity of
accuracy to solve transient problems due to the presence of non-linear terms in the differential equations,
a very common issue in viscoelastic flow formulations. In particular, the approximations used in Variational Multiscale (VMS) methods [1] usually neglect the time derivative of the sub-grid scales, resulting
in the inequality δt > Ch2 being required to obtain stable solutions. The aim of this work is the design
of finite element stabilized techniques based on the Variational Multiscale (VMS) method that allow to
compute time-dependent viscoelastic flow problems with high elasticity and considering an anisotropic
space-time discretization. Although the main advantage is achieve stable solutions for anisotropic spacetime discretizations, other benefits related with elastic problems are proved in this study. In particular,
the proposed methods are designed for the standard and logarithmic formulations [2] in order to deal with
high Weissenberg number problems, ensuring stability in all cases. A comparison between formulations
and stabilization techniques will be performed to demonstrate the efficiency of time-dependent sub-grid
scales and the term-by-term methodologies.
REFERENCES
[1] Hughes, T. J., Feijóo, G. R., Mazzei, L., & Quincy, J. B. The variational multiscale method—a
paradigm for computational mechanics. Computer methods in applied mechanics and engineering.
1998;166(1-2), 3-24.
[2] Fattal R., Kupferman R. Time-dependent simulation of viscoelastic flows at high Weissenberg number using the log-conformation representation. Journal of Non-Newtonian Fluid Mechanics. 2005
Feb 20;126(1):23-37.
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Non-Newtonian fluid properties can change the flow behaviour and the resulting flow topology significantly, even for low Reynolds number, laminar flows. Moreover, the prediction of the flow field is
even more difficult when thermal effects come into play. In particular when high shear rates occur and
temperature is changing the fluid properties, unexpected flow phenomena are observable. In this study
focal point is laid on the laminar pipe flow of a thermo-viscous shear-thinning Carreau fluid [1], [2]
around a double sphere configuration. The two spheres are lined-up on the pipe axis, their distance
is varied. Comparable isothermal flows of a newtonian fluid reveal a topologically symmtric flow in
front of, between and behind the two spheres. In dependence of the distance between the spheres the
drag of the sphere pair changes. In contrast to the newtonian flows the non-isothermal non-newtonian
shear-thinnning fluid flows reveal temperature dependent deflections of the wake flow. Complicated flow
separation and attachment structures between and behind the spheres occur. In the present CFD study the
flow of a Carreau fluid around the double spher configuration is considered, sphere wall temperatures are
varied and associated flow structures are investigated. The temperature dependence of the fluid viscosity
is modelled by applying the standard Williams-Landel-Ferry (WLF) equation [3]. It is shown that the
thermal and viscous shear-thinning due to occuring high shear rates and induced heat transfer from the
heated sphere walls leads to a significant decrease of viscosity of three orders of magnitude in the nearfield of the spheres. The locally reduced viscosity can be used to control the overall drag of the double
sphere flow configuration. In the present simulation campaign thermal boundary conditions are varied
over a wide range in order to derive relations between heat transfer, non-newtonian fluid properties and
the behaviour of the double-sphere flow.
REFERENCES
[1] R.B. Bird and C.F. Curtiss. Nonisothermal polymeric fluids. Rheol. Acta, 35:103–109, 1996.
[2] A.H.P. Skelland. Non-Newtonian flow and Heat Transfer. John Wiley & Sons, New York, 1967.
[3] M. L. Williams, R. F. Landel, and J. D. Ferry. The temperature dependence of relaxation mechanisms in amorphous polymers and other glass-forming liquids. Journal of the American Chemical
Society, 77:3701–3707, 1955.
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ABSTRACT
Liquid metal batteries (LMBs) are promising candidates for economic grid-scale energy storage, a key
ingredient of future energy systems relying on volatile renewable sources as wind and solar power [1].
Based on a stable stratification of two liquid metal layers separated by a molten salt, LMBs feature a
number of attractive properties: huge current densities, simple construction, easy scalability on the cell
level, and potentially near infinity cycle life. However, to realize their full potential, challenging problems
in high-temperature electrochemistry, materials science, and metallurgy have to be addressed. Fluid
mechanics possesses an overarching significance in the study of this battery type due to the completely
liquid interior of those cells.
Recently, different fluid flow phenomena in LMBs were discussed by a number of researchers (see [2]
for a review). Interest in this topic is growing. The proposed minisymposium aims to support the
trend, to offer a platform for discussion, and to facilitate future collaborations. While the focus shall
be on fluid dynamics, lectures on other aspects of LMBs and related devices (e.g., aluminum reduction
cells) will be equally welcome and considered to be in the scope of the minisymposium. Topics to be
addressed include: mixing and mass transfer, natural convection, magnetohydrodynamic instabilities,
electro-vortex flows, electrochemistry of LMBs, scale-up, and grid integration as well as stack design
and heat
REFERENCES
[1] Kim, H. et al. Liquid Metal Batteries: Past, Present, and Future, Chemical Reviews (2013)
113(3):2075-2099.
[2] Kelley, D.H. and Weier, T. Fluid Mechanics of Liquid Metal Batteries. Appl. Mech. Rev. (2018) 70:
020801

1687

Adaptive
Paride
Passelli
Finiteand
Elements
Marcowith
Picasso
Large Aspect Ratio for Aluminium Electrolysis
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Adaptive Finite Elements with large aspect ratio for aluminium electrolysis
P. Passelli*¹, M. Picasso²
1
2

EPFL, Institute of Mathematics, 1015 Lausanne, Switzerland, paride.passelli@epfl.ch
EPFL, Institute of Mathematics, 1015 Lausanne, Switzerland, marco.picasso@epfl.ch
This work is financially supported by Rio Tinto-Aluminium

Key Words: Aluminium electrolysis, Adaptive Finite elements.
Simulating aluminium electrolysis is a difficult task which involves some multi-scale features.
While the horizontal dimensions of a cell are meters, the depth of the bath is a few
centimeters, so as the channels between anodes. A tradeoff between computational accuracy
and efficiency can be obtained using adaptive finite elements with large aspect ratio.
The adaptive criteria is based on a so called anisotropic error indicator justified in [1]. The
goal is to produce an adapted mesh such that the error indicator is close to a preset tolerance.
The adapted mesh may have large aspect ratio (up to 100) whenever needed. Numerical
results will be presented for diffusion and fluid flow problems on complex industrial
geometries.

REFERENCES
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The combination of ohmic heating and electromagnetic forces ensures vigorous flow in a liquid metal
battery (LMB). Two prominent flow mechanisms are thermal convection, caused by heating of the electrolyte; and electrovortex flow (EVF), caused by diverging current density. These flows affect the viability of an LMB, from enhancing mixing within the cathode or anode layer (increasing efficiency),
to disrupting the middle electrolyte layer (leading to battery failure). While significant literatures exist
for each effect independently, their interaction within LMBs remains largely unexplored. In this study,
we survey interactions between convection and EVF experimentally. Using gallium as a test fluid, we
induce convection with heat exchanges attached to the top and bottom of a test cell. We induce EVF
by passing a current from a narrow top current collector to a wide bottom one. Our device allows us
to access broad parameter ranges: the Rayleigh number Ra, quantifying convection, reaches ∼ 107 ; the
EVF parameter S reaches ∼ 105 . We are also able to impart a stabilizing temperature gradient, as often
occurs in the cathode of an LMB, to characterize its effects on EVF. Data are acquired using ultrasonic
Doppler velocity probes.
We present phase diagrams describing the transitions between different dominant flow structures and
velocity scalings, over ranges of Ra, S, and aspect ratio Γ. We use linear theory to predict the onset
modes of EVF in different cell dimensions. Combining our measurements with previous studies, we
predict regions of phase space where convection dominates, regions where EVF dominates, and regions
of interaction.
In most cylindrical geometries, convection causes a poloidal, torus-shaped overturning roll with upward
flow at the central axis, but EVF causes a poloidal roll with downward flow at the axis. In the presence
of an external magnetic field, EVF manifests as a container-scale horizontal swirling flow beyond some
S. These different modes inevitably interfere with each other, leading to changes in their onset values,
velocities, structure, and dynamics. We compare our experimental results to prior predictions of the
crossover between convection-dominated and EVF-dominated flows
We employ a novel experimental device to explore flow regimes driven by convection and EVF in liquid
gallium, laying groundwork for future LMB design. Velocities measurements are used to produce a
phase diagram which predicts the types of flows that emerge from convection and EVF for a given LMB
device under varying operating parameters. These flows could have significant effect on the efficiency
and viability of real LMBs. Experimental measurements can also provide useful points of comparison
for simulation studies.
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Liquid metal batteries (LMBs) consist of a stable density stratification of two liquid metal electrodes, separated by a molten salt electrolyte. Discharing the cell, the anode metal dissolves in
the cathode metal. Due to slow diffusion, concentration layers develop especially at high current
densities, and lead to considerable concentration polarisation. As the density difference between
the anode and cathode metal is usually large, the formed density stratification is often very stable. The talk will describe how to simulate the electric potential, current density and Lorentz
force in a liquid metal battery [1]. Finally, it will be shown that electrodynamically driven flow
is able to mix the cathode alloy of an LMB, thus reducing concentration polarisation [2]. A
10 cm Li||Bi cell, studied experimentally by Ning et al. [3], will be used as reference case.

Figure 1: Current distribution and electrodynamically driven flow in the cathode of an LMB.

REFERENCES
[1] N. Weber, S. Landgraf, K. Mushtaq, M. Nimtz, P. Personnettaz, T. Weier, J. Zhao, and D.
Sadoway. Modeling discontinuous potential distributions using the finite volume method,
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[2] N. Weber, M. Nimtz, P. Personnettaz, A. Salas, and T. Weier. Electromagnetically driven
convection suitable for mass transfer enhancement in liquid metal batteries. Appl. Therm.
Eng. (2018) 143:293–301.
[3] X. Ning, S. Phadke, B. Chung, H. Yin, P. Burke, and D. Sadoway. Self-healing Li–Bi liquid
metal battery for grid-scale energy storage. J. Power Sources, (2015) 275:370–376.
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Electro-vortex flow (EVF) develops when electric current lines converge or diverge inside a
conducting fluid. In the context of a liquid metal battery (LMB), EVF occurs near the current
collectors and drives a flow away from the wall. It can be highly beneficial for enhancing the
mass transfer and overcoming the concentration polarization during high discharge currents
[1]. However, in a recent study on an Mg-Sb LMB, Herreman et al. [2] suggested that even in
a moderate size battery, the EVF could be strong enough to pinch the thin electrolyte layer.
In the present study, we explore the possibility of influencing the EVF by changing the
current collector’s design. A potential formulation based solver was developed in
OpenFOAM and validated with the numerical study of Weber et al. [3]. We considered the
top LMB electrode for a current, I = 300 A, but in three different current collector geometries,
(a) CC1: circular (diameter 20 mm, used by Herreman et al. [2]), (b) CC2: annular (with mean
diameter 35 mm and width 10 mm), (c) CC3: annular (with mean diameter 55 mm and
thickness 10 mm). As evident from Fig. 1, the maximum magnitude of velocity has been
significantly reduced for CC2 and CC3. The strong central jet gets bifurcated into two
separate structures and weakens. This can be beneficial in a practical LMB to avoid the risk of
electrolyte pinching and short-circuiting. In CC3 the flow acquires asymmetry about the
vertical around t ~ 30s, the cause of which is being investigated. Work is also ongoing to
study (i) the role of EVF in mixing, (ii) the effect of Joule heating for all the three geometries.

(b)
(a)
(c)
Fig.1. Velocity Magnitude with I = 300 A after 10s for (a) CC1, (b) CC2, and (c) CC3
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Liquid metal batteries (LMB) are candidates for a grid scale energy storage. If chemistry
challenges are solved such batteries would also be a subject to stability limits that are imposed
by the maximum current density during both charging and discharge. This problem has been
investigated analytically and numerically [1]–[3], however, there have been only a few
experimental models and the existing ones are aimed at aluminium reduction cells [4].
In this paper an experimental model (Fig.1) for LMB stability during current flow is
presented. A two-layer model is investigated where bottom electrode is gallium and electrolyte
is 5 % HCl. Cell shape is a 30 x 30 cm square with gallium layer height of 12 mm and HCl
layer of 18 mm. A voltage up to 2.5 V is applied via current collector on the bottom and on the
top via a submerged mesh in HCl. The bottom collector and top terminals are designed in a way
to achieve a homogenous potential distribution and axial current when the system is
unperturbed. Current up to 515 A was applied that resulted in current density up to 0.57 𝐴𝐴/𝑚𝑚2 .
The battery model was placed in a non-ideal axial magnetic field with strength of 30 to 50 mT.
With such conditions the dimensionless instability parameter 𝛽𝛽 value of 2 was experimentally
achieved. Measurements were taken by filming the gallium-electrolyte interface and measuring
the potential in electrolyte and gallium. The potential measurements proved to be challenging
because of electrochemistry at higher voltages. Potential drift due to temperature and
concentration changes in electrolyte layer only allowed measurements in gallium and even then,
accuracy was subpar.
Visual results showed that for up to 200 A (𝑗𝑗 = 0.22 𝐴𝐴/𝑚𝑚2 , 𝛽𝛽 = 0.74) the galliumelectrolyte interface was still. At 300 A (𝑗𝑗 = 0.33 𝐴𝐴/𝑚𝑚2 , 𝛽𝛽 = 1.1) an azimuthal flow is
observed whose intensity causes hydrodynamic surface waves with height of ~3 mm. At 515 A
(𝑗𝑗 = 0.57 𝐴𝐴/𝑚𝑚2 , 𝛽𝛽 = 1.9) an intensive azimuthal flow is observed (Fig.1) with surface
deformations of ~10 mm which is comparable to the thickness of layers and is in risk zone of
short-circuiting.
To provoke interface instabilities in experiment series with moderate current of 200300 A a forced perturbation was performed. Perturbation was in form of a slosh with 20 mm
amplitude, yet the system regained the equilibrium in ~ 10 seconds. Potential measurements in
different quadrants did not detect roiling pad instability. Interpretation of present experimental
results assumes axially symmetric instability leading to a quasi-static swirling flow. This flow
apparently suppresses the rolling-pad instability. Preparation of continuation experimental
series is in progress. The changes in setup and procedures are aimed at quantification of
perturbation growth/decay rates as well as amplitude of the static surface deformation.
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Figure 1 Ga-HCl experimental model (on top) and free surface deformations when 515 A current is
passed through (bottom). 1 - Positive electrode; 2 -mesh as negative electrode; 3 – HCl 5 %;
4 - Gallium; 5 – permanent magnet assembly
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Metal pad roll instability is a well known phenomenon that occurs in aluminium reduction cells [1]. Since
long, scientists and engineers have been searching for an experimental model that recreates the metal pad
roll instability in a well controlled laboratory environment. Pedchenko et al. [2] partly succeeded in this
task by using GaInSn eutectic alloy in replacement of aluminium and a steel wire array, in replacement of
the badly conducting cryolite layer. A rolling wave motion was observed but comparison to fluid based
theoretical models remains difficult.
In this talk, we demonstrate that it is possible to observe metal pad roll instability in a centimeter scale
cylindrical set-up at room temperature and using different liquid metal pairs as working fluids: gallium
liquid metal over mercury (immiscible case) or gallium over GaInSn eutectic alloy (miscible case). Despite the small difference in electrical conductivity, the stability theory of Herreman et al. [3] suggests
that metal pad roll instability occurs for reasonable values of the imposed magnetic field and electrical
current. We confirm this theoretical prediction with some very challenging direct numerical simulations
of the multiphase magnetohydrodynamical flow in this set-up, done with our massively parallel solver
SFEMaNS [4].
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Industrial aluminium electrolytic production cells are highly optimized for magnetic field and
electric current distribution in order to avoid magneto-hydrodynamic (MHD) instabilities,
increase the current efficiency and to maintain a stable electrolytic process during normal
operation. The mathematical modelling of the cells and the prediction of unstable behaviour
has reached certain maturity since the first principles of the MHD were introduced [1-3]. The
modelling has become a primary design and optimization tool of aluminium electrolysis cells.
There are several commercial packages available which are being continuously developed and
maintained to meet the interests of the aluminium industry. The specialised MHD code [4,5]
using the 3-dimensional electromagnetic fields and the extended shallow layer turbulent fluid
flow model permits to simulate real commercial cells accounting for a variety of their individual
features (bus-bar network, ledge, bottom profile, cathode design, ferromagnetic parts, anode
change, etc.). The code was extensively tested and fully verified against the benchmark cases.
However, a deeper insight to the basic mechanisms of the MHD instability has the potential to
unravel fast and efficient ways to estimate the onset of instability using relatively simple
analytical expressions [6]. The derived criterion, including the long gravity wave damping, the
dependence on the cell geometry, electrical conductivities and densities of the liquids, and the
magnetic field distribution, is replicating the previously published simple cases of the stability
models and the commercial cells where the detailed stability measurements are available [4,5].
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Liquid Metal Batteries (LMB) are composed of three layers of fluids (liquid metal electrode–electrolyte–
liquid metal electrode) of different densities lying over each other and stabilized by gravity. The composition of the positive/bottom electrode of an LMB may become very inhomogeneous over charge/discharge
cycles, which limits the battery efficiency. Yet rotational flows in electrically conducting fluids can be
generated by the Electro-Vortex-Flow (EVF) phenomenon, i.e. the interaction of a non-uniform current with the magnetic field it generates [1]. Using axisymmetric and fully three-dimensional numerical
simulations with the multiphase magnetohydrodynamic code SFEMaNS [2], we investigate whether the
mixing induced by the EVF mechanism can help homogenize the positive electrode against buoyancy
during charge/discharge cycles.

Figure 1: Molar fraction of Li atoms in the positive/bottom electrode during the charge of a LiPb liquid metal
battery after a discharge.
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Metallic aluminium is produced by the Hall Héroult process [1], which involves the
electrolysis of dissolved aluminium oxyde Al2O3 in an electrolytic bath composed mostly of
cryolite. The aluminium liquid generated by various chemical reactions is dragged down by
gravity, while important electromagnetic forces are agitating the liquid.
At the boundary of the upper part of the cell, the anode, CO 2 is produced and forms
millimetric bubbles which escape towards the upper free surface of the bath. Our work
focuses on the modelling of these CO2 bubbles, and how they impact the liquid flow.
Considering a one-pressure model and an incompressible gas, we establish, following [2],
from mass and momentum conservation, a mathematical system, the different unknowns
being: the velocity of the bath mixture (in which the gas is diffused), the pressure, the velocity
of the gas, and the proportion of gas. Well-posedness of a simplified problem is discussed,
convergence of a finite element scheme is studied. Numerical results for an industrial setting
are presented.
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The rolling pad instability is caused by electromagnetic interactions in systems of horizontal layers with
strongly different electric conductivities. We analyze the instability for a simplified model of a cuboid
liquid metal battery. Numerical simulations of the flow and the dynamics of electromagnetically coupled
interfacial waves are performed on a three-dimensional high-resolution grid using OpenFOAM. Realistic
values of physical properties of metal and electrolyte layer are used. The battery parameters are varied
to reveal the effects of the electrolyte thickness, strength of vertical magnetic field, and the density ratios
between the metals and the electrolyte.
The simulation results confirm the conclusion reached earlier in the studies of other geometries that the
rolling pad instability is a significant factor affecting performance of liquid metal batteries. In particular,
batteries with much smaller density difference across the upper interface (∆ρA  ∆ρB ), for example the
better studied Mg-Sb battery, become unstable and face the danger of a ruptured electrolyte layer if the
vertical component of the magnetic field is too large. The instability is caused by growing antisymmetrically coupled interfacial waves, which can be identified as the slow modes [1]. The wave amplitude is
much larger on the upper than on the lower interface in such solutions, and the behavior is qualitatively
similar to the behavior of unstable waves in two-layer aluminum reductions cells.
Much less expected and, to our knowledge, entirely new results are found for the less explored configurations in which ∆ρA = ∆ρB or ∆ρA  ∆ρB . We see that the analogy with the aluminum reduction
cells would be misleading for such systems. In addition to the slow modes, the symmetrically coupled
fast modes [1] appear in the solution. At ∆ρA = ∆ρB , only the fast modes are present. Having nearly
equal amplitudes, the interfacial waves do not cause significant variations of electrolyte thickness and,
therefore, cannot cause the rolling pad instability. The interfacial waves that appear in batteries with
∆ρA  ∆ρB are superpositions of fast and slow modes, with the latter causing the instability.
A detailed discussion of the numerical procedure and results is available in [2].
REFERENCES
[1] Horstmann, G. M. and Weber, N. and Weier, T. Coupling and stability of interfacial waves in liquid
metal batteries. Journal of Fluid Mechanics, (2018) 845, 1–35.
[2] Xiang, L. and Zikanov, O. Numerical simulation of rolling pad instability in cuboid liquid metal
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ABSTRACT
Energy storage technologies are of great importance to the grid-connection of renewable energy
and construction of smart-grid. As a novel energy storage technology, liquid metal battery
(LMB) with the three-layers structure design, possessing advantages of long lifespans, low cost
and facile amplification, is one of most promising technologies for grid energy storage. After
the concept of liquid metal battery was proposed, many breakthroughs have been made in the
field of electrode/electrolyte materials, configuration designs and key technologies. However ,
there are also many challenges on the practical application of LMB technologies in the gridscale energy storage, for example, the sealing and corrosion prevention of the cell at high
temperature, the instability of large scale cell and the designing of high efficiency energy
management system. The recent advances and challenges in LMB materials systems, sealing
technologies and numerical simulation will be overviewed in this presentation.
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Granular flows are ubiquitous in many fields such as industrial processing, mining, energy
production, food powders, biology, geoscience, or mechanical and civil engineering. The
analysis and prediction of these flows is challenging, as they often occur in complex
geometries and their rheology can be influenced by many microscopic and macroscopic
parameters. Different computational approaches exist:
Discrete particle methods (DPMs) are a powerful computational tool to simulate the
movement of many individual particles with complex interactions, arbitrary shapes, in
arbitrary geometries. Elaborate interactions like sintering, breaking and agglomeration of
particles can be captured through contact models, and the method can be coupled to a
continuum solver to solve multiscale phenomena and particle-fluid interactions. However, it
is computationally expensive and not able to deal with the vast number of particles involved
in full-scale industrial or environmental situations.
Continuum methods can simulate the volume of real industrial flows, but have to make
averaging approximations and require physical modelling, often inspired by DPM results.
Once these averaged parameters have been tuned via experimental data, these models can
be surprisingly accurate. However, existing models are of limited applicability, and
consensus on a general continuum model for granular flows has not yet been reached.
This mini-symposium aims to provide an opportunity for physicists, engineers, applied
mathematicians and computational scientists to discuss the latest advancements in
modelling and numerical methods for predicting granular flows. The focus will be on new
rheological models, computational methods, improved algorithms and the modeling of
interesting industrial and academic applications. Submissions can include, but are not limited
to the following aspects: capturing shape and surface properties of grains; erosion and
deposition; segregation; sintering; fluid-particle interaction; cohesive grains; (non-local)
continuum theories; applications; and benchmark problems for the community.
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In the context of asteroid material sampling, landers are sent on the asteroid surface, which is
made of regolith, a material that can be considered at first approximation as a granular bed.
An important question is to understand the physics that governs the penetration of the lander
in this granular bed, for a given impact velocity. For slow impact-induced flows on frictional
non-cohesive granular beds on Earth, the soil behaves like a yield-stress fluid, where the
yield-stress increases linearly with (depth induced) static pressure, and this rheology governs
the penetration flow. However, for vanishing gravity, as encoutered on asteroids, one expects
dynamic (impact) pressure to dominate the penetration flow dynamics. In this paper, we
model regolith as a mu(i) granular continuum fluid [1] and propose both dimensional analysis
and numerical simulations to identify asymptotic and coupled regimes for penetration of an
impacting sphere from Earth to vanishing gravities. We find a penetration that scales quite
lower than experimental results [2] and propose an extension of the continuum model to
correct this drawback.

REFERENCES
[1] P. Jop, Y. Forterre and O. Pouliquen. A constitutive law for dense granular flows. Nature,

Vol. 441, pp.727-730, 2006.

[2] H. Katsugari and D. J. Durian. Unified force law for granular impact cratering. Nature

Physics, Vol. 3, pp.420-423, 2007.

1704

A. Widuch, M.aNowak,
Development
Novel Collision
Z. Ostrowski,
ModelA.for
Klimanek,
Dense Granular
R. Białecki,
Flows
K.Based
Myöhänen,
On Application
A. Parenteofand
Re-W.
duced Order Model
Adamczyk
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Development a novel collision model for dense granular flows based on
application of reduced order model
Agata Widuch1, Marcin Nowak1, Ziemowit Ostrowski1, Adam Klimanek1, Ryszard
Białecki1, Kari Myöhänen2, Alessandro Parente3 and Wojciech Adamczyk1
Silesian University of Technology, Department of Thermal Technology, 44-100 Gliwice,
Konarskiego 22, Poland, agata.widuch@polsl.pl*
2
LUT School of Energy Systems, Lappeenranta University of Technology, Post Office Box 20, FI53851 Lappeenranta, Finland
3
Aero-Thermo-Mechanics Laboratory, Ecole polytechnique de Bruxelles, Université Libre de
Bruxelles, Avenue Franklin D. Roosevelt 50, CP 165/41, Brussels 1050, Belgium
1

Key Words: Granular Flows, Multiphysics Problems, Computing Methods, Reduced Models.
Granular flows (ex. fluidisation), are composed of dozens of particles. In order to avoid the
necessity of building real scale installations required to improve processes where particulate
transport is involved there is an urgent need of building a mathematical models capable to
accurately simulate such a processes. One of the most time consuming process that need to be
taken into account while granular flows are modelled is mutual particle interaction. Due to
complexity and great number of interactions, modeling such flows is not a trivial task.
Nowadays two main models are available hybrid Euler-Lagrange (HEL) [1] and Discrete
Element method (DEM) [2]. In HEL interactions between solid phase are calculated basing
of Kinetic Theory of Granular Flow (KTGF) where probability of collision is based on solid
volume fraction in computational cell but time needed to obtain results is relatively short. In
DEM particle interactions are calculated directly but it results in long computational time and
high cost required to obtain reasonable results. In order to overcome the problem of long
lasting calculations and predicting particle interactions, while keeping required accuracy a fast
and robust Reduced Order Model (ROM) can be developed. The ROM technique allows
building a low order, approximation of the system based on the calculated data [3]. The
principle of this approach is the expression of the model response parameters in a form of a
linear combination of space dependent modes calculated for wide range of input parameters
(obtained from simulation of particle collision using DEM). Generated Surrogate Model (SM)
can be than used as a part of HEL approach to substitute forces between particle interactions
basing on solid volume fraction with forces obtained using DEM. In such a way the precision
of DEM model will be preserved but results will be obtained much faster. In parallel with
creating the ROM model and simulations experimental tests will be carried out to collect data
for developed collision model validation.
This research is supported by National Science Centre Poland within projects No UMO2018/31/B/ST8/02201. This help is gratefully acknowledged herewith.
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Suspensions are composed of particles immersed in a fluid and they are present in many
natural phenomena (sediment transport, mudslides, submarine avalanches …) and in the
industrial sector (food processing, fresh concrete...). It is therefore essential to understand and
model their flow behaviour.
In this work, we are interested in suspensions of non-colloidal spheres immersed in
Newtonian liquid. Despite the simplicity of the system, flows of this suspensions display
complex phenomena : jamming, shear-thinning, anisotropic normal stresses and shear-induced
particle migration. This non-Newtonian effects originate from the contact forces between
particles when the suspension becomes sufficiently concentrated.
Continuum modelling of three-dimensional suspension flows is presented. It consists of a
one-phase macroscopic model close to the « Suspension Balance Model » [1,2]. Particle
migration is governed by the divergence of normal contact stresses. Indeed, during the flow,
due to the presence of inhomogeneous stresses caused by the particle phase, the particles
migrate to balance this inhomogeneity.
In order to describe the flow in general geometries, the model uses a frame-invariant
constitutive law for the suspension rheology proposed by Lhuillier [1]. It is inspired by the
work of Rivlin and Ericksen [3] and is able to account for the presence of anisotropic normal
stresses.
The numerical implementation is realized by the finite volume method using the open-source
toolbox OpenFoam. The model is validated on several case studies (migration in a couette and
in a poiseuille flow, resuspension, torsional flow) and compared to experimental
measurements.
REFERENCES
[1] Lhuillier, D. 2009 Migration of rigid particles in non-Brownian viscous suspensions.
Phys.Fluids 21, 023302
[2] PR Nott, JF Brady. Pressure-driven flow of suspensions: simulation and theory. Journal
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[3] R S. Rivlin and J L. Ericksen. Stress deformation relation for isotropic materials. Indiana
University Mathematics Journal, 1955
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Numerical modeling of granular flows immersed in a viscous fluid remains a challenging task due to the
large range of spatial scales involved in these systems, i.e. from the description of the flow around each
individual grain to the scale of deformation of the granular medium. It thus requires a description of the
physical process at the grain scale including grain-grain interaction and fluid-grain interaction. In order to
overcome the challenging issue of understanding the flow behaviour at these different scales, two different methods are presented and used here: an Immersed-Boundary-Methods/Discrete-Element-Method
(IBM/DEM) approach and a Volume-Average-Navier-Stokes/Discrete-Element-Method (VANS/DEM)
approach [1, 2]. In any case, the granular phase is then always modeled using a Lagrangian description
including multi-grains contact. The fluid phase is solved either at the grain scale (IBM) or at the scale
of several grains (VANS). In the latter case, closure terms have to be prescribed at small scale (typically
the grain scale) to model the effective fluid viscosity and the drag force. These different approaches can
then be used to provide the rheology of both the granular phase and the mixture phase, which is required
for large scale continuum modelling.
The above-mentioned upscaling methodology is used to provide physical features of shear-driven and
gravity driven granular transport situations, as encountered in many natural flows such as sediment transport and avalanches. More particularly, two canonical flows – the shear-Couette flow and the granular
collapse – are considered because of their aesthetic simplicity while capturing most physical processes
of these natural phenomena.
REFERENCES
[1] Izard E., Bonometti T. and Lacaze L. Modelling the dynamics of a sphere approaching and bouncing
on a wall in a viscous fluid. J. Fluid Mech. (2014) 747:422–446.
[2] Charru F., Bouteloup J., Bonometti T. and Lacaze L. Sediment transport and bedforms: a numerical
study of two-phase viscous shear flow. Meccanica (2016) 51:3055–3065.
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Many industrial and physical flows are multiphase containing both particle and fluids. These systems are
everywhere with examples ranging from creating foods to debris flows; thus, a good understanding of their
complex behaviour is hugely important. Generally, particle-fluid systems are studied either under- or fullyresolved. Fully-resolved methods can solve the system accurately, but are too computationally costly to study
large systems. Under-resolved methods are computationally faster than fully-resolved methods, but assumptions
regarding particle-fluid interaction forces have to be made [1]. These are generally determined experimentally or
by small-scale fully-resolved simulations.
However, both methods are unable to simulate the highly polydisperse particle-fluid mixtures found in many real
industrial and geophysical scenarios, where particle-sizes can vary by several orders of magnitude. Using a fullyresolved method would require too many fluid elements, and thus very large computation times, while underresolved methods are not able to capture the behaviour of the small particles.
To address this issue we are developing a hybrid multi-resolution method that fully resolves the large particles
and under-resolves the small particles. Furthermore, an algorithm will be developed to adapt the size of the fluid
elements according to the local porosity. Our implementation integrates two powerful open-source, and thus
freely available, software packages (MercuryDPM [2] https://mercurydpm.org and oomph-lib [3] http://oomphlib.maths.man.ac.uk).
This multi-resolution method has many possible applications from the air entrapment during die-filling in the
tableting process; to bulk solids handling applications such as pneumatic conveying and mineral separation; to
accurately predicting the flow of bed load transport or debris flows in the natural environment.

Figure: Snapshot of a coupled simulation, left: particle movement, right: fluid flow
REFERENCES
[1] Anderson, T.B. and Jackson, R., Fluid mechanical description of fluidized beds, equations of motion,
Industrial & Engineering Chemistry Fundamentals, 1967, Vol. 6, No. 4, pp. 527-539.
[2] Thornton, A. and Weinhart, T. and Luding, S. and Bokhove, O., Modeling of particle size segregation:
Calibration using the discrete particle method, International Journal of Modern Physics C, 2012, Vol. 23,
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Dense granular flows occur in nature and industry. In nature, they are present in geophysical flows like
debris flows, mud avalanches, and turbidity currents. In industry, they exist, e.g., in material handling of
granular material like tablets or seeds. Modeling dense granular flow can be challenging, as it appears in
solid, liquid, or gas-like states.
The µ(I)-rheology is a non-Newtonian continuous rheology model to characterize such flows. The µ(I)rheology has its physical origin in the friction behavior of particles that assumes that the normal stress
applied by the pressure is proportional to the tangential force. However, it is an empirical model that is
based on several material parameters that were derived from physical experiments [1, 2].
The µ(I)-rheology leads to high nonlinearities, which may result in oscillations, divergence, and a high
sensitivity to input parameters, and also being ill-posed for a specific range of parameters. To ensure
well-posed constitutive equations, the regularization by Barker and Gray is introduced [3].
We simulate a 2D column collapse of mud flow and a light surrounding fluid using the finite element
method. The interface of the two-phase flow is tracked by the level-set method that is strongly coupled
to our flow solver. A space-time approach is used to compute the column collapse. The area around
the interface can be refined by creating subsets of the temporal domain, so-called time slabs [4]. The
performance and results of the space-time formulation for the column collapse is analyzed and discussed.
REFERENCES
[1] Jop, P., Forterre, Y. and Pouliquen, O., E. A constitutive law for dense granular flows. Nature (2006)
441:727–730.
[2] Jop, P., Forterre, Y. and Pouliquen, O., E. Crucial role of side walls for granular surface flows:
consequences for the rheology. Journal of Fluid Mechanics (2005) 541:167–192.
[3] Barker, T. and Gray, J. M. N. T. Partial regularisation of the incompressible µ(I)-rheology for granular flow. Journal of Fluid Mechanics (2017) 828:5–32.
[4] Karyofylli, V., Frings, M., Elgeti, S. and Behr, M. Simplex space-time meshes in two-phase flow
simulations. International Journal for Numerical Methods in Fluids (2018) 86:218–230.
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Over the past fifteen years there has been a tremendous advance in our ability to realistically
simulate granular flows with continuum models. This paper gives an overview of recent
developments starting with the µ(I)-rheology [1,2] for the inertial flow regime, early attempts
to solve the equations with modified Navier-Stokes solvers [3] and the realization that equations
were only well-posed for an intermediate range of inertial numbers [4]. Explicit evidence of the
ill-posedness in numerical computations will be shown, as well as a range of new models that
either partially regularize [5] or fully regularize [6] the underlying equations. These models are
designed to have the same steady-state behaviour as the µ(I)-rheology, but differ in their
transient response. Time-dependent discrete particle method (DPM) simulations can therefore
help to distinguish between the various formulations. The inertial number is dependent on the
particle size, so the rheological properties of the material will change locally as grains segregate
during flow [7]. The inclusion of poly-dispersity into the governing equations will be discussed
in detail and it will be shown how to couple depth-averaged models for the µ(I)-rheology [8] to
simulate segregation induced flow fingering [9].
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ABSTRACT
This mini symposium (MS) is dedicated to interfacial flow simulation (multiphase flows, free surface
flows and fluid-structure interaction). One of the main goals of this MS is to gain an insight into the
computational aspects of interfacial flow simulations by considering five following distinguished
common parts of each numerical technique, i.e. (i) flow modeling, (ii) interface treatment, (iii) flowinterface coupling, (iv) spatial discretization schemes, and (v) the flow equation solver. We concisely
invite the following manuscripts: the use of conventional numerical methods such as Finite Difference
(FDM), Finite volume (FVM) and Finite Element (FEM) methods for the simulation of interfacial flows
and to elaborate on their differences, similarities, advantages and drawbacks. As such, the development,
validation and benchmarking of less established and newly attracting numerical methodologies such as
Smoothed Particle Hydrodynamics (SPH), Moving Particle semi-Implicit (MPS), Lattice Boltzmann
(LBM) methods, etc. are also in the core scope of this research topic.
Papers ranging from new physical modeling and discoveries to the correct treatment of difficulties
inherent to numerical modeling of fluid flow system are invited for submission. These include but not
limited to: (i) the correctly and effectively models physical boundary conditions; (ii) mass and energy
conservations (iii) realistically treating the complicated physical interfacial phenomena such as folding,
merging and/or break-up; (iv) properly taking the interfacial jump condition into account (i.e. large
density and viscosity ratios in multi-phase and/or compressible flows); (v) extendibility to dealing with
more complicated phenomena such as those in Magneto-hydrodynamics (MHD), Electrohydrodynamics (EHD), non-Newtonian flows, phase change, nano-fluidic, etc. problems; and finally
(vi) the extension of aforementioned methodologies to three-dimensional modeling and massively
parallel computing in order to handle the real life problems are in particular interest.
We would be delighted if you could share one of your recent works with us and other interested
colleagues in the community.
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The complex interaction of an acoustic cavitation bubble with a boundary is widely utilized in practical
applications. In ultrasonic cleaning, acoustic cavitation is used to eliminate surface contamination and
particulate debris following manufacturing [1]. However, very little is known about the fundamental
physics behind such processes. To address this knowledge-gap, we study the dynamics and jet formation
of a gas bubble driven by a strong low-frequency acoustic field oscillating in a narrow gap.
We present results from compressible volume-of-fluid simulations with consideration of viscosity and
surface tension conducted in the open-source framework of OpenFOAM [2]. A modified RayleighPlesset equation (RPE) [3] is used to verify the proposed numerical model, while experimental validation
with high-speed images from [4] demonstrates excellent agreement. We find that the presence of a
secondary opposing wall intensifies the jet velocities at collapse. By varying the gap height and the
position of bubble inception, we observe significantly different bubble collapse dynamics across the
considered parameter space, which can be categorised in three distinct jetting regimes according to
relevant nondimensional parameters. The inclusion of viscosity in the numerical model allows for an
analysis of the wall shear stress distribution for the various regimes. We also demonstrate how an
increased liquid viscosity alters the collapse mechanism and jet formation through a representative case.
The results presented in this study have immediate consequences in acoustic cavitation applications
involving confinement, since through careful choice of driving conditions and fluid properties, the desired
behaviour to suit the application can be achieved. Besides, the proposed finite-volume OpenFOAM
solver is readily parallelisable, therefore making the modelling of more complicated geometries and
extension to the fully-3D case relatively straightforward.
REFERENCES
[1] Ohl, C.-D. , Arora, M. , Dijkink, R. , Janve, V. , and Lohse, D. Surface cleaning from laser-induced
cavitation bubbles. Applied Physics Letters. (2006) 89:074102.
[2] Koch, M. , Lechner, C. , Reuter, F. , Köhler, K. , Mettin, R. and Lauterborn, W. Numerical modeling
of laser generated cavitation bubbles with the finite volume and volume of fluid method, using
OpenFOAM. Computers & Fluids. (2016) 126:71–90.
[3] Leighton T.G. The inertial terms in equations of motion for bubbles in tubular vessels or between
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The main aim of this contribution is to simulate a casting process with dispersed particles using the lattice
Boltzmann method. The casting is an important manufacturing process which includes many physical
phenomena such as free surface flow or heat transfer. Dispersed particles (fillers) are added into the cast
material to get better mechanical or optical properties. Within this contribution, the free surface flow
is simulated using the lattice Boltzmann method. The algorithm based on the volume of fluid (VOF)
method developed in [1] was adopted. Eulerian approach was used for the modelling of particles. The
particle concentration is described using the convection-diffusion equation, also discretized by the lattice
Boltzmann method. Because the size of the particles is considered much smaller then grid resolution, the
particle velocity differs from the fluid velocity. The coupling equation representing Newton’s second law
of motion is added to couple the particles with the fluid through the slip velocity, which represents the
difference between fluid and particle velocities [2]. The developed code based on the Eulerian description
of particles was benchmarked against the code based on Lagrangian description of particles developed
by the authors of this contribution [3] and also against in-house experimental measurements.
The authors appreciate the kind support by the grant GA 18-25734S ”Experimental and computational
modelling of free surface flow of non-Newtonian fluids with dispersed particles” of the Czech Science
Foundation.
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[2] Trunk R., Henn, T., Dörfler, W., Nirschl, H., Krause, M. J., Inertial dilute particulate fluid flow
simulations with an EulerEuler lattice Boltzmann method. J. Comput. Sci. (2016) 17:438–445.
[3] Heidler V., Bublı́k O., Lobovský L., Vimmr J, Modeling of Free surface Flow with Dispersed Particles Using The Lattice Boltzmann Method. Proc. ICNAAM 2019, Rhode Island, Greece (2019).
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When multiphase fluid flows over solid surfaces, the kinetics of the triple line (where the
interfaces between the two fluids and the solid meet) plays a decisive role. The molecular
kinetics model [1] based on the thermally activated surface diffusion of fluids, exhibits the
symmetry with respect to the direction of motion of the triple line. The model has been
implemented into the diffuse interface (phase field) framework [2, 3] and predictions are in
good agreement with the motion of advancing triple line (molten metal advancing against
nitrogen gas).
However, recent experiments with capillary flow of molten brazing alloy on
combination of wetting (metal) and non-wetting (ceramics) surfaces have yielded surprizing
results regarding the kinetics of the triple line, indicating that: (1) the symmetry between
advancing and receding triple line is broken, (2) the contact angle overshoots the equilibrium
contact angle indicating that the triple line kinetics should include a relaxation mechanism
(mathematically analogous to inertia), and, (3) once arrested, the triple line exhibits ageing, thus
breaking the translational symmetry of the kinetics model.
In this work, we first discuss the physical mechanisms behind the advancing-receding
triple line asymmetry, the triple line relaxation and the triple line ageing. When a dense liquid
advances against a gas by means of the surface diffusion on a solid surface, the molecule of
liquid overcoming the activation barrier, jumps directly into an empty lowest energy
configuration. In contrast, when the liquid is receding, the liquid molecule must jump into a
densely packed assembly of like molecule which must relax before the next activation step is
possible. Ageing occurs in a multicomponent fluid (molten alloy) when some components
diffuse towards a stationary triple line.
We then formulate the sharp interface and diffuse interface models for the triple line
kinetics. Finally, the models are implemented into the phase-field finite element model for
multiphase capillary flows. The predictions of the model are compared with experimental
results.
REFERENCES

[1] Blake, T.D, Haynes, J.M 1969 Kinetics of liquid/liquid displacement, J. Colloid Interface Science
30(3), 421-423.
[2] Fu. H., Dehsara, M., Krivilyov, M., Mesarovic, S.Dj. & Sekulic, D.P. 2016 Kinetics of the molten
Al-Si triple line movement during a brazed joint formation. J. Mater. Sci. 51(4), 1798-1812.
[3] Dehsara, M., Fu, H., Mesarovic, S.Dj., Sekulic, D.P. & Krivilyov, M. 2017 (In)compressibility
and parameter identification in phase field models for capillary flows. Theor. Appl. Mechanics
44(2), 189-214.

1717

Numerical
Ahmad
Amani,
Analysis
Eugenio
of Viscoelastic
Schillaci, Deniz
Fluid Kizildag
Injectionand
Processes
Carlos David Pérez-Segarra

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

NUMERICAL ANALYSIS OF VISCOELASTIC FLUID INJECTION
PROCESSES
Ahmad Amani1∗ , Eugenio Schillaci2 , Deniz Kizildag1 , Carlos David Pérez-Segarra 1
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This work presents a numerical framework aimed at simulating non-Newtonian liquid injection processes. The study of fluid injection with viscoelastic properties, such as synthetic polymers, is of great
importance in several industrial sectors, such as metallurgy, automotive, food and pharmaceutical products, ink jets, 3D printers, etc. In this sense, the modeling and simulation of processing operations is of
huge importance [1], which leads to a better understanding of how the rheological properties of different
non-Newtonian and polymeric fluids affect their processability and the quality of the final product, which
helps to reduce the time and costs related to the development of these processes and products.
In this work, a Geometrical Volume-of-Fluid (VOF) method is used to represent the interface, while
finite-volume discretizations of Navier-Stokes equations on collocated unstructured meshes are solved
through a fractional step method. The Generalized Newtonian Fluid (GNF) and viscoelastic rheological
models are used to resolve non-Newtonian behaviours. The employed implementations allows integrating different types of constitutive equations and stabilization approaches [2].
In the full length article, two validation cases will be discussed in details. The first one consists of
studying the colliding droplet problem [3] in case of viscoelastic fluids, to validate the process of dropletwall impact. The second one consists of solution of a Newtonian fluid jet with a low Reynolds number, to
validate the ability of the numerical tools in capturing the physics of the fluid jet inside a cavity. Besides,
the fluid buckling behaviour in non-Newtonian injection processes will be studied in details. It consists
of simulating the discharge of a polymer jet from an upper nozzle into an air-containing cavity, in which
toroidal oscillation phenomena might appear on the free surfaces.
REFERENCES
[1] E. Schillaci et al. Direct Numerical Simulation of Multiphase Flows with Unstable Interfaces. Journal of Physics: Conference Series, 745, (2016)
[2] A. Amani et al. A numerical approach for non-Newtonian two-phase flows using a conservative
level-set method. Chemical Engineering Journal, 385 (2020), pp. 123896.
[3] A. Amani et al. A Study on Binary Collision of GNF Droplets Using a Conservative Level-Set
Method.. 7th European Conference on Computational Fluid Dynamics (ECFD 7), 2018, Glasgow.
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Numerical simulations of gravitational planar liquid sheet flows, interacting with unconfined gaseous
environments located on both sides of the liquid phase, are performed through Volume-of-Fluid (VOF)
technique [1]. The global unsteady dynamics of the non-parallel flow is analyzed by perturbing the initial
steady configuration by means of a Gaussian bump in the transverse velocity component of relatively
very small amplitude, thereby exciting sinuous modes. Thanks to the development of a theoretical linear
one-dimensional model, more physical insights are gained on the flow system. From a physical point
of view, this model relates the sheet dynamics to transverse vibrations of tensional string forced by
terms containing the lateral velocity, and subjected to a total damping coefficient which can assume
negative values. The numerical simulations satisfactorily confirm the flow features predicted by the
model, with the velocity impulse perturbation splitting into two wave fronts traveling downstream with
the theoretical wave velocities. The crossing times over the entire domain length of such waves are
found to be in very good agreement with the almost constant spacing between the frequencies of the
eigenvalues spectrum. As already found by Girfoglio et al. [2] for the nappe configuration, the surface
tension plays a stabilizing role for the gravitational sheet, and for relatively high values of density ratio
rρ of gaseous-to-liquid phases it becomes unstable. The distribution of transverse velocity component of
the gaseous phase is argued to be the forcing term which leads the system towards the instability when,
for relatively high rρ , the total damping becomes negative. An analogy is shown between the global
unstable behavior exhibited by the liquid sheet as rρ increases, and the shear-induced global instability
found by Tammisola et al. [3] in the presence of surface tension.
REFERENCES
[1] S. Popinet, An accurate adaptive solver for surface-tension-driven interfacial flows, J. Comput.Phys.
228, 5838–5866 (2009).
[2] M. Girfoglio, F. De Rosa, G. Coppola and L. de Luca, Global dynamics analysis of nappe oscillation, J. Fluid Mech. 821, 219–247 (2017).
[3] O. Tammisola, F. Lundell and L. D. Soderberg, Surface tension-induced global instability of planar
jets and wakes, J. Fluid Mech. 713, 632–658 (2012).
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An interface between two immiscible fluids (denoted by 1 and 2 superscripts) acts as a source of vorticity
that generates thin vorticity layers. For two-dimensional flows with identical dynamical viscosity, the
vorticity flux at the interface depends on surface tension and density differences only [1, 2]. This works
discusses how this vorticity impacts the evolution of the interface itself. The Gerris Flow Solver [3] is
used to investigate this aspect throughout simplified problem examples. One problem we study, is the
interaction of a planar interface with a Lamb-Oseen vortex with circulation Γ0 initially placed in the light
fluid at distance d0 from the interface. If the vortex core size is small compared to d0 , the solution of
this problem essentially depends on a density ratio rρ ≡ ρ2 /ρ1 and the Reynolds and Weber numbers.
The vorticity production is studied at relatively high Reynolds numbers. For the monophasic case, the
interface acts like a passive tracer that rolls-up creating a spiral where the curvature at the tip increases as
κ ∼ t 3 . In the presence of surface tension but keeping rρ = 1, the vorticity production is approximately
symmetric but of opposite sign at both sides of the tip. Like in the classical Taylor-Culick problem the tip
retracts and a rim appears, this effect increasing as the Weber number is decreased. For We < 10 ≈ WeIc
it is no longer possible to define a rim and surface tension forces just prevent any interface roll up. The
Reynolds number does not alter significantly the interface shape. For Weber numbers below 10, the
dynamic response of the interface is similar in the presence of density differences. For Weber larger than
10, the response is significantly different in the presence of density differences. For very large Weber
numbers, the density ratio plays a critical role on the generation of vortex structures coming from the
roll-up of the vorticity layers generated by the interface as well as their destabilization. The roll-up
vortex stretches the interface creating very small interface structures, this phenomenon being extremely
sensitive to the Reynolds number. Numerical experiments reveal that when rρ > 1, it is possible to define
a second critical Weber number, WeII
c , below which surface tension effects become dominant over density
differences. In this regime, the interface rolls up but structures formed at the ligament tip are stabilized
by surface tension forces, the Reynolds number not playing a significant role on the interface structures
observed. The range of Weber numbers for this intermediate regime, strongly depends on density ratio.
REFERENCES
[1] Wu J.Z. A theory of three-dimensional interfacial vorticity dynamics. Phys. Fluids 7(10) 1995.
[2] Brøns M., Thompson M.C., Leweke T., and Hourigan K. Vorticity generation and conservation for
two-dimensional interfaces and boundaries. J. Fluid Mech. 758: 63-93, 2014.
[3] Popinet S. An accurate adaptive solver for surface-tension-driven interfacial flows. J. Comp. Phys.
228: 5838-5866, 2009.
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ABSTRACT
Turbulent transport processes are ubiquitous in various applications ranging from the engineering to the
geophysical context. The related turbulent flows are characterized by instationary and irregular fluid
motions on a broad range of scales. Consequently, bulk properties, like the heat transfer across a layer
of fluid or the maximum heat release in a reacting jet, crucially depend on the small-scale turbulent
dynamics. In fact, some open issues in the quantitative understanding of the mass, momentum, and
energy transport in these flows are related to intricate scale interactions. Therefore, reliable numerical
simulations have to account for the multi-scale nature of turbulence, either by resolving it directly or by
modeling it accurately. Both are challenging tasks.
The reliability and numerical feasibility of turbulent transport simulations is addressed here by state-ofthe-art but sometimes not so widely known map-based stochastic modeling strategies. These models aim
to resolve all relevant scales of a turbulent flow but within a dimensionally reduced setting. Turbulent
advection is in turn modeled by a stochastic process that addresses the fundamental differences between
turbulent and molecular-diffusive mixing processes.
With this Minisymposium we aim to present recent advances regarding the formulation and application
of map-based stochastic turbulence models in the form of stand-alone tools and the coupling to numerical
flow solvers. We want to bring together experts from the field in order to stimulate scientific exchange.
These contributors will cover a broad range of applications, for example, unbounded and wall-bounded
flows as well as flows with passive and active scalars. This may include thermal convection, chemicallyreacting, and electrohydrodynamic flows.
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The One-Dimensional Turbulence (ODT) model simulates along a 1D “line of sight” the time evolution
of a 3D turbulent flow under homogeneous conditions in the other two directions. The simulated profiles
of velocity and other fluid properties (such as temperature and scalar concentration) have important 3D
turbulence features due to a turbulence model (known as eddy event) that uses a stirring-related mapping
function and follows a physically-based probability density function. For that reason, ODT has been
successfully used to simulate different canonical and laboratory-scale flows, but the simulation wall
flows of large domain or high Reynolds number (such as the atmospheric boundary layer) requires a
distinct approach due to computational cost. A “large-eddy” version of ODT can be obtained by filtering
out the small scales, which requires the use of a subgrid scale model [1]. One option of subgrid scale
model is a one-dimensional version of the Smagorinsky eddy-viscosity model [2], in the form


ui 1/2
ui ∂
2 ∂
,
(1)
νSGS =(Cs 6∆)
∂z ∂z
1
1
1
=
+
,
(2)
Cs ∆ Cs,0 ∆ κ(z + z0 )
in which Cs is the Smagorinsky coefficient, ∆ is the ODT (fixed) grid size, ui is the resolved velocity
vector and z is the wall-normal (or vertical) coordinate. The use of 6∆ in (1) is due to the size of the
smallest eddy event, which represents the “resolved turbulence” in the model. A wall-damping function
is used for the Smagorinky coefficient in (2), in which κ = 0.4 is the von Kármán constant, z0 is the
ui /∂z is estimated from the law-of-theroughness height and Cs,0 = 0.1. For the lowest ODT grid point, ∂
wall for a rough flow, namely
κ
u∗
ui
∂
ui
, with u∗ =
=
(u2 + u22 )1/2
2
2
1/2
∂z
κ∆ (u1 + u2 )
ln(∆/z0 ) 1

(3)

for i = 1, 2 and d
u3 /dz = u3 /∆ (u∗ is the friction velocity). We show that grid independent results are
obtained in the simulation of the atmospheric boundary layer in both ODT stand-alone simulations and
when using ODT as a wall model for Large-Eddy Simulation.
REFERENCES
[1] Kerstein, A., and Wunsch, S. Simulation of a Stably Stratified Atmospheric Boundary Layer Using
One-Dimensional Turbulence. Boundary-Layer Meteorology (2006) 118:325–356.
[2] Freire, L.S. and Chamecki, M. A one-dimensional stochastic model of turbulence within and above
plant canopies. Agricultural and Forest Meteorology (2018) 250–251:9–23.
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The extended LES (XLES) family of models (introduced by the author [1]) are designed to describe
highly turbulent flows in domains of moderate complexity. A 1D model describes diffusive and turbulent
terms on small spatial scales down to the Kolmogorov scale with high computational efficiency while a
LES like numerical approach couples adjacent 1D models. In previous applications a One-Dimensional
Turbulence model (ODT) was used as the 1D model, leading to a ODTLES model (cf. [2], [3] and [4]).
To derive the governing XLES model equations from the incompressible Navier-Stokes equations requires an analysis of several spatial and temporal scales associated to different 1D model directions. This
leads to specific LES and 1D model terms and points to numerical requirements of the LES approach
(see [5]) and necessary physical characteristics of the 1D model.
REFERENCES
[1] Glawe, C. ODTLES: Turbulence modeling using a one-dimensional turbulence closed extended
large eddy simulation approach. Ph.D. thesis, (2015).
[2] Schmidt, R. C., Kerstein, A. R., McDermott, R., ODTLES: A multi- scale model for 3D turbulent
flow based on one-dimensional turbulence modeling. Comput. Methods Appl. Mech. Engrg. (2008)
199:865–880.
[3] Gonzalez-Juez, E. D., Schmidt, R. C., Kerstein, A. R. ODTLES simulation of wall-bounded turbulent flows. Phys. Fluids. (2011) 23:125102.
[4] Glawe, C., Schulz, F. T., Gonzalez-Juez, E. D., Schmidt, H., Kerstein, A. R. ODTLES simulations
of turbulent flows through heated channels and ducts. Proceedings of TSFP-8. Poitiers, France,
(2013).
[5] Glawe, C, Medina M., JA, Schmidt, H. IMEX based multi-scale time advancement in ODTLES. Z
Angew Math Mech. (2018) 98: 1907– 1923.
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The EMPM (Explicit Mixing Parcel Model) predicts the evolving in-cloud variability due to entrainment and finite-rate turbulent mixing using a 1D representation of a rising cloudy parcel (Krueger et al.
1997). The 1D formulation allows the model to resolve fine-scale variability down to the smallest turbulent scales (about 1 mm). The EMPM calculates the growth of thousands of individual cloud droplets
based on each droplet’s local environment. Our analyses of EMPM results address two fundamental difficulties that the large-eddy simulation (LES) approach faces when attempting to represent the effects of
entrainment and mixing on droplet microphysics. One is representing the subgrid-scale (SGS) variability of subsaturation and its impact on droplet size distribution (DSD) evolution. Another is accounting
for the finite rate of SGS mixing and therefore of droplet evaporation. We have used EMPM results to
characterize the evolution of the DSD due to entrainment and mixing events for a range of conditions.
We have also used the EMPM to quantify the dependence of the relative humidity time scale on droplet
evaporation, turbulent mixing, and droplet sedimentation time scales.
In the EMPM, turbulent advection of fluid is implemented by rearranging the fluid cells. Each permutation represents an individual turbulent eddy, and is called a “triplet map.” This implementation of the
triplet map captures flow processes as small as the smallest turbulent eddy (Kolmogorov microscale), but
the response of small droplets to turbulence has important features at scales as small as the droplet radius. Namely, droplet motion relative to the fluid at scales less than the Kolmogorov microscale induces
droplet clustering that is estimated to increase droplet collision rates significantly. We have developed
(Kerstein and Krueger 2006), implemented, and tested (Krueger and Kerstein 2018) a 3D triplet map for
droplets that captures this clustering effect. We have also implemented a collision detection algorithm
into the model, called ClusColl, so that we can simulate collisions and coalescence between finite-inertia
particles. There is excellent agreement between our results and DNS (direct numerical simulation) results for measures of droplet clustering and for collision kernels. There is good agreement with DNS
results for the coalescence growth of cloud droplets in turbulence.
REFERENCES
Kerstein, A. R., and S. K. Krueger, 2006: Clustering of randomly advected low-inertia particles: A
solvable model. Phys. Rev. E, 73, 025302.
Krueger, S. K., C.-W. Su, and P. A. McMurtry, 1997: Modeling entrainment and fine-scale mixing in
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Some aspects of the nature of turbulence are addressed in the research on electrohydrodynamic (EHD)
flows which may be divided into two categories. In the first category EHD effects do not affect the
flow although they may enhance specific properties of an application, like in EHD-enhanced heat exchangers [1]. In the second category EHD effects interact with the flow, like in the case of electrostatic
precipitators [2] or for the purpose of flow control [3]. Here, the electrokinetics and the flow are affected
by transient processes on all relevant scales so that robust, accurate, but also economical modeling strategies are required to tackle these flows. This is addressed here by utilizing the stochastic one-dimensional
turbulence (ODT) model [4], which we have extended to incorporate EHD effects.
We apply ODT to two cases from the second category but distinguish a limiting ‘adiabatic’ regime (electrical fields in equilibrium) from the fully-coupled regime. For the ‘adiabatic’ regime, we consider a
planar precipitator, which is given by a channel with wire electrodes in the mid plane. These electrodes
yield a spatially inhomogeneous background electrical field that couples to the free charges in the working fluid. For the fully-coupled regime, we consider a planar channel with moving walls held at different
voltages. The working fluid possess positive and negative ion species so that charge separation enables
electrical drift currents that may interact with the flow. Our results exhibit good to reasonable agreement
with available references data for the mean and low-order fluctuation statistics, respectively. Our results
furthermore suggest that it is important to capture the spatial structure of the electrical fields.
REFERENCES
[1] Ohadi, M.M., Nelson, D.A., Zia, S. Heat transfer enhancement of laminar and turbulent pipe flow via corona
discharge. Int. J. Heat Mass Transfer (1991) 34(4-5):1175–1187.
[2] Soldati, A., Banerjee, S. Turbulence modification by large-scale organized electrohydrodynamic flows. Phys.
Fluids (1998) 10(7):1742.
[3] Ostilla-Mónico, R., Lee, A.A. Controlling turbulent drag across electrolytes using electric fields. Faraday
Discuss. (2017) 199:159–173.
[4] Kerstein, A.R. One-dimensional turbulence: model formulation and application to homogeneous turbulence,
shear flows, and buoyant stratified flows. J. Fluid Mech. (1999) 392:277–334.
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An economical representation of effects of turbulence on the time-evolving structure of diffusive scalar
fields is obtained by introducing a hierarchical (tree) network connecting fluid parcels, with effects of turbulent advection represented by swapping pairs of sub-trees at rates determined by turbulence time scales
associated with the sub-trees [1]. The time scales are assigned based on inertial-range phenomenology.
The fluid parcels reside at the base of the tree. The tree structure partitions the fluid parcels into adjacent pairs (or more generally, p-tuples). Adjacent parcels intermix at rates governed by diffusion time
scales based on molecular diffusivities and parcel sizes. In the minimal treatment, mixing of newly adjacent parcels is instantaneous. This simple procedure efficiently accomplishes long-standing objectives of
turbulent mixing model development, such as generating physically based time histories of fluid-parcel
nearest-neighbor encounters and the associated spatial structure of turbulent scalar fields. A strategy
for implementing the method as a mixing sub-model like those commonly used in turbulent combustion
simulations is outlined.
By construction, the swapping procedure obeys the Richardson pair-dispersion scaling and reproduces
the inertial-range scaling of the power spectrum of advected scalars. An extension of the mixing rule
captures Sc dependences, including the Batchelor scaling of the high-Sc viscous-convective spectral
range and differential-diffusion effects in flows with scalars that have different molecular diffusivities.
The formulation involves a parameter controlling the tree structure that can be used to set the effective
spatial dimensionality, which need not be an integer and can be arbitrarily small, subject to practical
limitations. With the introduction of velocity components as well as scalars, this hierarchical parcelswapping (HiPS) formulation becomes a self-contained flow simulation, as illustrated by its application
to fully developed channel flow [2].
REFERENCES
[1] Kerstein, A. R. Hierarchical parcel-swapping representation of turbulent mixing. Part 1. Formulation and scaling properties. J. Stat. Mech. (2013) 153:142–161.
[2] Kerstein, A. R. Hierarchical parcel-swapping representation of turbulent mixing. Part 2. Application
to channel flow. J. Fluid Mech. (2014) 750:421–463.
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Clouds are one of the biggest unknowns in the climate system. This is especially true for mixed-phase
clouds (MPCs), which consist of liquid and ice hydrometeors. This coexistence enables the WegenerBergeron-Findeisen (WBF) process, which describes the growth of the ice phase at the expense of the
liquid phase, and results in an accelerated dissipation of MPCs by precipitation, with commensurate
impacts on the role of these clouds in the climate system.
We will present modeling results [1] employing the linear eddy model [2], an idealized dynamical driver
that represents fluid dynamics from the Kolmogorov scale to the scale of the largest entraining eddies, coupled to a highly detailed Lagrangian cloud microphysical model that represents aerosols, liquid
droplets, and ice crystals as individual particles [3]. By explicitly simulating the entrainment of cloudfree air and its subsequent mixing with the cloud, we identify two MPC inhomogeneous processes. The
first process addresses the nucleation of entrained aerosols to ice crystals, which is decelerated if the
mixing process is sufficiently slow. The commensurate lower ice crystal concentration is disadvantageous to WBF. The second process is caused by the finite rate transport of water vapor from the liquid
droplets to the ice crystals. An entrainment event may increase the distance between these particles, also
decelerating WBF. Since both effects counteract WBF, they may contribute to the longevity of MPCs
observed in the Arctic.
REFERENCES
[1] Hoffmann, F. Effects of Entrainment and Mixing on the Wegener-Bergeron-Findeisen Process. J.
Atmos. Sci. (2020) 77:2279–2296.
[2] Kerstein, A. R. A linear-eddy model of turbulent scalar transport and mixing. Combust. Sci. Technol.
(1988) 60:391–421.
[3] Hoffmann, F., Raasch, S., and Noh, Y. Entrainment of aerosols and their activation in a shallow
cumulus cloud studied with a coupled LCM-LES approach. Atmos. Res. (2015) 156:43–57.
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Accurate numerical representation of turbulent transport processes is crucial for many engineering applications but challenging due to the vast range of scales involved. For predictive numerical modeling,
it is not only important to resolve the relevant scales but also to represent the transport processes physically correct (e.g. advective versus diffusive transport). We address these requirements by utilizing the
map-based, stochastic one-dimensional turbulence (ODT) model [1]. ODT aims to represent all relevant
scales of a turbulent flow along a notional line-of-sight. Molecular diffusion and (Lagrangian) mean
advection are treated as deterministic processes, where as turbulent advection is modeled by a random
sequence of measure-preserving mapping events that are sampled from a stochastic process.
In this study, we numerically investigate one and two passive scalar mixing in turbulent jets. Planar and
round jet configurations are considered as canonical cases for spatially and temporally developing flows
frequently encountered in chemical engineering (e.g. [2]). We utilize a fully-adaptive ODT formulation
that has been extended recently to cylindrical configurations [3]. Our results suggest that ODT is able
to capture low-order flow statistics to a reasonable degree. We show that the mixing of a single passive
scalar is captured in terms of the mean, variance, and cross-stream turbulent transport and that it is
resolved down to the Batchelor scale [4]. Preliminary results for two scalar mixing in a round jet suggest
that the overall fidelity of the model is comparable to the planar case. We conclude that ODT provides
an accurate, robust, and economic framework for forward-modeling of turbulent mixing problems.
REFERENCES
[1] Kerstein, A.R. One-dimensional turbulence: model formulation and application to homogeneous
turbulence, shear flows, and buoyant stratified flows. J. Fluid Mech. (1999) 392:277–334.
[2] Cai, J., Dinger, M.J., Li, W., Carter, C.D., Ryan, M.D., and Tong, C. Experimental study of threescalar mixing in a turbulent coaxial jet. J. Fluid Mech. (2011) 685:495–531.
[3] Lignell, D.O., Lansinger, V.B., Medina, J., Klein, M., Kerstein, A.R., Schmidt, H., Fistler, M. and
Oevermann, M. One-dimensional turbulence modeling for cylindrical and spherical flows: model
formulation and application. Theor. Comput. Fluid Dyn. (2018) 32:495–520.
[4] Klein, M., Zenker, C., and Schmidt, H. Small-scale resolving simulations of the turbulent mixing
in confined jets using one-dimensional turbulence. Chem. Eng. Sci. (2019) 204:186–202.
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A persistent problem in simulating turbulent flows is treating their multi-scale nature. Only direct numerical simulation (DNS) resolves the full range of scales, but at high computational cost. RANS and LES
resolve large flow structures while modeling unresolved scales. This is challenging due to the complexity of the unresolved physical phenomena. For example, combustion involves many chemical species
with nonlinear reactions with interactions between molecular transport and turbulent strain. Most models consider parameterizations in state spaces that are often weakly representative of the actual physics
involved. Other areas of interest include near wall flows for heat and momentum transport in complex
geometry, and flows with differential diffusion, which is important in soot formation, for example.
Stochastic turbulence models, such as One-Dimensional Turbulence (ODT) [1], Linear Eddy Model
(LEM), and Hierarchical Parcel Swapping (HiPS) [2], address some of the simulation challenges. These
models resolve a full range of time and length scales in a physical space coordinate (at least for ODT
and LEM), as opposed to an abstracted parameterized state space, are computationally efficient, and
have been demonstrated with a wide variety of physical processes, such as flames, soot formation, and
multiphase flows. Configurations have focused on boundary-layer flows including jets, mixing layers,
and wall bounded flows. The ODT and LEM models have been extended to three dimensional flows in
various ways, including as subgrid models coupled to LES.
In this paper, we present an overview of ODT, LEM, and HiPS, providing context for other studies
presented. We provide results of the application of ODT to reacting flows of combustion and soot formation. We also present extensions of the relatively recent HiPS model to reacting flows and flows with
variable Schmidt numbers. Validation results demonstrating scalar energy spectra are presented along
with application to soot formation. These results are exciting as they provide a significant improvement
over existing mixing models used in, e.g., PDF transport methods, and can be used as a direct plug-in
replacement for these mixing models. A third application demonstrated is near wall treatment of heat
and momentum transfer. Finally, we discuss opportunities and ongoing work on advancing these models.
REFERENCES
[1] D.O. Lignell, V.B. Lansinger, J. Medina, M. Klein, A.R. Kerstein, H. Schmidt, M. Fistler, M.
Oevermann, “One-dimensional turbulence modeling for cylindrical and spherical flows: model
formulation and application,” Theor. Comp. Fluid Dyn. (2018), 32:495-520.
[2] A.R. Kerstein, “Hierarchical parcel swapping representation of turbulent mixing. Part 1. Formulation and scaling properties,” J. Stat. Phys. (2013), 153:142-161.
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Normally, the multi-scale phenomenology of turbulence is treated numerically by the filtering of the
small scales. Nonetheless, the statistical treatment of turbulence also allows the determination of statistical moments of the flow by resorting to a large variety of models. One of these models is the OneDimensional Turbulence (ODT) [1].
When discussing internal forced convection flows, two widely applicable cases can be mentioned: incompressible flow with constant fluid properties, and low Mach number flows with heat transfer and
variable fluid properties. Focusing on flows with one homogeneous dimension, i.e., pipes or channel
flows, these cases are presented based on the applicable divergence condition of the velocity field. This
condition grants the flow a dominant 1-D or 2-D character, giving the one-dimensional assumption of the
turbulence more, or less accuracy, respectively. This is a geometric analysis. However, the 1-D character
of the turbulence may also arise from a parametric analysis, depending on the number of nondimensional
parameters governing the relation between the small and large scales, e.g., the skin friction coefficient.
Various examples regarding how the ODT model can be applied in the two cases at discussion are provided. Results presented in [2, 3] are reinterpreted with the purpose of the discussion presented here.
In comparison to the reference DNS results [4, 5], ODT is capable of reasonably reproducing some statistical moments with a minimum degree of empiricism at only a fraction of the computational cost. In
what could maybe be considered as an advantage in comparison to DNS, some concepts obtained by the
consistent modeling of the flow in ODT could offer fundamental insights into the dynamics of turbulence.
REFERENCES
[1]

A. R. Kerstein, One-dimensional turbulence: model formulation and application to homogeneous turbulence,
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[5]

C. Chin, J. P. Monty, A. Ooi, Reynolds number effects in DNS of pipe flow and comparison with channels
and boundary layers, Int. J. Heat Fluid Flow 45 (2014) 33-40.

1733

1734

MS Organizer(s):
Modelling
of atomization,
Stephane
breakup
Zaleski,and
Shiyi
fragmentation
Chen, Junji Shinjo
of fluids
and Gretar
Tryggvason

Modelling of atomization, breakup and fragmentation of
fluids
MS Organizer(s): Stephane Zaleski, Shiyi Chen, Junji Shinjo and Gretar
Tryggvason

1735

1736

MS411 - Modelling
Stephane
Zaleski, Shiyi
of Atomization,
Chen, Junji Shinjo
Breakup
and
and
Gretar
Fragmentation
Tryggvasonof Fluids

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19- 24, 2019, Paris, France

MINISYMPOSIUM ON MODELLING OF ATOMIZATION, BREAKUP
AND FRAGMENTATION OF FLUIDS
TRACK NUMBER 600, 300 , 1400
*
,
††
STÉPHANE ZALESKI , SHIYI CHEN** JUNJI SHINJO
AND GRETAR
†
TRYGGVASON

*

Sorbonne Université
Paris, France
stephane.zaleski@sorbonne-universite.fr
**Southern University of Science and Technology
Shenzhen, 518055 China
chensy@sustech.edu.cn

††

Shimane University
Shimane, Japan
jshinjo@ecs.shimane-u.ac.jp
†

Johns Hopkins
Baltimore, Md, USA
gretar@jhu.edu

Key words: Atomization, Breakup, High Performance Computing;

ABSTRACT
The atomization and fragmentation of spray, droplet and bubbly flows poses remarkable
challenges to simulation and computation. Typical flows range in scale from that of the vessel
in which the flows are confined (tens of cm) to that of the smallest structures that need to be
resolved, such as thin liquid or gas sheets, droplets and ligaments (microns or less). Despite
its difficulty, the computation of such flows is of great importance in industry and the natural
sciences. In combustion technology, the burning of liquid fuels is controlled by the droplet
sizes and velocities in the combustion chambers. In the oceans, breaking waves produce
sprays and bubbles that control the mass and heat exchanges with the atmosphere. Many other
applications abound, in process engineering, biology, modern manufacturing etc.
The session will bring together a broad range of scientists, including those that develop
methods, those that adapt them for computational efficiency and those that systematically use
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them for developing our understanding of the flows. The breaking and atomizing flows have
inspired the development of methods such as Volume of Fluid (VOF) methods, Lattice
Boltzmann methods, Level Set (LS) methods and Front Tracking (FT) methods with
topology changes. They perform best for complex multiscale flows when coupled with AMR
strategies or multiscale methods that take into account local slender structures. Finally
engineers and physicists have been using them extensively to analyze typical bubbly or
droplet flows with sometimes very intense use of current computer resources, ranging up to
the tens of millions of hours of CPU.
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This study focuses on a description of droplet sizes, created as a result of capillary-induced breakup of
ligaments. Direct numerical simulations of air-water systems are employed by solving the two-phase
Navier-Stokes equations (axisymmetric) on adaptive octree grids [2], using the VOF methodology coupled with height function based curvature modeling. Breakup of individual ligaments are triggered by
initial surface corrugations, the dynamics of which are deterministic. Stochasticity is introduced in the
mix by conducting an ensemble of simulations of slender corrugated ligaments, each realization corresponding to a random but unique initial conﬁguration. Probability density functions of the droplet sizes
are computed for different ensemble sizes. These results (ﬁg. 1) combining the effects of stochasticity
with the capillarity-driven non-linear dynamics facilitate our understanding of the nature of drop size
distributions encountered in realistic and complex ﬂuid fragmentation scenarios.
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Figure 1: Probability Density Functions of droplet sizes. The Gaussian and Log-Normal curves are not
ﬁtted to the histograms, instead, they are computed using the mean and variance of the original dataset
(≈ 64, 000 drops). The gamma distributions as proposed in [1] are plotted using ’n’ corresponding to the
best ﬁt. Inset: Error scales by N −1/2 , N being the size of the ensemble of realizations.
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Two-phase computational fluid dynamics (CFD) simulations are often used to study the loads on container structures induced by violent liquid motion inside it, also known as sloshing [5]. Well-established
incompressible flow methods are often used to model low Mach number slosh cases, such as a previous
study on aircraft fuel tank structures [1]. However, under certain flow conditions such as wave impact,
the gas compressibility effect significantly influences loads experienced on container structures [2]. In
this work we employ a Volume-of-Fluid (VOF) method in a vertex-centered, edge-based framework [4]
with a weakly compressible formulation [3] to allow for density changes in the gas phase. The loads experienced on rigid structures are measured and compared to traditional incompressible flow approaches
along with the impact on computational performance.
REFERENCES
[1] F. G AMBIOLI , L. M ALAN , A. M ALAN , M. NARRAWAY, ET AL ., Cfd analysis for fuel tank design of
large civil aircraft, in The 29th International Ocean and Polar Engineering Conference, International
Society of Offshore and Polar Engineers, 2019.
[2] J. A. H EYNS , A. G. M ALAN , T. M. H ARMS , AND O. F. OXTOBY, A weakly compressible freesurface flow solver for liquid–gas systems using the volume-of-fluid approach, Journal of Computational Physics, 240 (2013), pp. 145–157.
[3] J. A. H EYNS , O. F. OXTOBY, AND A. G. M ALAN, A weakly compressible formulation for modelling liquid-gas sloshing, (2012).
[4] O. F. OXTOBY, A. M ALAN , AND J. A. H EYNS, A computationally efficient 3d finite-volume scheme
for violent liquid–gas sloshing, International Journal for Numerical Methods in Fluids, 79 (2015),
pp. 306–321.
[5] S. R EBOUILLAT AND D. L IKSONOV, Fluidstructure interaction in partially filled liquid containers:
A comparative review of numerical approaches, Computers and Fluids, 39 (2010), pp. 739 – 746.

1740

Josef M. Winter,
Numerical
Investigation
Jakob W.ofJ.Water
Kaiser,Drop-Breakup
S. Adami and Mechanisms
N. Adams Using a Compressible Level-Set
Method
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

NUMERICAL INVESTIGATION OF WATER DROP-BREAKUP
MECHANISMS USING A COMPRESSIBLE LEVEL-SET METHOD
Josef M. Winter1 , Jakob W. J. Kaiser1 , Stefan Adami1 and Nikolaus A. Adams1
1

Technical University of Munich, Boltzmannstr. 15, 85748 Garching, Germany

Key Words: Aerodynamic fragmentation, Sharp-Interface, Numerical Simulation
Aerodynamic fragmentation describes the breakup of a drop into smaller fragments due to an ambient
flow field. It can be observed in additive manufacturing processes or environmental phenomena such as
rain drop splattering on aircrafts. Depending on the fluid properties of the drop and the external flow
field, different breakup modes can occur [2]. High fidelity numerical simulations help to understand the
underlying physical mechanisms in the different breakup regimes.
We present numerical simulation results of the shock-induced breakup of a water cylinder in air. We
focus on the developing interfacial instabilities and on the interaction between the ambient flow field and
the cylinder. The compressible Navier-Stokes equations are discretized with a finite volume approach
and low dissipative, high-order WENO schemes [1]. The interface dynamics are described by a level-set
based sharp-interface model with conservative interface interaction.
The late-stage deformation of the water cylinder is shown in figure 1 for three different Weber numbers.
The high Weber number breakup (left) is characterized by shear-induced entrainment (SIE). Shear instabilities grow at the interface and form the sheet which is characteristic for SIE. For low Weber numbers
(right), breakup occurs in the Rayleigh-Taylor piercing (RTP) regime with a bag-like deformation of
the cylinder. A multi-mode breakup regime (middle) represents the transition between SIE and RTP.
The interplay between the dominating instability mechanisms leading to the different breakup modes is
analyzed in detail both quantitatively and qualitatively and will be presented in this work.
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Figure 1: Shock-induced breakup of a water cylinder for We=38939 (left), We=16 (middle) and We=10 (right).
Black line: Interface contour. Upper half: Numerical schlieren. Lower half: Streamwise velocity.
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When simulating high Reynolds number two-phase flow, boundary layers develop at the interface, which are much thinner compared to the capillary length-scales that are of interest. Resolving such an interface boundary layer is expensive and therefore it is often not resolved in a
simulation.
Numerically such an underresolved interface boundary layer results in a velocity discontinuity
tangential to the interface. We propose to include such tangential velocity discontinuities in our
numerical model. This results in a sharp two-fluid model for two-phase flow, where only the
interface-normal component is smooth. The latter condition is implicitly enforced via a new
jump condition on the pressure gradient, which we discretize using a multidimensional variant
of the ghost fluid method [4].
Results are shown of breaking waves [1] as well as (breaking) waves impacting a solid wall [2]
where we compare to state-of-the-art methods [3]. We show that our proposed method is able
to accurately simulate high Reynolds number two-phase flow without the need for resolving, or
artificially thickening, of the interface boundary layer.
References
[1] Deike, L., Popinet, S., and Melville, K. (2015). Capillary effects on wave breaking. Journal
of Fluid Mechanics, 769:541–569.
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Tryggvason, G., and Zaleski, S. (2018). A momentum-conserving, consistent, Volume-ofFluid method for incompressible flow on staggered grids. arXiv preprint:1811.12327.
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Spray autoignition behaviour is numerically investigated using a tuning-free turbulent
atomization model proposed by us [1,2]. Sprays injected into the high-temperature ambient air
under Diesel engine injection conditions are considered with evaporation and reaction effects.
The turbulent atomization model has been validated for cold flow sprays [2], and extended to
evaporative and reactive cases in this study.
Early spray development is well predicted by the present method [3]. Since many droplets
are generated and they surround the liquid core, only droplets in the outer edge region evaporate
due to the high-temperature ambient air. The droplets relatively inside do not evaporate and the
air in this region is cooled by the droplets. This mechanism makes a triple-layer (cold inner
layer, hot outer layer and vaporisation layer in between) over the liquid core. This structure
keeps its shape toward downstream until the liquid core finally breaks up, therefore it is
important to predict the liquid core behaviour. In the reactive cases, heat release near the spray
changes the flow properties, especially the kinematic viscosity, and the flow motion is more
induced by the spray. This finally enhances the spray core breakup, which therefore indicates
that predicting the spray dynamics accurately is important. Multi-step chemistry predicts more
accurate combustion behaviour including two-step behaviour of low-temperature oxidation and
hot combustion.
It has been demonstrated that the present method is good for predicting spray dynamics and
it will be extended to aircraft-engine configuration and higher-pressure cases.
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Liquid atomization is a complicated physical process that is ubiquitous in nature and engineered systems.
In the past several decades, the ability to simulate these systems using computational fluid dynamics has
been steadily improving. In these simulations, geometric volume of fluid methods are often used to
represent the multiple fluid phases due to their superior volume conservation abilities. These methods,
however, have historically struggled with representing thin liquid structures, affecting their ability to accurately predict droplets generated during primary atomization. Recently, we developed a new interface
reconstruction method, R2P, capable of representing arbitrarily thin liquid sheets irrespective of local
mesh resolution. Its use led to significant improvements in generating and capturing bag-breakup events
seen in accompanying air-blast atomization experiments performed as part of a multi-disciplinary university research initiative funded by the U.S. Office of Naval Research. Now that these thin structures
can be captured in a volume of fluid framework, the next step towards improving droplet predictions is
modeling the physics of thin films and their breakup. First, we will show the potential of sub-grid scale
(SGS) thin film modeling in the context of R2P by demonstrating the ability to capture Bond number
dependent rebound in drop-drop collisions. We will then go on to model the process of bag-breakup in
primary atomization by creating physics-based SGS models for thin liquid film breakup. In particular,
we aim to generate bimodal droplet distributions from the breakup of SGS liquid sheets. The work will
be performed using R2P as implemented in the open-source Interface Reconstruction Library (IRL) and
the NGA flow solver.
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ABSTRACT
Quantitative analyses of blood flow dynamics play a major role in diagnostics and treatment
planning of cardiovascular disease. Hemodynamics phenomena can be assessed in vivo with
medical imaging or by image-based models, either in silico (computational) or in vitro
(experimental). In vivo imaging techniques, such as phase-contrast MRI (4D Flow MRI) are
capable of providing time-resolved, three-directional velocity fields [1], however 4D Flow MRI
can be affected by limited spatiotemporal resolution and velocity dynamic range, as well as
image artefacts and noise. In silico models provide superior resolution but rely on assumptions
and simplifications that may affect the fidelity of the results.
Imaging and modelling approaches have different source of errors and biases; however, these
approaches provide complementary results and information, which can be combined to improve
the accuracy of flow-derived variables linked to cardiovascular disease. Recent advancements
in both imaging and computational methods allowed substantial progress in subject-specific
flow analysis [2], however there is still a gap between these approaches, as well as a lack of
communication between the MRI and computational modelling communities. Bringing
together the experts in both fields will facilitate collaboration and development of multimodality methods for hemodynamic analysis, including computational approaches towards
patient-specific hemodynamics [3].
In this minisymposium, we propose to gather a set of experts to address the advantages and
limitations of the different flow quantification modalities, to discuss state-of-the-art techniques
in image-based modelling and to consider novel methods for integrating imaging and modelling
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data. In particular, we welcome contributions addressing the applications of artificial
intelligence (AI) based methods for analysis/post-processing of imaging data in order to provide
input into computational models, thus using data-driven computations for patient-specific
treatment planning. The large amount of imaging and modelling data now available to
researches makes machine-learning and AI approaches to multi-modality analyses of blood
flow a feasible and promising direction of research.
The topics of the minisymposium include but are not restricted to:
¥
¥
¥
¥
¥
¥

Image-based computational fluid dynamics (CFD) models of cardiovascular flow
Computational tools for multi-field (e.g., fluid–structure) patient-specific modelling
Comparison and synthesis of flow imaging and computational results
Verification and validation of imaging and numerical flow fields
Algorithms for denoising and improving flow imaging data
Machine-learning methods for enhancing flow imaging and analysis
REFERENCES
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Aneurysmal flow reconstruction by multi-modality data fusion
with sparse representation
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4D flow magnetic resonance imaging (MRI) allows for in vivo time-resolved volumetric
velocity measurement for cardiovascular diagnostics. However, the limited spatial resolution
of the 4D flow data can lead to errors in the analysis of hemodynamic metrics such as flow
rates, pressure, and wall shear stress (WSS). In this study, a multi-modality data fusion method
is introduced, where high-resolution modelling data is used to reconstruct aneurysmal flow field
from low-resolution 4D flow MRI data. A flow library was built based on the high-resolution
velocity fields acquired from in vitro or in silico modalities, e.g., particle image velocimetry
(PTV) and computational fluid dynamics (CFD). For each cardiac phase of the 4D flow MRI
data, a sparse representation of the flow field was obtained using LASSO regression [1], and
the high-resolution flow field was reconstructed as the linear combination of the library modes.
The method is schematically shown in Fig. 1. This data fusion method was validated by
performing a cross-modality flow reconstruction for a basilar tip aneurysm imaged with
MRA/MRI. The CFD results were employed as the benchmark, from which an artificial 4D
flow MRI dataset was created via downsampling and voxel-averaging with a voxel size of
1.25 × 1.25 × 1.3 𝑚𝑚𝑚𝑚3 . The PTV measurement in the aneurysm model was used to create the
flow library. The results suggest that the flow reconstruction recovered the high-resolution
velocity distribution with a voxel size of 0.3 × 0.3 × 0.3 𝑚𝑚𝑚𝑚3 , while maintaining the same
flow structure as the 4D flow MRI data. The error in the median of the reconstructed velocity
magnitudes compared to the benchmark value was only 4% relative to the interquartile range
(IQR) of the distribution. With the reconstructed flow fields, the accuracy of pressure
calculation was significantly improved compared to the direct calculation from MRI data. The
error in the median of calculated pressure was reduced by as much as 60%.

Fig. 1 Schematic of the aneurysmal flow reconstruction using sparse representation. The histograms of
reconstructed velocity manigitudes and calculated pressure values were similar to the benchmark distributions.

REFERENCES
[1] J. L. Callaham, K. Maeda, and S. L. Brunton, “Robust flow reconstruction from limited

measurements via sparse representation”, Physical Review Fluids, vol. 4, no. 10, 2019.
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Regions of the aortic arch affected by an aneurysm or dissection may require surgical
intervention using vascular grafts, which includes a means of re-perfusing the supra-aortic
branch vessels, comprised of the left subclavian artery, left common carotid artery, and
innominate artery. During open surgical repair, it is crucial that the chosen graft configuration
promotes physiological perfusion, to prevent ischaemic neurologic and cardiac events. It is
clear, therefore, that enhanced understanding of perfusion in patient-specific cases is critical to
improving clinical practice and patient outcomes.
In this work, a patient-specific aortic arch was obtained through 4-dimensional magnetic
resonance imaging (4D-MRI). Upon reconstruction of the data, a computational model of the
arch was then investigated via computational fluid dynamics on ANSYS Fluent®. To create
physiologically realistic boundary conditions, the zero dimensional, three-element Windkessel
(3EWM) model was coupled to the 3-dimensional geometry at each outlet. Through
implementation of different resistance and compliance parameters to represent the peripheral
vasculature, simulation of a range of downstream conditions was possible. These
computationally efficient boundary conditions do not require any prior knowledge or
specification of pressure or flow rate at the outlets and can be validated with the 4D-MRI.
In addition to analysis of the division of flow through each outlet, other parameters under
investigation include time averaged wall shear stress (TAWSS), oscillatory shear index (OSI),
and pressure distribution. These are clinically significant in the case of open surgical vascular
grafts as an abnormal wall shear stress distrubtion can increase the risk of graft failure through
platelet activation, thrombosis, and focal development of post-surgical intimal hyperplasia.
To conclude, a patient specific computational model derived from 4D-MRI was created and
coupled with physiologically realistic Windkessel boundary conditions. This allowed
prediction of blood flow through different branches of the aortic arch, permitting optimisation
of peripheral organ perfusion, minimising the long-term risk of neurologic and cardiac events.
Acknowledgements: This work is supported in part by the University of Strathclyde Centre for
Doctoral Training in Medical Devices and Health Technologies, project (EP/LO15595/1) and
the European Union’s Horizon 2020 research and innovation programme, under the Marie
Skłodowska-Curie grant agreement No 749185

1750

Imaging Schnell
Susanne
Cerebraland
Hemodynamics
Maria Aristova
with 4d Flow Mri
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Imaging Cerebral Hemodynamics with 4D Flow MRI
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Significance: Time-resolved Phase-Contrast (PC) Magnetic Resonance Imaging (MRI) enables
the non-invasive evaluation of hemodynamics without the administration of contrast agent. The
most advanced application of PC-MRI, 4D flow MRI allows 3D visualization of blood flow
patterns and quantification of 3D hemodynamic parameters. 4D flow MRI provides valuable
diagnostic information for the evaluation of various vascular diseases [1, 2].
Methods: PC-MRI is sensitized to flow by using a series of bipolar gradients to affect the phase
signal of moving spins [3], and with ECG gating can measure time-resolved blood flow
velocities. 2D acquisition can be extended to 3D with 3-directional velocity encoding (4D flow
MRI). 4D flow MRI allows visualization and quantification of hemodynamics such as peak
velocity, flow rate, pressure gradient, wall shear stress, and pulsatility indices.
Applications: Studying hemodynamic alterations is integral to understanding cerebrovascular
disease, potentially improving diagnostic capabilities and therapeutic planning. Abnormal
blood flow patterns may contribute to disease progression [4, 5, 6]. In areas with complex vessel
geometry (e.g. bifurcations or post-stenotic regions), blood flow patterns may be neither
laminar nor turbulent, which can induce shear force alterations, endothelial dysfunction, and
thus promote disease via vascular remodeling [7].
4D flow MRI has been applied in multiple studies [2] to qualitatively and quantitatively study
intracranial aneurysm blood flow for potential rupture risk stratification. Other applications
include assessment of the global hemodynamic impact of intracranial atherosclerotic (ICAD)
disease [8, 9] and arteriovenous malformations [10]. Outlook for this method includes lumpedparameter models and other quantitative investigation of lesion impact on the intracranial
vasculature.
Conclusions: MRI flow imaging allows non-invasive in-vivo acquisition of blood flow in the
human body enabling quantification of hemodynamic parameters, which have the potential for
disease outcome prediction or treatment monitoring.
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Introduction: Single ventricle palliation requires the use of a vascular graft to connect the
inferior vena cava (IVC) to the pulmonary arteries. While this procedure typically employs
prosthetic grafts, tissue engineered vascular grafts (TEVGs) offer a promising alternative, as
they possess the ability to grow and remodel. The propensity for TEVGs to stenose, however,
impedes their acceptance as an industry standard. Histological analysis revealed this
narrowing to largely be the result of interstitial growth and deformation. Here, we study the
role of hemodynamics in stenosis formation through the use of computational fluid dynamics
and the ovine surrogate model. We incorporate tissue thickness as obtained by intravascular
ultrasound (IVUS) into fluid-structure interaction (FSI) simulations.
Methods: Juvenile lambs were imaged via MRI, intravascular ultrasound (IVUS) and
angiography. Anatomic models of the vessel lumen, native vessel wall, and TEVG region
were reconstructed for each animal at one and 6-weeks post TEVG implantation via
SimVascular. Image registration techniques were used to combine MRI and IVUS
measurements in order to capture intimal thickening that led to TEVG stenosis. We
performed subject-specific FSI simulations using the Arbitrary Lagrangian Eulerian method,
in which both the vessel wall material properties and zero-dimensional boundary parameters
were tuned to match in-vivo deformation, flow, and pressure data. Pre-stress was incorporated
iteratively as described in [1] and external tissue support was accounted for [2].
Results & Conclusions: 3D anatomical models of TEVG thickness allowed for a more
thorough analysis of hemodynamic-driven changes. Results suggest wall shear stress
mediates the TEVG’s transition from a relatively uniform graft coated in a thin layer of
thrombus to an extremely asymmetrical graft with stenosis consistently occurring near the
distal anastomoses. Within six weeks of TEVG implantation, stenosis formation caused a
73% to 88% reduction in lumen cross-sectional area. A conical area reduction emanating
from the stenosis to the high IVC connection was met by a dramatic shift in pressure and
spikes in wall shear stress.
REFERENCES
[1] M. C. Hsu and Y. Bazilevs, “Blood vessel tissue prestress modeling for vascular
fluidstructure interaction simulation,” Finite Elem. Anal. Des., vol. 47, no. 6, pp. 593–
599, 2011.
[2] P. Moireau et al., “External tissue support and fluid-structure simulation in blood
flows,” Biomech. Model. Mechanobiol., vol. 11, no. 1–2, pp. 1–18, 2012.
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UNCERTAINTY QUANTIFICATION OF HEMODYNAMIC FLOWS
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In standard approaches, the quantification of clinically relevant parameters in intracranial blood flow
is impaired by either noisy measurement data or uncertain numerical simulations. The current study
uses data assimilation for the estimation of those parameters and improves raw Phase-Contrast Magnetic
Resonance Imaging (PC-MRI) data of complex geometries by combining them with numerical flow
simulations. The use of such simulations introduces physical constraints into the measurement data and
ensures a more sophisticated investigation of intracranial flow.
Correct quantification of the numerical model uncertainty, as well as the measurement uncertainty is
needed to calculate an improved state estimate for a desired time point within the cardiac cycle. An
ensemble of Computational Fluid Dynamics (CFD) simulations is propagated forward in time to estimate
the background error covariance matrix, before calculating the analysis state estimate. The standard
ensemble Kalman filter (EnKF) is extended by a localization approach and smoothing step. This reduces
the number of ensemble members significantly and takes observations later in time into account for local
analysis calculations [1, 2].
With the use of a transient data assimilation approach, the physical correctness of velocity state estimates
in complex intracranial geometries is improved and the sensitivity of different parameters in the data
assimilation experiment is investigated. Quantities that originally can not directly be measured by PCMRI acquisition (e.g., wall-shear-stress and pressure) can be calculated by the data assimilation step
and quantified in terms of uncertainty. In contrast to one single CFD simulation, the uncertainty can be
specified by using the variance of the calculated analysis ensemble. Additionally, uncertain initial and
boundary conditions are corrected with the direct incorporation of 4D PC-MRI measurement data.
REFERENCES
[1] Harlim, J. and Hunt, B.R. Four-dimensional local ensemble transform Kalman filter: Numerical
experiments with a global circulation model. Tellus A (2007) 59:731–748.
[2] Nerger, L., Schulte, S. and Bunse-Gerstner, A. On the influence of model nonlinearity and localization on ensemble Kalman smooting. Q. J. R. Meteorol. Soc. (2014) 140:2249–2259.

1753

1754

Multiscale
MS
Organizer(s):
and multiphase
Hrvoje Jasak
flows
and Holger Marschall

Multiscale and multiphase flows
MS Organizer(s): Hrvoje Jasak and Holger Marschall

1755

1756

MS240 -Jasak
Hrvoje
Multiscale
and Holger
and Multiphase
Marschall Flows

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July19- 24, 2020, Paris, France

MULTISCALE AND MULTIPHASE FLOWS
TRACK NUMBER 300 / 600
PROF. DR. SC. HRVOJE JASAK*, DR.-ING HOLGER MARSCHALL†
*

Faculty of Mechanical Engineering and Naval Architecture
University of Zagreb,
Ivana Lucica 5, 10000 Zagreb, Croatia
E-mail: hrvoje.jasak@fsb.hr
Website: https://foam-extend.fsb.hr/about-us/hrvoje-jasak/
†

Mathematical Modeling and Analysis,
Technical University Darmstadt,
Alarich-Weiss Straße 10, D-64287 Darmstadt, Germany
E-mail: marschall@mma.tu-darmstadt.de
Website: www.holger-marschall.info

Key words: Computational Multiphase Flow, Computational Fluid Dynamics.
ABSTRACT
Considering the vast importance of multiphase flows in various applications ranging from
medicine to aeronautics and the growing importance of Computational Fluid Dynamics in
multiphase flows, we intend to organise a mini-symposium as a part of WCCM-ECCOMAS
2020 Congress.
This mini-symposium shall focus on numerical methods with emphasis on recent
developments, new research ideas, techniques, and directions in the field of Multiphase
Computational Fluid Dynamics and Transport Phenomena. It is on advanced numerical
techniques and methods as well as rigorous modelling with emphasis on multiphase flows as
part of Multiscale and Multiphysics Systems.
We seek to keep the mini-symposium focused on advanced methodologies, concerned with
scale-bridging approaches for numerical simulations of multiscale transport problems in
multiphase systems. For example, this includes approaches to cope with flow regime
transition (dispersed vs. segregated flow) in industrial scale multiphase flow, but also – at the
other end of the scale range – hybrid atomistic continuum methods, where Molecular
Dynamics is coupled to continuum physics so as to resolve detailed physics at contact lines in
wetting processes at microscale.
Contributions to this mini-symposium should in particular focus on central numerical aspects
such as conservation, accuracy, fidelity, boundedness, stability, convergence, etc. and/or
computational costs, parallelization, efficiency, implementation complexity etc.
The topic of this mini-symposium is aligned with foci of the collaborative research centres
CRC 1194 "Interaction between Transport and Wetting Processes" and CRC-TRR 150
"Turbulent, Chemically Reactive, Multi-Phase Flows near Walls" of the German Research
Foundation (DFG). There is the possibility for reimbursement of travelling expenses of the
keynote speaker.
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WCCH is a fluid mechanics solver based on high-order (WENO) finite volumes on an adaptive cartesian grid[1],
currently being developed by the LHEEA laboratory of the École Centrale de Nantes and by Nextflow Software.
Originally formulated as an explicit weakly-compressible solver, an incompressible formulation was added[2],
employing Chorin’s projection scheme[4] and using the PETSc library[5] for computing the pressure field.
The present work focuses on the implementation of a method for simulating multiphase flows in the incompressible formulation. The Level-Set method[3] is used for tracking the interface between the different phases. The
projection method is modified to account for the discontinuity in fluid properties at the interface, and methods for
efficiently updating the solution matrices are investigated. Further improvements to the basic method are considered and tested. High order reconstruction methods (WENO) for solving the Level-Set transport equation are
compared with a lower order reconstruction, and the advantages in terms of mass conservation are considered.
The method is then tested on cases of academic and industrial interest.

Figure 1: The code is tested on a 2D dambreak test case. The figure reports instants t=0.125 and t=0.875 of the simulation.

REFERENCES
[1] P. Bigay & A. Bardin, & G. Oger, & D. Le Touzé, (2014). A Cartesian Explicit Solver for Complex Hydrodynamic Applications. Proceedings of the International Conference on Offshore Mechanics and Arctic
Engineering - OMAE. 2. 10.1115/OMAE2014-24680.
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CFD MODELING OF TWO-PHASE FLOWS IN CONCRETE CRACKS
Germain Davy*1,2,3, Etienne Reyssat3, Stéphane Vincent2 and Stéphane Mimouni1
R&D Division, Electricité de France (EDF), 6 Quai Watier, 78401 Chatou Cedex, France,
germain.davy@edf.fr, stephane.mimouni@edf.fr, http://www.edf.fr
2
Laboratoire de Modélisation et Simulation Multi-Echelle (MSME), CNRS, Université Paris-Est
Créteil, Université Paris-Est Marne-la-Vallée, 5 Boulevard Descartes, 77454 Marne-la-Vallée
Cedex 2, France, stephane.vincent@u-pem.fr, http://msme.u-pem.fr
3
Laboratoire de Physique et Mécanique des Milieux Hétérogènes (PMMH), CNRS, ESPCI Paris, PSL
Research University, Sorbonne Université, Université Paris Diderot, 7 Quai Saint-Bernard, 75005
Paris, France, etienne.reyssat@espci.fr, http://www.pmmh.espci.fr
1

Key Words: Two-Phase Flows, Concrete Cracks, Condensation, Capillarity, Wettability.
In the event of a pressurized water reactor loss-of-coolant accident (LOCA), a large amount of
steam, as well as fission products, would be released in the containment building. The large
pressure involved would open up preexisting cracks in the concrete walls, through which
potentially dangerous fission products could escape. The flow of water vapor inside the
relatively colder cracks would induce condensation. The liquid water would form drops, films
and/or capillary bridges, which would counteract the primary flow and thus probably modify
the global leakage rate of the containment building [1], [3].
This paper aims to present recent advances in the modeling of gas-liquid flows in model
concrete cracks with NEPTUNE_CFD in the context of a LOCA. NEPTUNE_CFD is
Electricité de France’s (EDF) in-house multiphase computational fluid dynamics code. It is
based on the two-fluid model of [2] extended to n-fields and allows for three-dimensional
calculations of compressible and turbulent flows.
So far, steam condensation and liquid bridges dynamics have been studied separately. Steam
condensation is affected by the presence of non-condensable gases. Liquid bridges dynamics
depends on wettability. Two models are proposed. The first one is a condensation model
suitable for localized large interfaces and allowing to take into account non-condensable gases.
The second one is a wettability model allowing for the imposition of a given contact angle of
the liquid on the solid. The results of these numerical models are discussed and compared to
analytical and experimental studies.
REFERENCES
[1] G. Davy, P. Baconnier and S. Mimouni, Overview of mitigation models dedicated to severe

accidents and consequences on flow rate through concrete containment structures. In 18th
International Topical Meeting on Nuclear Reactor Thermal Hydraulics, Portland, Oregon,
USA, 2019.
[2] M. Ishii, Thermo-fluid dynamic theory of two-phase flow, Eyrolles, 1975.
[3] G. Rastiello, S. Leclaire, R. Belarbi and R. Bennacer, Unstable two-phase flow rate in
micro-channels and cracks under imposed pressure difference. Int. J. Multiph. Flow,
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The numerical modeling of surface tension is a central element in the simulation of capillary two-phase
flows [1]. In particular, the numerical approximation of the interface curvature is a challenging task. In
the present work, we focus on curvature computations for the Volume-of-Fluid method [2] which tracks
the interface location using the discrete volume fraction field. A well-established method to compute
curvatures from volume fractions on Cartesian grids is the height function method [3], which constructs
a local graph representation of the interface. In its modern form [4], the method is computationally efficient and offers formally second-order convergence. However, the convergence of the method crucially
depends on the quality of the volume fraction data. As the method involves numerical double differentiation, it is subject to numerical error amplification. A fact that – apparently – has been widely overlooked
in the literature except for a short remark in [1] (p. 59).
We provide a rigorous error estimate for the height function method taking into account the (unavoidable) errors in the volume fraction data. In particular, it is shown that convergence for the curvature is
reached only if the error in the volume fractions converges faster than second-order. The influence of the
data quality is studied computationally by comparing a standard volume fraction initialization approach
with an advanced method based on differential geometry [5].
REFERENCES
[1] Popinet, S., Numerical Models of Surface Tension. Annual Review of Fluid Mechanics (2018)
50:49–75.
[2] Hirt, C. and Nichols, B., Volume of fluid (VOF) method for the dynamics of free boundaries.
Journal of Computational Physics (1981) 39:201–225.
[3] Torrey, M.D., Cloutman, L.D., Mjolsness, R.C. and Hirt, C.W., NASA-VOF2D: a computer program for incompressible flows with free surfaces. Technical Report LA-10612-MS, Los Alamos
National Lab., (1985).
[4] Popinet, S., An accurate adaptive solver for surface-tension-driven interfacial flows. Journal of
Computational Physics (2009) 228:5838–5866.
[5] Kromer, J. and Bothe, D., Highly accurate computation of volume fractions using differential geometry. Journal of Computational Physics (2019) 396:761–784.
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In this work, the term multiphase is restricted to disperse flows, where one of the constituent
phases is present in the form of bubbles, droplets or particles which are suspended within a
continuous phase. Furthermore, the elements of the dispersed phase are allowed to vary in size,
i.e. the flow can be polydisperse.
In the developed method, the polydisperse nature of the flow is handled using the method of
classes in the Euler-Euler framework, where its size and velocity characterise each dispersed
phase. This approach treats every droplet/bubble/particle class as a different phase in the
calculation. Therefore, every size class has its momentum and continuity equation, but the
mixture pressure is shared among all phases.
The initial multi-fluid model [1] is further upgraded to account for breakup and coalescence of
individual size classes. The models are implemented as mass source/sink terms in phase
continuity equations and momentum source/sink terms in the phase momentum equation [2].
Also, the interphase momentum transfer models were improved to account for a broader range
of flow conditions, i.e. the models can take into account the phase fraction of the dispersed
phase.
The derived model is tested for various polydisperse flows, which present the capability of the
developed model to accurately predict the dynamic behaviour of such flows.
REFERENCES
[1]
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In this work, a hybrid Euler-Lagrangian solver for dense spray systems is developed specifically for
cases where film creation by accumulation of liquid droplets at the walls plays a crucial role. EulerLagrangian solvers are commonly used to describe the spray with predefined spray characteristics. The
Lagrangian particles represent liquid drops moving along the continuous gaseous phase. This approach
assumes a small particle size compared to the cell size and it is unable to capture the breakup behavior
of liquid jets in the presence of instabilities. VOF methods, on the other hand, are not a computationally
feasible option when it comes to small droplet sizes as a result of liquid atomization because they have
to be fully resolved by the computational mesh. Hence, multiscale simulations are required to bridge
the gap between the two methods combining subgrid droplets in Lagrangian approaches and large liquid
structures in VOF methods.
In the present work, a multiscale approach is developed where Lagrangian particles representing small
droplets are tracked through the continuous phase until they hit a wall or a liquid-gas interface represented by a continuous VOF field. At the time of impact, the Lagrangian particles are removed and the
mass and momentum of these particles are transferred to the VOF field. This allows having a spray consisting of subgrid droplets computed with a Lagrangian particle tracking (LPT) approach and liquid films
at the walls with VOF method. The method represents a one-way coupling, converting Lagrangian particles to Eulerian liquid phase (VOF) and has been implemented into the open-source CFD code OpenFOAM. Subsequently, the solver has been tested in different scenarios to ensure mass and momentum
conservation. Positive test results encouraged its use to gain insight on the fluid flow in a real cylindrical
compression-dissolution unit where the liquid is sprayed from the top while simultaneously the gas is
compressed from the bottom. Dynamic mesh technique is used to account for the compression with a
moving piston.
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In order to meet future climate goals, the efficiency of current combustion devices has to be increased.
This, however, requires a better understanding of the underlying physics. The simulation of turbulent
flames is still a challenge because of the multi-scale nature of combustion processes: relevant length
scales span over five orders of magnitude and time scales over more than ten. Because of this, the direct
numerical simulation (DNS) of turbulent flames is only possible on large supercomputers.
A DNS solver for chemically reacting flows implemented in the open-source framework OpenFOAM
is presented. It solves numerically the conservation equations for mass, momentum, energy and each
chemical species without simplification. The thermo-chemical library Cantera is used to compute detailed transport coefficients based on kinetic gas theory. The multi-scale nature of time scales, which are
much lower for the combustion chemistry than for the flow, are bridged by an operator splitting approach,
which employs the open-source solver Sundials to integrate chemical reaction rates over each time step.
Because the direct simulation of turbulent flames has to be performed on supercomputers, special care
has been taken to improve the computational performance. A tool was developed which generates highly
optimized C++ source code for the computation of chemical reaction rates. Additionally, a load balancing
approach specifically made for the computation of chemical reaction rates is employed. In total, these
optimizations can reduce total simulation times by up to 70 %.
The accuracy of the new solver is assessed from different canonical testcases: 2D and 3D Taylor-Green
vortex simulations show that the solver can reach up to fourth order convergence rates and that results
differ by less than 1 % when compared to spectral DNS codes. Molecular diffusion and chemical reaction
rates are compared to solutions of 1D flames from Cantera, showing perfect agreement.
The solver is used to simulate the Syndey/Sandia burner, which creates an inhomogeneous turbulent
flame. The simulation is performed on Germany’s largest supercomputer on 28 800 CPU cores, employing 150 million cells and a chemical reaction mechanism with 19 species and about 200 reactions.
Comparison with experimental data shows excellent agreement for time averaged and RMS values as
well as instantaneous scalar distributions. Other applications of the DNS solver for studying different
combustion phenomena like ignition or flame dynamics will be shown in the final presentation.
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The physics of particle laden flow involves many features which can be challenging to numerical simulation schemes. Notably, multi-modal non standard PDFs, compressibility with contrasted EOS, and
multi-way couplings at large volume fractions respectively strain the schemes in terms of resolution of
PDF description, entropy consistency, and coupling stiffness.
We aim to simulate such flow with all these constraints together. In contrast to the Euler–Lagrange
framework the Euler–Euler framework appears appealing as it provides high flexibility towards highly
variable void fractions and PDF structures. Then, PDF groups behave basically as coupled fluids. In a
previous work [1] a novel numerical scheme was developed to consistently capture the thermodynamics
of multi-fluid flows (without restriction of the number of fluids). This scheme is here completed with
dissipation terms (collisions, drag. . . ) discretized with robust methods (implicit, exponential. . . ).
We show some first results on classical test cases as shown in Figure 1.

Figure 1: Maps of volume fraction of particles. Left [2] : single particle jet showing spreading by
granular pressure (one group calculation). Right [3] : crossing of two particle jets showing splitting from
collisions (four groups calculation, two incident and two sweep as visible on the right of the map).
REFERENCES
[1] T.Vazquez-Gonzalez, Schémas numériques mimétiques et conservatifs pour la simulation d´
écoulements multiphasiques compressibles, Universite Paris-Saclay, (2016).
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[3] P. J. ORourke and D. M. Snider, An improved collision damping time for MP-PIC calculations of
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In internal combustions engines and in systems for exhaust aftertreatment, sprays interact with
liquid wall films. Fundamental understanding of this interaction and its proper modelling are
essential to increase efficiency while reducing emissions. Here, we assess and validate a phasefield method for the impact of a single droplet on a thin wall film of the same liquid (silicone
oil) by dedicated experiments exhibiting different dynamics of axisymmetric corona formation.
In the experiments, a drop (diameter 1.4 mm) accelerates by gravity and impinges onto a
stagnant horizontal film of defined thickness (0.5 mm). By altering the falling height of the
drop, the impact speed U is varied between 1 and 3 m/s. To observe the drop impingement, a
high-speed camera system with a framerate of 20000 fps is utilized. With the help of image
processing, the temporal evolution of the corona top and base diameter as well as its base angle
are determined. These parameters serve for comparison with the numerical results.
For the numerical simulations with the phase-field method, the two-phase flow is described by
the coupled Cahn-Hilliard-Navier-Stokes equations, which are solved using the open source
C++ library OpenFOAM (code phaseFieldFoam). Since the impingement and corona formation
process in the experiment are rotationally symmetric, an axisymmetric set-up in combination
with adaptive mesh refinement is used. Different mixing energy and mobility (standard and
degenerate) formulations will be critically assessed with focus on accuracy and boundedness.
For U = 1 m/s and 2 m/s, simulations with standard mixing energy formulation reproduce the
experimental corona formation reasonably well. This is not the case for U = 3 m/s where the
corona base angle in the experiment is about 90° (Fig. 1), while in the computation it is about
120° (Fig. 2). The application of a (yet empirical) non-equilibrium mixing energy formulation
demonstrates the potential to correctly reproduce the experimental corona formation also for
high impact velocities. These results indicate that for multiphase flows with highly dynamic
fresh interface formation, out-of-equilibrium interfacial mixing energy modelling is required.

Fig. 1: Snapshot of experiment (U = 3 m/s).

Fig. 2: Snapshot of simulation (U = 3 m/s).
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Slug flow patterns frequently happen in variety of industrial applications, e.g. in petroleum gas-oil production, transportation, and processing systems. In many of these applications, the fluids represent
non-Newtonian behaviours [1]. Three-dimensional numerical simulation of Taylor gas bubbles, as primary unites of slug flow patterns, rising in non-Newtonian matrices is performed in the context of Direct
Numerical Simulation (DNS) of governing equations, where the whole physics of fluid motions is taken
into account. State-of-the-art numerical tools are used to tackle the numerical challenges in DNS study
of this problem. E.g. A coupled level-set volume-of-fluid (CLSVOF) interface tracking method is used
to solve the topological changes of the interface. Physical formulations are integrated with moving-mesh
technique to decrease the computational cost of 3D simulations and Adaptive-mesh-refinement (AMR)
technique to increase the local accuracy around the interface. The governing equations are solved using High-Performance Computing (HPC) parallel approaches. Validation and verification of numerical
method compared with the benchmark experimental results are performed. The radial and axial velocity
profiles of the final solution as well as the final shape of Taylor bubble are extracted and compared with
the benchmark results [2]. For non-Newtonian matrices, different test cases of rising gas Taylor-bubble
in shear-thinning Carboxymethylcellulose (CMC) polymer solutions with different concentrations are
performed and associated results will be presented in the full-length article.
To the best of authors knowledge, this is the first work dealing with three-dimensional direct numerical
simulation of Taylor bubbles rising in non-Newtonian environments. Besides the contribution of this
work to the advancement of numerical techniques applied to multiphase complex flows, obtained results
will shed light on the nature of slug non-Newtonian flow problems with vast applications in the different
industrial sectors.
REFERENCES
[1] A. Amani et al. A numerical approach for non-Newtonian two-phase flows using a conservative
level-set method. Chemical Engineering Journal 385 (2020), pp. 123896.
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fluid:numerical and experimental results. International Journal of Multiphase Flow, 28.5 (2002),
pp. 791–803.

1766

Unstructured
Nestor
Balcazar,
Level-Set
Joaquim
Method
RigolaFor
andSaturated
Assensi Oliva
Liquid-Vapor Phase Change

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

UNSTRUCTURED LEVEL-SET METHOD FOR SATURATED
LIQUID-VAPOR PHASE CHANGE
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The vapor-liquid phase change is ubiquitous in nature and industry. Multiple examples arise from the
chemical processing plants and thermal energy technology, e.g., steam generators, boilers, condensers.
Despite its importance, the current understanding and predictive models are far from satisfactory, mainly
due to constraints in experimental measurements or analytical solutions. This research aims to contribute to the development of numerical models for the Direct Numerical Simulation of vapor-liquid
phase change on complex geometries.
An unstructured conservative level-set method [1, 2, 3] is used for interface capturing. Navier-Stokes,
energy, and level-set transport equations are discretized by the finite-volume method on collocated unstructured meshes. Pressure-velocity coupling is solved by the fractional-step projection method [Chorin,
1982]. Unstructured flux-limiters schemes [1] are employed to discretize convective terms, to avoid numerical instabilities at the interface, and minimize the numerical diffusion. This research focuses on
temperature-gradient driven phase change. In this sense, a novel geometrical methodology is proposed
to extend temperature gradients on unstructured meshes, which are then employed to compute the mass
transfer by phase change at the interface. The numerical coalescence of bubbles is avoided by a multiple
marker approach [1], here extended to phase change phenomena in bubble swarms.
Validations are performed against experimental correlations for film-boiling on a plate and a cylinder.
A set of numerical experiments is designed for the Nusselt number Nu = f (Ja, Pr, Gr), where Ja is the
Jacob number, Pr is the Prandtl number and Gr is the Grashof number. Then, the novel method is used
to predict Nu in a configuration of industrial interest, i.e., an arrangement of cylinders.
REFERENCES
[1] Balcázar-Arciniega, N., Antepara, O., Rigola, J., Oliva, A. A level-set model for mass transfer in
bubbly flows. International Journal of Heat and Mass Transfer (2019) 138:335-356.
[2] Balcázar, N., Rigola, J., Castro, J., Oliva, A.. A level-set model for thermocapillary motion of
deformable fluid particles. International Journal of Heat and Fluid Flow (2016) 62:324-343.
[3] Balcázar, N., Jofre, L., Lehmkuhl, O., Castro, J., Rigola, J. A finite-volume/level-set method for
simulating two-phase flows on unstructured grids. International Journal of Multiphase Flow (2014)
64:55-72.
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ABSTRACT
This symposium focuses on numerical methods for fluid dynamics that use models and
information of the fine-scales. It aims at bringing together fluid mechanicians, engineers,
mathematicians and computer scientists to discuss recent developments in the field of
stabilized and variational multiscale methods and their novel applications in engineering and
science. We welcome contributions dealing with all aspects of stabilized, multiscale and
multiphysics methods, including but not limited to,
1.
2.
3.
4.
5.
6.
7.
8.

Mathematical theory of stabilized and variational multiscale methods
Emerging multiscale approaches and applications
New formulations and solution techniques
Multiscale methods in CFD and turbulence modeling
Application to error estimation and uncertainty quantification
Methods embedding Data in Simulations
Parallel computations with multiscale methods
Use of multiscale and stabilized methods in industrial applications.
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In this talk, we present the extension of Variational Multi-Scale (VMS) method with spectral approximation of the sub-scales to two-dimensional convection-diffusion problems. The spectral VMS method was
firstly developed for one-dimensional elliptic problems [1]. In the two-dimensional case, the spectral
VMS method is cast for low-order elements as a standard VMS method with specific stabilized coefficients, that are anisotropic in the sense that they depend on two grid Péclet numbers, each one associated
to a component of the advection velocity.
We compute the stabilized coefficients for grids of isosceles right triangles and right quadrilaterals, from
the explicit computation of the eigenpairs of the advection-diffusion operator with Dirichlet boundary
conditions. To reduce the computing time, the stabilized coefficients are pre-computed at the nodes of a
grid in an off-line step, and then interpolated by a fast procedure in the on-line computation.
Finally, we present some numerical tests in order to compare our results with those provided by other
stabilization coefficients, such as, for instance, those computed through orthogonal subscales [2]. We
consider tests for advection-diffusion equations with constant and anisotropic velocities, as well as tests
in structured and unstructured meshes. We also test the method for the solution of Navier-Stokes equations. The anisotropic stabilized coefficients leads us to a relevant accuracy gain for moderately large
grid Péclet numbers in problems with variable advection velocity.
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Universitat Politècnica de Catalunya and International Centre for Numerical Methods in Engineering
(CIMNE), Jordi Girona 1-3, Edifici C1, 08034 Barcelona (Spain), ramon.codina@upc.edu
2
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In this work we present a Reduced Order Model (ROM) approach for flow problems based on the Finite
Element (FE) Method as Full Order Model (FOM). The FOM is assumed to be approximated using a
Variational Multi-Scale (VMS) approach that allows one to use any interpolation for the variables in play,
velocity and pressure in the case of incompressible flows, and yield stable solutions in all flow regimes
[1]. The ROM is constructed using the classical Proper Orthogonal Decomposition (POD), from which
a basis of the ROM space can be constructed. This ROM space is in fact a subspace of the FE space of
the FOM, and the basis functions are piecewise polynomials defined on the FE mesh. The same VMS
formulation as for the FOM is applied to define the ROM problem [2].
Due to the nonlinearity of the flow problems, a further approximation is needed, called hyper-reduction.
This consists in approximating somehow the advection velocity that appears in the convective terms, so
that their evaluation does not have the cost of the order of number of unknowns of the FOM model. To this
end, we may use of the fact that the ROM and the FOM are both based on FE meshes, and approximate
the advection velocity on a mesh coarser than the FOM one but preserving the approximation order. To
guarantee that the error has not increased, we introduce an adaptive mesh refinement for the coarse mesh
driven by an a posterior error estimation emerging from the VMS formulation [3]. This error estimate is
directly given by the sub-grid scales of the ROM arising from the VMS approach.
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In the past few decades, there has been an enormous interest in numerical computations for problems
which involve multilevel of physical models, hence incorporating multiscale effects. One of the application is the complex fluid flow where the continuum level is coupled with the kinetic level. The
conventional method for simulating complex fluids is to use a micro-macro model where the rheological
properties are calculated by means of the microscopic governing equations. Numerical methods based
on these coupled micro-macro models fall down into the category of heterogeneous multiscale methods
(HMM) which have been firstly proposed by Weinan E. and Engquist B. [1, 2].
In the present work, we analyse properties of the heterogeneous multiscale methods for complex fluid
flows. We combine conservation of mass and momentum, in the Navier-Stokes equations of fluid flow,
with the kinetic representation of the microscopic cell model. In this procedure, we introduce new
hybrid multiscale models using the Chapman-Enskog expansion of the stationary Boltzmann equation
in the microscopic cells or boxes. These models vary based on the behaviour of the primitive variables
(ρ, u) (representing the density and velocity of the fluid respectively), in the microscopic cells. Inside
the microscopic boxes we assume the primitive variables to behave constantly, linearly or quadratically,
which introduces different hybrid models. Later, we present results of linear stability of these hybrid
models as well as the Navier-Stokes equations. We observe that as the Navier-Stokes equations, all the
hybrid models are also conditionally linearly stable rather than unconditionally stable. We then study the
nature of the hybrid models using standard test cases and compare them with the results of the NavierStokes equations. Slight modifications (to introduce density variations) of the standard test cases, the
Poiseuille flow and the Couette flow, are used to analyse the models in detail.
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In this work, we address the solution of the Navier–Stokes equations (NSE) by a Finite
Element (FE) Local Projection Stabilization (LPS) method. The focus is on a LPS method
that has one level, in the sense that it is defined on a single mesh, and in which the projectionstabilized structure of standard LPS methods is replaced by an interpolation-stabilized
structure, which only acts on the high frequency components of the flow.
As a main contribution, we propose and test an efficient discretization of the model via a
stable velocity–pressure segregation, using semi-implicit Backward Differentiation Formulas
(BDF) in time.
On the one hand, numerical studies illustrate that the solver accurately reproduces first and
second-order statistics of benchmark turbulent flows for relatively coarse meshes. On the
other hand, they show that the solver works in an efficient (i.e., robust and fast) way,
especially when interfaced with scalable domain decomposition methods. Such scalability
results are obtained on up to 16,384 cores with a near-ideal speedup.
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Chromatography is widely applied in biotechnology and pharmaceutical industry as a
downstream process for separating specific target molecules from fermentation broth or
natural sources. In packed bed liquid chromatography, the target components are separated
from unwanted impurities by means of selective adsorption to the inner surfaces of porous
particles. Chromatography modeling is increasingly applied in academia and industry for
guiding experimental work through process design, optimization and uncertainty analysis [1].
However, existing models are strongly simplified by neglecting radial concentration gradients
in the column and assuming identical radially symmetric particles [2].
In the presented project, high definition simulations on supercomputers are applied for
capturing the impact of these geometric features. The models are set up and solved in two
stages: First, laminar flow of the liquid solution through the interstitial column volume
between the particles is described by the steady-state incompressible Navier-Stokes equations.
Second, transient concentration profiles of the solute molecules are computed by solving an
advection-diffusion equation in the interstitial volume and a diffusion-reaction equation in the
porous particles.
The resulting system is simulated using the parallel multi-physics solver XNS using a
stabilized space-time finite element method. The system is stabilized using SUPG/ GLS
methods. Meshes used in the study are generated using GMSH. Simulations with up to 10,000
particles have been performed, comparing packed beds with uniform and experimentally
determined particle size distributions. The preliminary results show differences in loading
behavior between the two columns. However, several technical problems need to be
addressed for efficiently and accurately solving realistically sized systems, as will be specified
in the presentation.
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We present a residual-based artificial viscosity finite element method for solving the incompressible variable density Navier-Stokes equations. The residual viscosity method is obtained by simplifying the wellknown streamline diffusion method and was proven to be convergent to the entropy solution for general
scalar conservation laws with convex fluxes [1]. Then, the method was successfully extended to solve
the compressible Euler equations using linear finite element methods in [2]. Later the method was used
in the context of high-order spectral elements and discontinuous Galerkin in [3] and [4]. More specifically, in [3] the residual viscosity method was used as both numerical stabilization and eddy viscosity
schemes to solve realistic atmospheric flows. Due to its superior performance against the well-know
Lilly-Smagorinski eddy viscosity, the authors of [3] refer to the residual viscosity as the Dynamic subgrid scale method. One has to mention that the residual viscosity method is closely related to the entropy
viscosity method [5].
The novelty of the work presented here are the following: extending the residual viscosity method to
solve variable density flow and using the residual viscosity method as an eddy viscosity method to solve
realistic 3D turbulence variable density problems. To achieve high-order accuracy, we utilize the artificial
compressibility time-stepping algorithm developed in [6]. We validate the method by solving several 2D
and 3D benchmark problems.
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The so-called compressible Navier–Stokes equations are commonly used to model flow problems where
compressibility effects become relevant, e.g. in the aerodynamic and aeroacoustic fields, with applications ranging from classical turbo-machinery design to modern speech therapy simulations. The mathematical setting consists of the mass, momentum and energy conservation equations. The standard monolithic approach to solve the underlaying discrete equations is known to be extremely demanding in terms
of computational requirements. Therefore, once space and time discretizations have been chosen, it may
be very convenient from the computational viewpoint to design fractional step schemes in time with the
aim of allowing a segregated calculation of the problem unknowns. While these segregation schemes are
well established for incompressible flows, much less is known in the case of the compressible regime.
We address this latter topic in the present work by discussing a purely algebraic approach for the algorithm development. In order to overcome the numerical instabilities due to the non-elliptic nature of the
equations, we consider the Variational Multiscale framework and we incorporate specific features such
as the orthogonal definition and the non-linear time tracking of the fine scales. Numerical experiments
demonstrate an important reduction in the CPU time and adequate physical solutions are obtained for
compressible flow simulations.
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The appearance of global intermittency that characterizes strongly stratified flows is one of the critical
factors in the estimate of mixing efficiency in geophysical flows. Despite its central role in understanding
mixing dynamics, the phenomenon of global intermittency is ill-understood and poorly modeled. We
present here a priori and a posteriori tests on applying residual-based variational multiscale method [1]
to replicate intermittent turbulence in a strongly stratified plane channel flow.
In the a priori test, the accuracy of a residual-based sub-grid scale (SGS) model is assessed by comparing
the modeled SGS fields to the true ones obtained from planar-filtering a highly resolved direct numerical simulation (DNS). The modeled SGS fields are parameterized using planar-filtered direct numerical
simulation data on a coarse grid. The consistent Reynolds stress anisotropy and one-point statistics of
SGS fields suggest that the residual-based SGS model yields decent predictions on SGS fields. Besides,
detailed comparison are also made on the SGS stress and its correlation, turbulent kinetic energy budget,
and eddy viscosity/diffusivity.
The validity of the SGS model is subsequently confirmed by a posteriori test, where the residual-based
SGS model is applied to perform a large-eddy simulation of the strongly stratified plane channel flow.
Variational multiscale (VMS) method [2] is adopted to formulate the Navier–Stokes equations. Spatial
discritization is achieved via isogeometric analysis (IGA) [3]. This test shows that the residual-based
SGS model, when embedded in VMS–IGA framework, is capable of reproducing the characteristic dynamics, i.e., intermittent turbulence, in strongly stratified flow. Good agreements to DNS results are
observed in the one-point statistics of velocity and buoyancy fields.
Our analysis demonstrates that residual-based variational multiscale method is a robust approach in modeling intermittent turbulence dynamics in strongly stratified turbulent flow, which could make it a promising candidate for geophysical flow modeling.
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The simulation of fluid flow in turbomachinery requires handling static and rotating components that
interact mutually. One the available approaches for this type of application is the MRF method, which
despite of the frozen rotor approximation, it is an economical approach which yields reasonable solutions
when the rotating/static components transient interactions are not vital. Furthermore the MRF method is
combined with the VMS turbulence model in order to simulate the turbulent behavior of the flow. The
technology will be applied to the analysis of a centrifugal fan.
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Damages in wind-induced disasters are caused by not only the large fluid forces of the strong
wind but also the impact forces of flying debris. The damage by flying debris may generate new
debris to fly and they expand the area of disaster. For mitigation of wind-induced disaster, it is
expected to know how fast and how far such debris fly. Since shape and mass balance of such
wind-borne debris are irregular, there are usually no preliminary information of their
aerodynamic characteristics. Therefore, in order to evaluate flight motion of these debris,
numerical method should be developed where the aerodynamics forces can be taken into
account dynamically during their flights.
Based on the background and the motivation, we have developed a finite element flow analysis
method where the flight motion of a rigid body is coupled with the surrounding air. For the
formulation of the flow analysis, the variational multiscale method by Bazilevs, et al. [1, 2] is
employed. The moving mesh around the flying object is treated by using the arbitrary
Lagrangian-Eulerian (ALE) method and the staggered type fluid-structure interaction algorithm
is employed [3].
Using the present method, the flights of a rigid cube in air are simulated. A cube is pitched into
air with various initial angular velocities such as forward/backward spin in the vertical plane,
yawing spin in the horizontal plane, and their combinations. The computed trajectories reveal
reasonable differences with each other as the effects of aerodynamic forces. These fundamental
results demonstrate that the developed numerical method can be applied to simulate flight
motion of wind-borne debris.
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We present a new stabilized method for the diffusion-reaction equation which develops
sharp boundary and/or internal layers for the reaction-dominated case (i.e. singularly perturbed
case). The method relies on an improved expression for the fine-scale stabilization parameter
that is derived via the fine-scale variational formulation facilitated by the VMS framework. The
proposed fine scale basis consists of enrichment functions which may be nonzero at element
edges. The stabilization parameter thus derived has spatial variation over element interiors and
along inter-element boundaries that helps model the rapid variation of the residual of the EulerLagrange equations over the domain. This feature facilitates consistent stabilization across
boundary and internal layers as well as capturing anisotropic refinement effects. The method is
also able to better satisfy the maximum principle as compared to other existing methods.
A priori mathematical analysis of the stability and convergence of the method is presented.
Optimal convergence on structured, stretched, and unstructured meshes comprised of linear
triangles and quadrilateral elements are shown for smooth problems, as well as problems with
boundary layers. We also show the stability and accuracy features of the method for problems
with discontinuous forcing and internal layers and its performance with distorted quadrilateral
elements and unstructured meshes of triangular elements.
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The microstructure of flowing media in different applications such as blood handling devices or extrusion
of polymer materials is often connected to viscoelastic behaviour. In order to model these flows, the constitutive equation for Newtonian fluid flows is supplemented by an additional unknown for the deviatoric
stresses. These stresses follow highly non-linear hyperbolic laws posing several different challenges for
a finite element analysis.
A mixed formulation, in which the stresses, velocity and pressure are unknown, reveals two main sources
of instabilities. Oscillations may emanate from the convective nature of the conservation law for momentum and from the convected time derivative in the constitutive equation in case of high Reynolds numbers
and Weissenberg numbers, respectively. In addition, two compatibility conditions relating pressure and
velocity as well as velocity and stresses have to be satisfied on the discrete level. Among the large variety
of constitutive differential models, the Oldroyd-B model is one of the most studied due to its simplicity.
The Giesekus model, an extension of the aforementioned model by a quadratic term, will be chosen as
subject of interest, as it is better at describing a realistic polymer, including shear thinning behavior, nonzero second normal stress differences and a finite elongational viscosity at finite elongation rates. We
will explore possibilities to extend the variational multi-scale framework for an Oldroyd-B flow proposed
in [1] to the Giesekus model. This framework is a part of the family of stabilized finite elements: meshdependent terms are added to the Galerkin formulation allowing equal-order interpolation spaces. The
Discontinuous Petrov-Galerkin methodology with optimal test functions has shown promising results in
different fields, also for viscoelastic problems [2]. We will compare the behavior of both methods for
different benchmark problems.
REFERENCES
[1] E. Castillo, R. Codina, Variational multi-scale stabilized formulations for the stationary three-field
incompressible viscoelastic flow problem, Comp. Meth. in Appl. Mech. and Eng., 279 (2014) 579605.
[2] B. Keith, P. Knechtges, N.V. Roberts, S. Elgeti, M. Behr, L. Demkowicz, An Ultraweak DPG
Method for Viscoelastic Fluids, Journal of Non-Newtonian Fluid Mechanics, 247 (2017) 107-122.
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A stabilized finite element framework for high-speed compressible flows is presented. It is based on
Streamline Upwind Petrov-Galerkin (SUPG) formulation augmented with discontinuity capturing (DC)
that enable accurate, efficient, and stable simulations in this flow regime [1]. Full- and reduced-energy
formulations are employed for this class of flow problems and their relative accuracy is assessed. In
addition, a recently developed DC formulation is presented and is shown to be particularly well suited
for hypersonic flows. The robustness, stability, and accuracy of the two formulations are shown by
solving several benchmark cases for a wide range of Mach numbers and cases complexity [2]. The
numerical results presented in this work show that the proposed formulation behaves very well in the
context of high-speed flows maintaining good accuracy and stability in both steady and unsteady cases.
The successful performance of the proposed formulation for high-speed flows sets the stage for the
deployment of the techniques developed to more advanced applications such as fluid-structure interaction
modeling of hypersonic aircraft.
REFERENCES
[1] G. Hauke and T.J.R. Hughes. A comparative study of different sets of variables for solving
compressible and incompressible flows.Computer methods in applied mechanics and engineering
(1998) 153:1-44.
[2] Codoni, D., Moutsanidis, G., Hsu, M.C., Bazilevs, Y., Johansen, C. and Korobenko, A. Stabilized
methods for high-speed compressible flows: Toward hypersonic simulations. Computational Mechanics (2020), under review
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Since its inception [1] Variational MultiScale (VMS) method have received a lot of attention.
The VMS method is an intuitive justification for well known stabilization methods, and can also
be interpreted as an derived turbulence model.
Key component of the VMS method is the separation of the solution in large and small scales,
and the modeling of the small scales. The small scales can not be represented by the approximate subspace used in the discretization of the problem, and are defined by a scale separation
projector.
The choice of projector is important but is often overlooked in VMS research. By explicitly using
the projector in the fine scale modeling we can further improve the features of VMS methods.
By using standard projectors and improving the small scale modeling, by explicitly using the
projector, we can improve the energy conservation behavior [2, 3].
Moreover, by defining the correct nonlinear projector in conjunction with appropriate small scale
modeling we can arrive at known shock capturing operators. This opens the possibility for true
variational methods with improved monotonicity properties.
REFERENCES
[1] Hughes, T.J.R. and G. Feijóo. and L. Mazzei and J. B. Quincy, The variational multiscale
method – A paradigm for computational mechanics, Comput. Methods Appl. Mech. Engrg.
(1998) 166:3–24
[2] M.F.P. ten Eikelder and I. Akkerman, Correct energy evolution of stabilized formulations I:
The convective-diffusive context. Comput. Methods Appl. Mech. Engrg. (2018) 331:259–280
[3] M.F.P. ten Eikelder and I. Akkerman, Correct energy evolution of stabilized formulations II:
The incompressible Navier-Stokes equations Comput. Methods Appl. Mech. Engrg. (2018)
340:1135–1154
[4] M.F.P. ten Eikelder, Y. Bazilevs, I. Akkerman, A theoretical framework for discontinuity
capturing: Joining variational multiscale analysis and variation entropy theory. Comput.
Methods Appl. Mech. Engrg. (2020) 359:112664
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Incompressible flows with density stratification are encountered in various natural phenomena and engineering practices, including atmospheric boundary layer, oceanic, and geophysical flows. The variation
of the induced scalar field (e.g., temperature, concentration, or density), which is transported by the
velocity field, is taken into account as a Boussinesq buoyancy in the momentum balance equation. We
present a residual-based turbulence model for incompressible flows with density stratification. Following
the three-level variational multiscale (VMS) paradigm proposed in [1] and [2] for incompressible isothermal flows, the velocity, pressure, and relative temperature fields are decomposed into two overlapping
hierarchical scales, thereby leading to a set of coupled mixed-field sub-problems in both coarse-scale
and fine-scale. To overcome the numerical instabilities of the fine-scale sub-problem, the fine-scale velocity and relative temperature fields are further split into fine-scale level-I and fine-scale level-II via
the VMS method. Not only the fine-scale level-II helps stabilize the convection-dominant and mixed
fine-scale thermodynamic sub-problem, but it also enriches the function spaces of the fine-scale fields.
A consistent nesting of scales, which admits the forward- and back-scatter of energy and entropy, is
attained through the proposed three-level VMS method. The resulting LES turbulence model is driven
by the residual of Euler-Lagrange of the conservation of momentum, mass, and energy, which ensures
that the model vanishes in the region with well-resolved resolution. We implement the proposed method
for both hexahedral and tetrahedral elements with equal order interpolation of velocity, pressure, and
temperature fields, while the standard but linearly independent bubble functions are used as the basis
functions for fine-scale level-I and fine-scale level-II. Several canonical flows are simulated, including
Rayleigh-Bénard instability, Rayleigh-Taylor instability, and turbulent channel flows with stable and unstable stratification.
REFERENCES
[1] R. Calderer and A. Masud, “Residual-based variational multiscale turbulence models for unstructured tetrahedral meshes,” Computer Methods in Applied Mechanics and Engineering, vol. 254,
pp. 238–253, 2013.
[2] A. Masud and R. Calderer, “Residual-based turbulence models for moving boundary flows: hierarchical application of variational multiscale method and three-level scale separation,” International
Journal for Numerical Methods in Fluids, vol. 73, no. 3, pp. 284–305, 2013.
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Kinetic theory of fluids is concerned with a phase-space description of fluid flow. In kinetic
theory, the description of fluid dynamics is based on the Boltzmann equation, a scalar transport
equation that governs the distribution of fluid molecules as a function of velocity, space and time
variables. Of particular significance is the multiscale account of fluid dynamics provided by the
Boltzmann equation. In the continuum/macroscopic limit, the Boltzmann equation encapsulates
conventional macroscopic flow models such as the Euler and Navier-Stokes-Fourier equations [1].
In the first part of this talk we highlight the connection between the Boltzmann equation and
compressible fluid dynamics. In particular, we show that the compressible Euler and NavierStokes-Fourier equations may be conceived of as variational multiscale (VMS) approximations
of the Boltzmann equation, in velocity dependence. We proceed to show that the Euler and
Navier-Stokes-Fourier equations inherit an entropy inequality that is satisfied for solutions of
the Boltzmann equation.
In the second part of this talk we exploit the aforementioned relationship between the Boltzmann
and the Euler/Navier-Stokes-Fourier equations to construct a Galerkin least-squares approximation to solve the latter. We show that such a numerical method is entropy stable, i.e. numerical
solutions discretely satisfy the aforementioned entropy inequality. We use the VMS method to
construct a stabilizing streamline operator. Notably, the fine-scale Green’s function arising in
the VMS analysis relies on approximating the classical Green’s function for the Boltzmann equation. Since the Boltzmann equation is scalar, established techniques are used to approximate
the corresponding fine-scale Green’s function [2].
Finally, we conclude the presentation with some numerical results. To illustrate the stability
and approximation properties of our proposed methodology, we present results for benchmark
test cases such as the lid-driven cavity and shock-tube problems.
REFERENCES
[1] Saint-Raymond, L. Hydrodynamic Limits of the Boltzmann Equation. Germany: Springer
Berlin Heidelberg, 2009.
[2] Hughes TJR, Sangalli G. Variational multiscale analysis. SIAM Journal on Numerical Analysis. 2007.
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ABSTRACT
Porous media are ubiquitous in many industrial and natural processes, and there is a growing need of
understanding and predicting the multiscale flow and transport phenomena in key energy and manufacturing sectors such as subsurface reservoirs, vadose and root zones, composite materials, filtration, and
catalytic reactors, just to name a few.
Specific challenges in geological media, include heterogeneities at all scales, discontinuities, while they
share other modelling difficulties with engineered porous media, such as complex evolving structures,
non-stationary and non-equilibrium dynamics, ill-posed calibration and validation, coupling with multiphase, thermal and mechanical processes.
To tackle these challenges, we advocate a renewed effort in developing flexible modelling and numerical approaches, capable of describing effectively and solving coupled systems of Partial Differential
Equations in complex and heterogeneous domains. These include extensions of the classical analytical
techniques, such as Volume Averaging and Homogenisation; specific methods to tackle discontinuities,
non-linearities, high-frequency applications; as well as numerical methods such as Virtual Elements,
Multiscale Finite Elements and Volumes, naturally well-suited for some these challenges.
In this minisymposium, we bring together Applied and Numerical Mathematicians, Physicists, Chemical, Petroleum, and Environmental Engineers, Hydrogelogists, to discuss the wider applicability and
relevance of mathematical and modelling techniques, and to transfer and bring new ideas into the traditional porous media community.
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A class of semi–discrete Lagrangian–Eulerian schemes
for hyperbolic-transport models in porous media
Eduardo Abreu* Jean François † Wanderson Lambert ‡ John Pérez §

We present and discuss a new class of semi–discrete Lagrangian-Eulerian schemes [1, 2] based on the novel concept of no-flow
curves, recently introduced in the literature for fully–discrete schemes [3, 4, 5, 6, 7, 8, 9], for initial value problems related to
hyperbolic conservation laws and balance laws. The new semi–discrete scheme is successfully applied to several hyperbolictransport models in porous media and related transport phenomena. The Lagrangian–Eulerian framework is straightforwardly
extended for one-dimensional and multidimensional problems – scalar and systems cases. Here we will focus on some key
ideas of the design and the implementation of the new semi–discrete scheme as well as sketch the convergence proof for the
scalar case in one space dimension. In particular, using the weak asymptotic theory, we prove that the solution obtained from
the novel semi–discrete Lagrangian–Eulerian scheme coincides with the classical and Kruzhkov entropy solutions in the scalar
case, along with good properties, as such, Maximum Principle and Total Variation Non-Increasing discretization of the scheme
(1D). For concreteness, we provide robust numerical examples for verifying the theory and illustrating the capabilities of the
approach being presented. In particular, we discuss numerical simulations for the fundamental 2D Buckley-Leverett two-phase
flow problem as well as for a 2 by 2 nonstrictly hyperbolic conservation laws with a resonance point modeling 2D three-phase
flow in a porous medium transport problem. Indeed, the results reveal that the new scheme is very effective and simple for users
mainly interested in applications.
In previous works [3, 5, 6, 7, 8, 9], we have demonstrated the validity of the fully–discrete Lagrangian–Eulerian framework and its
applicability in several 1D and 2D test problems for hyperbolic conservation laws and balance laws such as two-phase BuckleyLeverett equations, shallow-water flow in an inclined channel, rotational flows, Euler equations based on Sod’s Shock Tube
problem, the Broadwell’s discrete velocity model, nonequilibrium gas dynamics, two-dimensional nonlinear inviscid Burgers’s
equation with an oblique Riemann problem, porous media problems with convex, nonconvex and discontinuous flux functions,
LeVeque-Yee’s Effect for Riccati source term, a convection-reaction problem with an inhomogeneous N-wave similarity-solution,
5 × 5 Baer-Nunziato’s system, interaction of delta shock waves for a non symmetric Keyfitz-Kranzer system of conservation laws
and also 1D model with nonlocal interactions and mass concentrations. The Lagrangian–Eulerian scheme is also effective for
solving approximate solutions for the 2D compressible Euler 4 by 4 system and the 2D shallow-water 3 by 3 system as well.
We develop a convergence analysis of the semi–discrete Lagrangian–Eulerian scheme for scalar two-dimensional hyperbolic
conservation laws with a discretization on uniform Cartesian grid in another forthcoming work [2]. On the other hand, we also
provide convergence and error analysis for a new conservative fully–discrete Lagrangian–Eulerian scheme on triangular grids for
hyperbolic conservation laws in [4].
Roughly speaking, the no-flow curves for 1D schemes as well as the no-flow surfaces for 2D schemes are mathematical objects
related to special regions through which the conserved quantities are simply transported preserving them locally in space-time
per each time step subject to a CFL-type stability condition. The impermeability condition on the no-flow curves as well as on the
no-flow surfaces are natural for hyperbolic conservation laws and balance laws and very suitable in many applications as such for
several flow and transport process in porous media [1, 3, 4, 5, 6, 7, 8, 9]. In summary, the no-flow curves as well as the no-flow
surfaces are the foundations of the new Lagrangian–Eulerian framework for the locally conservative space-time discretization
for conservation laws and related problems. An advantage of our proposed Lagrangian–Eulerian scheme is simplicity in the
implementation: no (local) Riemann problem is solved and hence time-consuming field-by-field type decompositions are avoided
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for tracing the direction of the wind (in particular in the case of systems). A key hallmark of our scheme is the dynamic tracking
forward of the no-flow curves, which are locally conservative and preserve the natural setting of weak entropic solutions related
to hyperbolic problems that are not reversible systems in general. Furthermore, the scheme is robust and easy to implement and
with a low computational cost.
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The study of particle transport in porous media is of the utmost importance as it touches a wide variety
of different fields. One of the difficulties lies in the many parameters characterizing the porous media
(which are generally geometric), and whose impact and synergy of action can be impossible to
analytically predict. These particularities make it a prime candidate for machine learning (ML) and
specifically deep-learning (DL) approaches. These techniques are particularly suited to extract features
hidden in data, and are making their way from computer science to “hard sciences” [1].
In this work, we studied the coupling of CFD simulation with machine learning models, by using a
large set of computational results as the training dataset of a simple fully-connected neural network.
The focus of the CFD investigation is the flow and colloid transport in porous media models with the
end result of obtaining a computationally inexpensive data-driven surrogate model able to replace the
CFD simulation, while keeping the same accuracy.
The first step in this framework is to build the computational models. We explored several different
geometrical models of porous media, starting from a simple channel with two identical spherical
obstacles, to random arrangements of mono-disperse and finally polydisperse spherical objects. Then,
two sets of CFD simulations are performed, using the open-source code OpenFOAM. First, the fluid
flow is evaluated in the limit of very small Reynolds numbers: from each simulation conducted, the
porous model permeability was extracted by way of the Darcy’s law. Then, considering the (steadystate) flow field, the transport of dilute colloid particles is studied by solving the advection-diffusion
equation [2]. For each of these geometries, a large number of CFD simulations are run, each differing
randomly in their geometrical or physical conditions. The aggregate set of numerical input features
coupled with simulation results are then fed to a fully-connected feedforward neural network, built
with Tensorflow, constituted by one hidden layer with fifty neurons. After the neural network training
process, the end result is a surrogate black-box model capable of predicting the output values when
given a new set of input features.
For the case of fluid moving in a channel past spherical objects the performance of the data-driven
model is very good with errors below 1% between predictions of the surrogate model and CFD results.
In the case of polydisperse media the errors are below 10% if an appropriate computational domain is
set, thanks to a REV study. In order to improve the prediction ability of the model an approach based
on Convolutive Neural Networks was tested, where the full geometry and CFD vector/scalar fields are
used as training data (instead of characteristic parameters): well-known architectures (e.g. ResNet)
were tested and employed.
This simple data-driven models can then be reliably used in place of expensive CFD simulations (or in
general, all “first principles” methods), as one single call of the neural network has a computational
cost which is orders of magnitude lower than the full CFD simulation: in our test problems, under a
second versus several minutes – with a total neural network training time of around one minute.
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The Phase field approach adopted to describe multi-phase fluid flow [1], has been extended [2], into
the context of flow within a porous medium, of two immiscible fluids viewed as a single non-uniform
fluid. The order parameter (in this case the Saturation degree), identifies the two phases. In order to
account for the confining effect intrinsic to pore networks, the classical capillary energy is added to free
energy of fluid. This allows to capture the effects of surface tension, inherent to immiscible fluids, and
as well capillarity, typical of porous media. In the current study governing laws for flow of such nonuniform fluid in an elastically deformable porous structure are derived and numerically approximated.
The solution of these equations is conditionally stable and when stability is lost, bifurcations occur.
The model is proved to be able to describe, in two-dimensional case and possibly considering compact
interfaces between the fluids [3][4], such bifurcations resulting in preferential flow paths, which have
also been observed in experiments [5]. Future work will enhance this approach with an additional phase
field parameter to model fracturing of porous matrix [6], resulting in additional preferential flow paths.
REFERENCES
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Physics (2012) 12-no.3:613–661.
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The Virtual Element Method (VEM) is a recent technology introduced in [Beirão da Veiga, Brezzi,
Cangiani, Manzini, Marini, Russo, 2012, M3AS] for the discretization of partial differential equations.
The VEM can be interpreted as a novel approach that generalizes the classical Finite Element Method to
arbitrary even non-convex element-geometry.
In the present talk, we construct a virtual element discretization for the problem of miscible displacement
of one incompressible fluid by another, described by a time-dependent coupled system of nonlinear
partial differential equations. Our work represents a first study to investigate the premises of VEM for
complex fluid flow problems. We combine the VEM discretization with a time stepping scheme and
develop a complete theoretical analysis of the method under the assumption of a regular solution. The
scheme is then tested both on a regular and on a more realistic test case.
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It is known that the water viscosity and the water capillary pressure in unsaturated soil depend
on temperature. Specifically, the capillary pressure varies with temperature because the surface
tension and the contact angle of capillary water are functions of temperatura [1]. This
dependence of water properties on temperature manifests as temperature-affected soil water
retention curves and soil hydraulic conductivity.
To consider the effects of temperature on the water flow in soil it is necessary to solve both the
Richards equation [3] [4] and the energy equation. Considering the 1D problem, we compare
two numerical models to solve these equations. The first one solves the Richards equation and
the energy equation in a coupled way [2] but without considering the temperature effect on the
soil water retention curve. The second one considers the effect of temperature also on the soil
water content. In this case the Richards’ equation and the energy equation are fully coupled and
to solve the system of the two equations we adopt a splitting method. In the first half step the
internal energy is updated with the conduction flux. In the second half step we solve the
Richards’ equation and update the internal energy with the advection flux in order to compute
the new soil temperature.
REFERENCES
[1] J. Bachmann, et al., Temperature dependence of water retention curves for wettable and
water-repellent soils. Soil Science Society of America Journal, 66.1: 44-52, 2002.
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solving Richards' equation in mixed form. SIAM Journal on Scientific Computing, 32.4:
2255-2273, 2010.
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The accurate modelling of the interplay between mechanics and flow in fractured,
porous media is important for a range of geological applications. Prominent examples include
geothermal energy storage, CO2 sequestration, and hydraulic fracturing. The models currently
available in the literature differ in two major ways, namely the manner in which the fracture
network is represented and the choice of non-linear effects that are included in the model.
Moreover, we make a distinction between numerical models and models based on underlying
continuum equations. We note that error estimates and therewith convergence of a
discretization scheme can only be properly considered in the latter case.
In this work, we propose a modelling framework with three distinctive properties. First,
the fractures are represented as embedded, lower-dimensional manifolds. The variables such as
pressure and displacement are then defined on these manifolds and we derive the relevant
governing and coupling equations in a continuous setting. In turn, a system of coupled, mixeddimensional partial differential equations is formed.
Secondly, we focus on two important non-linearities within the model. In particular, we
let the effective permeability in the fracture flow equations depend on the displacement field.
Moreover, we capture the contact mechanics between fracture sides with the use of variational
inequalities.
Third, our framework is posed in a continuous setting and therefore does not rely on any
tools or concepts that only become available after discretization. By considering well-posedness
of the system in this continuous setting, we aim to provide a rigorous basis for the development
of discretization methods and their subsequent convergence analysis.
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This talk presents different numerical recipes for solving standard root water uptake macroscopic models,
also providing a deep insight for irrigation management and practice.
All these root water uptake models are based on Richards’ equation with a forcing term. First, we propose
a shooting method for computing the numerical solution of a boundary value problem (BVP) arising from
the the Transversal Method of Lines (TMoL); such a method is applied to the Kirchhoff transformation
of Richards’ equation with Gardner’s hydraulic functions. Furthermore, a numerical scheme based on
the Method of Lines (MoL) for a root water uptake problem is presented.
Finally, we compare the resulting numerical simulations with the outcomes of the standard MATLAB
solver for partial differential equations, going through pros and cons of each different approach.
REFERENCES
A mixed MoL-TMoL for solving 2D
[1] M. B ERARDI , F.V. D IFONZO , L. L OPEZ,
Richards’ equation in layered soils. Computers & Mathematics with Applications (2019),
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[3] M. B ERARDI , F. D IFONZO , F. N OTARNICOLA AND M. V URRO, A transversal method of lines
for the numerical modeling of vertical infiltration into the vadose zone. Applied Numerical Mathematics, 135 (2019) 264?275, DOI:10.1016/j.apnum.2018.08.013.
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Even though they have existed for nearly a century, traditional macroscale models of two-fluid
flow through porous media suffer from a number of shortcomings [2, 3]. They are not firmly
connected to the microscale; thermodynamic constraints are not enforced; closure relations
are empirical and known to be hysteretic; and, fluid pressures are usually assumed to be in
a local equilibrium state with fluid saturations [1]. Moreover, while quantities like interfacial
and curvilinear geometric extents, tensions, and curvatures are known to be important from
microscale studies, they do not explicitly appear in traditional macroscale models. Much effort
has gone into the parameterization, numerical solution, and application of these models despite
their recognized shortcomings [9].
Over the past fifteen years, thermodynamically constrained averaging theory (TCAT) has been
developed as a way to address the limitations associated with traditional macroscale formulations
[5]. TCAT has been successfully applied to a range of problems from single fluid porous media
systems [4] to multiphase systems involving transitions between porous and free-flow domains
[6, 7].
As a rigorous upscaling framework, traditional formulations can be recovered by TCAT given
the appropriate assumptions and simplifications. A natural byproduct when these assumptions
are relaxed, however, is a system of macroscale conservation and evolution equations that differs
from standard two-fluid formulations. These equations still require additional closure relations
in order to be solved [8].
Significant progress has been made over the last five years in closing TCAT formulations using high-resolution microscale simulations and experiments, leading to fully closed macroscale
models [10]. Numerical solution of macroscale TCAT formulations, on the other hand, has received less attention and efficient methodologies are an open question. Our goal in this work
is to begin the process of developing numerical techniques for recently developed TCAT models of two-fluid flow. As part of this process, we evaluate strategies for resolution of temporal
and spatial derivatives, evaluation of nonlinearities, and enforcement of geometric constraints
arising from the TCAT upscaling process. We also compare results with TCAT to traditional
formulations to highlight the impact of various modeling decisions.
References
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Fluid-saturated porous solid material that undergoes elastic deformation are pervasive in many natural and industrial applications. Examples of such material are
soil, biological tissues and polymer or metal foams. Mathematical models describing such materials are strongly coupled differential equations of the fluid pressure
and the material displacement, where the coupling term is the time derivative of
the displacement. Consequently, these equations are of high computational complexity, mainly, for large heterogeneous porous media, nondeterministic models, or
data driven evaluations where the model has to be repeatedly solved. Therefore, applying model reduction methods is crucial, in particular for any kind of limit regimes.
We focus on thin porous media with almost horizontal fluid flow and solid deformation. The thin structure of the domain allows reducing the complexity of the
model by means of asymptotic analysis based on the width–length ratio of the domain. This approach is proposed in [2] for nondeformable porous media of Darcy
type and extended in [1] to nondeformable porous media of Brinkman type.
For deformable saturated porous material we apply this approach by transforming the model into a dimensionless one that explicitly depends on the geometrical
parameter (width–length ratio). Then, we apply asymptotic analysis to the model
and reformulate the pressure as a nonlocal operator of the time derivative of the
displacement. This reduced model is computationally more efficient than the original
one as the resulting linear system of the numerical treatment has a reduced dimension. In addition, it has a proper accuracy as it still describes the dynamics in the
vertical direction.

References
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Media, 18:107–129, 1995.

1805

Optimization
João
Brasi Lima,
Loop
Bruno
Algorithm
Chieregatti,
for Adsorbed
Ernani Volpe
Natural
andGas
Marcelo
Storage
Hayashi
Systems
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

OPTIMIZATION LOOP ALGORITHM FOR ADSORBED NATURAL
GAS STORAGE SYSTEMS
JOÃO S. BRASIL LIMA¹, BRUNO G. CHIEREGATTI¹,², ERNANI V. VOLPE²,
MARCELO T. HAYASHI²,³
¹Mauá Institute of Technology
Mechanical Engineering Department
Praça Mauá, 01, São Caetano do Sul, SP, Brazil
09580-900
joao.brasil@maua.br
²Research Centre for Gas Innovation (RCGI)
Polytechnic School of University of São Paulo
Av. Prof. Mello Moraes, 2231 05508-000
São Paulo, SP, Brazil
³Federal University of ABC
Center for Engineering, Modeling and Applied Social Sciences
Rua Frei Caneca, Vila São Pedro, Santo André, SP, Brazil
09210-170
Key Words: Porous Media, Adjoint, Optimization, Inverse Design.
In the past few years, the development of inverse design and optimization methods has
opened up new possibilities. The so-called Adjoint method is of great significance in that
context, since it permits high fidelity to flow-physics at comparatively low computational costs.
The present work is a sequel of a previous one presented in WCCM2018, called “On
the use of the Adjoint Method to evaluate sensitivities in adsorbed natural gas storage systems”.
where one have developed and validated an Adjoint based approach to computing sensitivity
derivatives for adsorbed natural gas (ANG) storage systems
The main goal of this work is to, by using the approach to compute sensitivities
presented before, obtain and validate a basic structure of an optimization loop algorithm (OLA)
for optimization of natural gas storage systems. Both flow and Adjoint solvers, which were
previously developed, are assembled in FREEFEM++ platform. The OLA consists on solving
sequential problems to achieve an optimal configuration of parameters that maximize/minimize
an objective functional. It starts by solving the primal problem (flow solver), which consists in
a physics flow solution, followed by the dual problem, based on the Adjoint Method. With both
solutions, the OLA receives the sensitivity derivatives with respect to parameters and, if the
configuration is not the optimal, a new values of parameters is obtained and the cycle restarts.
To validate the OLA, we make use of the inverse design optimization, defining the
objective functional as the mean square error, MSE, of the actual density of adsorption
distribution q, with respect to an user--defined target distribution, qt. The strategy is generated
a target distribution with a known filling flow curve and the OLA, starting the optimization
cycles with other flow curve, minimizing the functional, finding the same curve as we use to
generate qt. The results of the several tests showed that the OLA have the capacity to regenerate
the original curves, proving the consistency of the source code. The next step for the future
researchers is the application for the engineering purposes, by using operational requirements
to optimize the process.
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ABSTRACT
This mini-symposium seeks to establish a focal point for dialogue between scientists
interested in the simulation of environmental flows. Modern computational models,
representing a wide variety of interesting problems ranging from 2D shallow water equations
through to global multiscale models, are constantly evolving. Advances relating to both
modern algorithmic developments and future and emerging computer architectures will be
presented. The mini-symposium follows successful mini-symposiums of environmental flows
in ECCOMAS Congress 2016 (Crete), and ECCOMAS 2018 (Glasgow) [1].
Possible areas of interest include (but are not limited to):
• Algorithmic development for limited area and global weather modelling.
• Geophysical flows and hydrodynamics, such as weather and climate environmental
flows or civil engineering applications including flood simulation in urban areas,
rivers and estuaries dynamics, sediment transport modelling and evolutionary
bedforms.
• Scalable algorithms at exascale and beyond, including aspects such as accuracy,
computational efficiency, mesh geometry and partitioning, and aspects of
parallelisation and scaling.
Theoretical developments will be supported by examples of complex simulations of
challenging problems, encompassing a wide range of scales and physical considerations,
including multiscale problems.
REFERENCES
[1] ECCM-ECFD 2018, http://www.eccm-ecfd2018.org/frontal/ProgMS.asp.
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Urban flow predictions are of extreme interest since they may contribute in minimizing the impact of
atmospheric pollution to public health among other important applications. Most of published works on
this subject relay on low-fidelity Computational Fluid Dynamics simulations based on RANS models to
perform the flow predictions. Given the typical domain sizes and Reynolds numbers of these applications,
only few works use high-fidelity Large Eddy Simulations (LES) techniques as a predicting strategy.
This work presents a new strategy for high-fidelity urban flow simulations based on wall modeled LES
(WMLES), which covers from the physical and numerical method aspect to practical implementation
issues. Specifically, we propose the use of a complete physical and numerical framework suitable for
reliable WMLES simulations in the context of the finite element method. This complete methodology
includes low-dissipation schemes for time and spatial-resolved turbulence modeling [1], appropriate subgrid models[2], and a robust wall modeling framework suitable for complex geometries [3].
A major difficulty in high-fidelity environmental simulations is the prescription of appropriate timeresolved boundary conditions at the side boundaries. In general, the boundary conditions for the microscale domain are provided by external codes such as the Weather Research and Forecasting (WRF)
mesoscale model. This model provides time-varying pressure and velocity distributions that have to
be interpolated at the microscale domain boundary. Nonetheless, the characteristic times of the timedependent variables provided by WRF do not necessarily match the turbulent time-scales that should be
present in an LES-resolved atmospheric boundary layer. We propose an easy-to-implement method based
in the use of periodic conditions in all wall-parallel directions. The wind motion is enforced through the
gesotrophic pressure gradient provided by WRF, which is imposed as a source term to the model. This
creates a natural and simple coupling between the mesoscale domain and the microscale simulation. At
the same time, the proper resolution of the turbulent time-scales throughout the computational domain
is ensured by this method, since this approach is widely used for DNS and LES of canonical turbulent
flows. Finally, the global strategy outlined above is applied to the Tokio’s Shinjuku urban area. The
numerical results are validated with field, experimental and numerical data available in the literature.
REFERENCES
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A finite element method for Navier-Stokes-Forchheimer equations [1,2] with two-phase flow
is studied. Orthogonal basis bubble function finite element method [3] is proposed for
incompressible viscous flow with Brinkman-Forchheimer model. An implicit scheme based on
Crank-Nicolson method is employed in time discretization. Two-phase flow based on a phasefield model (PFM) [4-6] is used in this paper. As for the computational example in porous
media, the proposed method is compared with the exact solution as a benchmark test [7]. A
two-phase flow simulation using Navier-Stokes-Forchheimer equations is computed in threedimensional problem.
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A number of tsunami disasters occur annually in various parts of the world. It is very important
to develop a useful experience system for tsunami in order to raise the disaster prevention
awareness. The present authors developed a simulation based experience system using virtual
reality (VR) technology. The results of tsunami and evacuation simulation are visualized by the
immersive VR device CAVE. However, the system was unsuitable as an educational system
because it was not portable.
This paper presents a tsunami experience system for disaster mitigation education based on
smart devise such as smartphone. In order to improve the quality of CG image, an accurate
urban model is created by GIS, CAD and drone data. The evacuation analysis based on multi
agent system is employed to know the damage of human being. The system is developed by the
game engine software Unity. The present system is shown to be a useful tool for disaster
mitigation education.
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In this work we present an approach for dealing with water movement in unsaturated layered soils.
We make use of Filippov approach, borrowed from the theory of ODEs with discontinuous right-hand
side: the problem is handled in such a way that a state-dependent discontinuity threshold is obtained.
After a semi-discretization in time, an appropriate numerical method is developed for integrating the
resulting second order differential system in the space variable. The approach has been implemented
both in a 1D and in a 2D spatial domain.
REFERENCES
[1] A. AGOSTI , B. G IOVANARDI , L. F ORMAGGIA , A. S COTTI, A numerical procedure for geochemical compaction in the presence of discontinuous reactions Advances in Water Resources 94 (2016)
332-344, https://doi.org/10.1016/j.advwatres.2016.06.001
[2] M. B ERARDI , F.V. D IFONZO , L. L OPEZ, A mixed MoL-TMoL for solving 2D Richards’
equation in layered soils. Computers & Mathematics with Applications 79 (2020) 1990-2001,
https://doi.org/10.1016/j.camwa.2019.07.026.
[3] M. B ERARDI , F. D IFONZO , M. V URRO AND L. L OPEZ, 1-D Richards’ equation in two layered
soils: a Filippov approach to treat discontinuities. Advances in Water Resources, 115 (2018) 264272, DOI: 10.1016/j.advwatres.2017.09.027.
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In this work, unsteady high-order Implicit Large Eddy Simulations (ILES) are used to study the flow
over a model high-rise building at 10 degree cross-wind and Reynolds number 7 × 105 . This test case
is of interest for the wind engineering community. The case has been analysed experimentally in the
wind tunnel of Politecnico di Milano in collaboration with the Advanced Technology and Research
group of Arup UK [3]. The experimental results consists of the pressure signal measured by several
probes placed at specific locations on the surface of the building. The measured signals show several
unexpected, space-time localised low-pressure peak events, for which the pressure coefficient is as low
as C p ≈ −6 to − 10. The flow physics that cause such low-pressure events is currently unknown and this
study aims to give more insight into the cause of the phenomenon. The presence of these unsteady small
scale phenomena makes the case unsuitable for traditional CFD solvers, which typically combine 1st or
2nd order discretizations in space with Reynolds Averaged Navier-Stokes (RANS) turbulence models.
In this study we undertake ILES with the incompressible solver of the open-source Python-based PyFR
(www.pyfr.org) [1] framework, which is high-order accurate in space via the Flux Reconstruction approach [2]. PyFR is massively parallel and accelerated with GPUs. The incompressible solver is based
on the unsteady artificial compressibility formulation with dual time stepping; convergence is accelerated
using p-multigrid, locally adaptive pseudo-time stepping, and optimal Runge-Kutta schemes.
Due to the high Reynolds number and high angle of attack, the flow around the high-rise building is
turbulent and highly separated, with a large strong wake. Various levels of pressure peak have been
captured by the ILES. We will present a detailed statistical analysis of their distribution in space and
time, along with a visual analysis of the flow structures that cause the larger peaks.
REFERENCES
[1] Loppi, N. A. and Witherden, F. D. and Jameson, A. and Vincent, P. E. A high-order cross-platform
incompressible Navier-Stokes solver via artificial compressibility with application to a turbulent
jet. Computer Physics Communications (2018) 233:193-205.
[2] Huynh, H. T. A flux reconstruction approach to high-order schemes including discontinuous
Galerkin methods. 18th AIAA Computational Fluid Dynamics Conference (2007).
[3] Amerio, L. Experimental high resolution analysis of the pressure peaks on a building scale model
facades. PhD Thesis, Politecnico di Milano, Italy, (2017).
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We present the application of a semi-implicit edge-based unstructured mesh model to
simulate stably stratified viscous flows past spheres. The Navier-Stokes equations, in the
anelastic limit of Lipps-Hemler, are solved using a finite volume (FV), non-oscillatory
forward-in-time (NFT) integration scheme [1,2] encompassing the Multidimensional Positive
Definite Advection Transport Algorithm (MPDATA) [3] and a non-symmetric Krylov solver
employed for the resulting elliptic problem. The semi-implicit NFT-FV solver utilises the
flexibility of unstructured meshes, allowing for greater resolution in the near-object and wake
regions, essential to adequately simulate stratified flows past multiple spheres — where the
interaction between wakes behind bodies adds complexity to the flow solutions. The
simulations benefit from the application of distributed memory parallelization (MPI) of the
solver, accelerating computations on highly irregular meshes.
Performance of the model is investigated through a systematic study, presented for a range of
Froude numbers Fr ∈ [0.1, ∞] at Reynolds numbers Re = 200 and Re = 300. At the
different flow stratifications, simulations closely reproduce the variety of complex flow
features observed experimentally in [4]. The mutual role of viscosity and stratification that
defines the flow characteristics is studied showing that, with increased stratification,
buoyancy effects gradually overcome viscosity, resulting in the unification of the flow
patterns at selected Reynolds numbers. Uniquely, the study includes simulations of stratified
flows past two spheres, which adds further intricacy to the system.
REFERENCES
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pp. 365−383, 2019.
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Intrusion of air cavities into ducts is a physical event occurring in sewer systems during severe storms.
Analytical solutions of air/water flow in horizontal conduits for this problem can be obtained for simplified configurations, as for instance if a weir is situated at the end of the duct [1]. However, for inclined
conduits with relevant gravity effects analytical solutions are not available.
Numerical solution of air cavities propagation is obtained by an adaptation of the non-oscillatory finite
element method (NFEM) to solve two phase flows [2]. The method is founded on flux correction techniques and achieves a sign-preserving phase function solution and a reduced spurious momentum transfer
between phases. As in other approaches, interface is numerically represented by a transition zone, which
can lead to the artificial amplification of some perturbations in problems with Kelvin-Helmholtz instabilities [3]. We examine this issue, the stabilizing effect of surface tension and some strategies to reduce
the transition thickness. Among these strategies, adaptive mesh refinement nearby interface location is
the most fitting. The proposed mesh adaptation procedure is cost-effective and assures conservation and
monotonicity of the variables respect to primary fields. Numerical simulations of intrusion of air cavities
in ducts agree with experiments and show the suitability of our model in diminishing false amplifications.
When an air pocket finds a saturated vertical tube, the rising bubble drives the still water, originating the
occurrence of geysering. To properly reproduce this event, weakly compressible assumption is essential
to simulate air expansion/compression, achieving a proper momentum transfer between phases [3]. Tests
involving rising bubbles are accomplished by an affordable axisymmetric version and by the full three
dimensional model. Results are satisfactory when comparing with experiments and real geysering events.
This work was partially supported by the MICIIN Grant #BIA-2015-64994-P (MINECO/FEDER).
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[2] Molina, J. and Ortiz, P. A conservative flux–corrected continuous FEM for fluid interface dynamics.
J. Numer. Methods Fluids (2019) 91:287–310.
[3] Molina, J. and Ortiz, P. A continuous finite element solution of fluid interface propagation for
emergence of cavities and geysering. Comput. Methods Appl. Mech. Eng. (2020) 359:112746.
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The evaluation of noise is very important for planning and designing of various constructions
such as road, railway and airport. There have been presented a number of evaluation methods
for traffic noise simulation. Based on the frame of reference used, those methods can be
classified into two categories: 1) Methods based on the geometrical acoustic theory and 2)
Methods based on acoustic wave theory. Both methods have advantages and disadvantages. For
the methods based on the geometrical acoustic theory, the CPU time is very short but the
numerical accuracy is low comparing with the methods based on the acoustic wave theory. On
the other hand, the method based on the acoustic wave theory gives accurate solution but the
simulation becomes a large scale simulation.
This paper presents a noise evaluation system based on acoustic wave theory. The boundary
element method using a fast multipole method [1] is employed for unsteady wave equation. In
order to consider the moving sound source such as traffic noise, a time-variant convolution
method is introduced. The impedance boundary condition is investigated in order to consider
the sound absorbing effect of the noise barrier. The auralization method based on VR
technology is also introduced to understand the noise level easily. The present system is applied
to several application examples to investigate the validity and efficiency.
REFERENCES
[1] T. Takahashi: An interpolation-based fast-multipole accelerated boundary integral
equation method for the three-dimensional wave equation, Journal of Computational
Physics, Vol.258, pp.809-832, 2014.
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Developments of a novel nonhydrostatic dynamical core - The Finite-Volume module (FVM)
- for use with the Integrated Forecasting System (IFS) at ECMWF, modelling the global
atmosphere, are presented [1]. FVM combines semi-implicit time stepping, a non-oscillatory
forward-in-time (NFT) Eulerian advection to second-order accuracy (MPDATA) [2], and a
nonsymmetric Krylov-subspace elliptic solver [3]; applied to equations modelling fully
compressible flows under gravity on a rotating sphere. FVM utilises a co-located arrangement
for all prognostic variables on unstructured meshes. IFS-FVM compliments the world-leading
NWP capabilities of the existing spectral transform dynamical core. Features include Finitevolume discretization with a local communication footprint, fully conservative and monotone
advective transport, all-scale deep-atmosphere fully compressible flow equations in a
generalized curvilinear framework with flexible meshes.
The focus of this presentation will be the elliptic Helmholtz problem, solved using a bespoke
preconditioned Generalised Conjugate Residual (GCR) approach [3]; in particular, new
developments related to advanced preconditioning. Techniques to provide fault tolerance and
resiliency of the elliptic solver will also be discussed. Such developments utilise multigrid
technology and improved iterative algorithms. Solution quality and computational
performance of the proven semi-implicit semi-Lagrangian integration scheme of the spectraltransform IFS is well matched by IFS-FVM.

REFERENCES
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ABSTRACT
Electric power production by magnetic fusion remains an ambitious scientific and technological challenge that requires a long and sustained research effort. Research in magnetic confinement fusion plasmas explores the possibility of producing carbon-free electric power by using fusion in deuterium-tritium
plasmas heated to temperatures of up to 107 -108 K, and confined by strong magnetic field in machines of
toroidal shape known as tokamaks.
The success of fusion experiments in ITER will be conditioned by our capability to both ensure the
quality of plasma confinement in the core, and to control the heat and particle fluxes on the wall. The
difficulty to generate a global description of the plasma based on experimental measurements in tokamaks
requires performing complementary numerical simulations that requires an important modelling effort.
Due to the wide different scales involved, tokamak plasma modelling requires to perform both particle
and fluid simulations of fine-scale turbulence and large-scale dynamics. Recently, thanks to the increasing power of the computational machines, the interest in coupling different models is also growing, in
order to achieve a multi-physics capability of the codes and with the final goal of obtaining predictive
simulations. Thus, fusion-plasma numerical simulation involves a hierarchy of complementary models
based on fluids and MHD conservation equations to kinetic ones.
This MS aims at bringing together researchers with a large range of expertise in applied mathematics,
computational mechanics and physics, as well as in computing science, to share recent advances on the
areas of high-performance computing in plasma modeling. The MS will be more particularly concerned
with new discretization techniques in plasma simulations, numerical methods for multi-physics coupling
(fluid/kinetic, MHD/turbulence, ...), codes design and new algorithms for HPC.
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Highly anisotropic elliptic problems occur in models of plasma physics, such as heat conduction in fluid
models [1]. A direction of dominant diffusion is thus introduced (called here parallel direction) along
which the diffusion coefficient is several orders larger of magnitude than in the perpendicular one. In
this case, finite-difference methods based on standard stencils generally lead the perpendicular diffusion
to be polluted by the numerical error in approximating the parallel diffusion.
We introduce a scheme using non-aligned Cartesian grids and interpolations aligned along a parallel
diffusion direction. Here, this direction is assumed to be supported by a non-vanishing, stationary,
divergence-free vector field. Based on the Support Operator Method (SOM) [2, 3], the self-adjointness
property of the parallel diffusion operator is maintained on the discrete level. Compared with existing methods, this formulation further guarantees the conservativity of the fluxes in both parallel and
perpendicular directions. An accurate discretization of boundary conditions when the flow intercepts a
boundary in the parallel direction is also presented in order to avoid the uncertainties of extrapolated far
ghost points classically used and ensuring a better accuracy of the solution. Numerical tests, based on
manufactured solutions, illustrating the accuracy in both periodic and bounded domains with a drastically
reduced number of degrees of freedom with respect to non-aligned approaches will be presented.
REFERENCES
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F. Schwander and E. Serre, The TOKAM3X code for edge turbulence fluid simulations of tokamak
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In recent years, the search for greater accuracy and predictivity in computational fluid
dynamics, has pushed several researchers to explore and to develop new numerical methods
able to handle partial differential equations. This is the case for plasma transport simulations in
tokamak machines, where a 2D reduced fluid model is used to have a global understanding of
the power exhaust in tokamaks, and its implications for both steady-state and transient heat
loads on machine components.
Progressing toward more accurate and more efficient numerical codes for the simulations of
transport and turbulence in the plasma of tokamaks, we propose a new hybrid discontinuous
Galerkin solver. The code solves the convection-diffusion equations for the conservation of ion
particle density, particle flux in the direction parallel to magnetic fields, ion energy and electron
energy. The code is able to handle both structured and unstructured meshes. The latter are very
fruitful to extend the domain of the computation until to the center of the machine and allow
more flexibility in the simulation of any complex shape.
This work aims to show the possibility of simulating high temperature plasmas in tokamak
machine using a finite element discretization not aligned with the magnetic flux. The challenge
lies in the strong anisotropy that rises from the physical model which depends on Ti,e5/2, so a
flux limiter technique, compatible with the code framework, has been implemented to settle
this problem holding a reasonable agreement with the physical model.
The advantages due to unstructured grid allow us to perform simulations with time evolving
magnetic configurations, avoiding expensive re-meshing of the computational domain. We
have tested this capability of the code reproducing a whole experimental shot in global realistic
geometry using parameters of a fusion machine under operation. With the aim of reaching
temperature close to that of a fusion machine in the core, an additional term that simulate the
ohmic heating due to the current in the plasma has been implemented and integrated with the
rest of the code.
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In the context of Tokamak fusion plasma, the gyrokinetic Poisson equation has to be solved on disk-like
domains which correspond to the poloidal cross-section of the Tokamak geometry; see, e.g., [1]. In its
simpliest form, this cross section takes a circular form but deformed geometries were found to be advantageous and are more realistic. We propose a taylored solver for the gyrokinetic Poisson equation on
disk-like geometries described by curvilinear coordinates. Our solver [2] also copes with an anisotropic,
locally refined mesh to model the edge part of the Tokamak and a rapidly dropping density profile as
given by, e.g., [3, 4].
Multigrid methods can achieve optimal complexity for many problems and are among the most efficient
solvers for elliptic model problems. Multigrid methods for geometries described by curvilinear coordinates are however less common. We present a taylored geometric multigrid algorithm using optimized
line smoothers to enable parallel scalability. We propose an implicit extrapolation scheme for our algorithm to increase the order of convergence by using nonstandard numerical integration rules for P1
finite elements. We also use problem-specific finite differences, which numerically show the same order
of convergence as their finite elements’ counterpart, enabling a matrix-free implementation with a low
memory footprint.
Acknowledgement
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under grant agreement no. 824158.
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Electricity power generating plants are rated at 2 GW thermal, so that a fusion reactor is likely to have a
correspondingly large circulating power. Existing fusion devices show potential for significant leakage of
plasma particles along the lines of magnetic field lying just outside the main confinement region. There
is thus need to engineer the plasma facing components (PFCs) of the first wall of the containment, in
order to spread energy over their surfaces to avoid local damage. This typically involves arranging for
one PFC tile or module to shadow the edges of its neighbours as seen in the ‘light’ of magnetic field
lines, implying a ray-tracing problem in coordinates where the magnetic fieldlines are straight.
For this reason, the SMARDDA-PFC software was developed [1] using the SMARDDA ray-tracing
algorithm [2] in order to test designs of PFCs. Some practical coordinate systems, e.g. because of the
need to model near plasma separatrices, leave the field-lines with significant curvature. Their ‘flow’ has
then to be computed as a solution of a system of ordinary differential equation (ODEs), and approximated
as a sequence of short straight tracks. Each segment has to be tested for intersection with the PFCs which
are represented as triangulations of designs produced by the engineer using a CAD system.
An indicative example contains 2 million triangles and the same number of fieldlines to test for shadowing, each represented by on average a few hundred ‘ray’ segments. Given these requirements, the
algorithmic design choices for the ray-tracer, coordinate system, surface discretisation and ODE integration will be explained. Recent work to speed-up and parallelise SMARDDA-PFC to achieve a 10 s
turnaround time will also be described.
Work part supported by Eurofusion.
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Plasma edge transport simulations are an important means to estimate particle and heat transport in current experimental devices, as well as to design next generation nuclear fusion devices. To accurately
resolve the strongly interacting multi-species plasma and neutral gas transport, state-of-the-art edge code
suites such as SOLPS-ITER usually combine a fluid approach for the plasma phases, with a kinetic
Monte-Carlo (MC) simulation for the neutrals. A known difficulty of such codes is that the MC simulation suffers strong increases in computational cost for highly collisional conditions. In those highly
collisional regimes, recently developed fluid models excel at giving results within 20 % of accuracy at
a much lower computational cost [1]. The fluid assumption is, however, in general not valid throughout
the whole simulation domain.
In an attempt to conciliate the advantages of both approaches, hybrid fluid-kinetic approaches have been
recently developed and integrated into the SOLPS-ITER code suite. Two distinct approaches have hereby
been pursued. The first approach applies a micro-macro decomposition that only uses an MC simulation
for the (supposedly small) kinetic corrections [2]. The second approach uses a spatial decomposition
into a fully kinetic and a fully fluid region, which are coupled through appropriate interface conditions
[1].
In this presentation, we discuss the merits and drawbacks of both approaches and give an overview of
recent advances. In particular, first steps towards coupled plasma-hybrid neutral simulations of realistic
device geometries are shown, as well as the impact of including a separate neutral energy equation in the
hybrid model.
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The design of optimized discharges in ITER requires predictive simulations of particles and energy transport in the confined plasma. However, due to the complexity of the physics at play together with the huge
range of time and length scales coexisting in the plasma volume, predictive mathematical descriptions of
fusion plasmas are still not available.
In an attempt to take one step forward in this direction, a novel plasma transport solver is presented.
Based on a high-order hybrid discontinuous Galerkin scheme, this scheme works on unstructured nonfield-aligned discretizations, providing, on one hand, an excellent characterization of the geometry of
the machine and the plasma facing components, and on the other, an unequalled flexibility in terms of
magnetic field configuration.
Exploiting the progress in computational power and the advances in the identification of algorithms that
are able to exploit to the maximum new computer architectures, this novel approach aims at providing
a framework in which the scheme can be progressively improved, while at the same time the physical
model of the plasma can be continuously enriched.
Recent advances in the developement of this scheme are presented here, including core-edge coupling,
moving equilibrium simulations and non axisymmetric 3D magnetic configurations.
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Abstract. Motivated by the experimental discovery of the low-to-high
(LH) transition [1] in the plasma confinement characteristics, experiment
and theory in the last decade have focused on whether the turbulence associated with the H- states might be regulated by interactions with zonal
flows (ZFs). Central of all these enhanced confinement regimes, be they
in the edge region or the core region of the tokamak plasma, is the generation of ZFs but also sheared flows, which are believed to be responsible
for suppressing fluctuations and stabilizing the turbulence. They are also
key ingredients to trigger bifurcations towards transport barriers (TBs)
which are essential for reference scenario for ITER [2]. We will explore
the parametric excitation of low-frequency zonal flow induced by the beating of collisionless trapped ion and trapped electrons modes (TEMs) and
its feedback on the formation of transport barrier. The zonal flow generation and the associated intermittent transport were investigated using
a semi-Lagrangian gyrokinetic Vlasov simulations based on a Hamiltonian
reduction technique [3, 4, 5], where both fast scales (cyclotron plus bounce
motions) were gyro-averaged.
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ABSTRACT
Computational Fluid Mechanics (CFD) is an established key technology in aerodynamic
design. Its predictions are considered reliable near the design point, where the flow stays
attached. Therefore there is major interest to extend its application towards the borders of
flight where the flow is partly separated.
For predicting separated flows correctly, the treatment of turbulence is of utmost importance.
In principle, the Navier-Stokes equations provide an adequate description of any turbulent
flow. However, at Reynolds numbers relevant for aeronautical applications, their solution is
characterised by space and time-dependent fluctuations. The scales of these fluctuations cover
several orders of magnitude in space and time, where the smallest ones are far below the
scales of engineering interest. Hence, the effort required for scale-resolving methods like
Direct Numerical Simulations (DNS) or Large-Eddy Simulations is usually beyond the scope
of practitioners.
For this reason, methods based on the Reynolds-averaged Navier-Stokes (RANS) equations
are still forming the backbone of CFD applications. In these equations, the turbulent
fluctuations are replaced by the so-called Reynolds stresses representing their average effect
on the mean flow. Modelling these Reynolds stresses is therefore crucial for the predictive
accuracy of any RANS based method, particularly in case of separated flow.
Various approaches have been suggested for this task, starting with the idea of an eddy
viscosity, increasing the viscosity of the fluid, up to full Reynolds-stress transport models,
requiring the solution of 7 additional modelled transport equations. Recently, data-driven
methods have emanated for improving RANS-based models, aiming at a reduction of the
predictive error by exploiting available data. Such methods are successfully applied, e.g. to
optimizing closure coefficients, augmenting models by missing terms or correcting the
predicted Reynolds stresses. The Minisymposium addresses recent advances in this important
developing area of research.
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In fluid dynamics, numerical modeling plays an important role in the design and development of aircraft.
The effectiveness of the prediction capabilities of a flow solver depends on the underlying turbulence
model. One of the widely used two-equation turbulence models is the Menter-Shear Stress Transport
(SST) model [1]. In comparison to more sophisticated approaches as Reynolds Stress Models, MenterSST is relatively robust and requires less computational resources for the simulation of industrial flow
applications. Although the model application is relatively simple, the solution accuracy is relatively high
and the results are of acceptable standards. The main drawback of this eddy viscosity model lies in the
reproduction of some complex flow phenomenon such as vortical flows and flows with large separations.
It has been observed that the model cannot capture the effects of the system rotation and streamline
curvature, and performs weakly for wake flows. Therefore, Menter-SST model offers a lot of potential to
be explored by using correction methods to overcome this weakness. Thereby the prediction capabilities
for these kind of flows can be improved without a large compromise between the computational cost and
solution accuracy.
The present work aims at improving the performance of the eddy viscosity based Menter-SST turbulence
model for complex aircraft flows by adding physical extensions to the ω length scale equation along with
calibration aided by Uncertainty Quantification methods. Three different extensions based on rotation
and curvature correction, wake flow correction and irrotational strain correction are added to the original
model, resulting in a parametric model, which is then calibrated using Bayesian Updates. A series of test
cases is employed to assess the model performance, whereby complex delta wings with deflected flaps
and vortical flows are the predominant target application.
REFERENCES
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The k-kL closure model contains naturally occurring higher derivative terms of the mean
flow, and therefore provides a good starting point for studying effects of flow field
inhomogeneity and inflectional instability in wakes. The development of the source terms of
the kL length scale determining equation was pioneered by Rotta, who, using a series
expansion, derived a source term that contained higher derivatives of the mean velocity
distribution of the turbulent shear layer. Based on the knowledge at that time Rotta suggested
to ignore the second velocity derivative and retain only the first and third derivatives as
leading source terms. Several developers later omitted the third derivative. Menter et al
proposed the inclusion of the second derivative instead, leading to the Scale Adaptive
Simulation Method as an extension of the SST two-equation turbulence model for unsteady
flows. The availability of highly accurate turbulence resolving simulations makes it now
possible to quantitatively investigate the assumptions made earlier.
The modelling assumptions suggested by Rotta and Menter et al are revisited using results of
Large Eddy Simulation of flow over a flat plate/boundary layer and its near wake, with the
aim of establishing physics based bounds and assumptions for the expansion of turbulent
length scale equations as well as to investigate the assumptions of Rotta and Menter. To do
this, the kL-equation is written to include all higher derivatives, and the contributions of each
derivative to the total production term is studied. In the following step, the resulting terms are
transformed by dimensional analysis to the turbulence quantity, ω=ε/k, with ω serving as the
length-scale determining equation, as used in many turbulence models.
This first work is expected to lay a physics based foundation for the estimation of the a-priori
values of the relevant coefficients in the equation. These a-priori values are expected to be
implemented as basis of a Bayesian statistics based parameter estimation of the coefficients of
the extended equation. It is expected that the extended equation will predict nonhomogeneous
turbulence in wake flows with improved accuracy.
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The limitations of the turbulence models accuracy employed for the numerical solution of vortex dominated flows are addressable to its mathematical formulation and its calibration method. A model can be
based on several assumptions and include different terms for addressing specific physical behaviors. The
balance between the modeled and solved part determines the accuracy of the numerical simulation and its
computational cost. Based on the application framework the most suitable model needs to be selected for
ensuring a proper accuracy level at an affordable computational cost. Reynolds Averaged Navier-Stokes
equations with Boussinesq assumption based turbulence models are routinely used for the solution of
vortex dominated flows. For such turbulence models, however, the calibration target is traditionally set
to basic test cases for having a global validity which reduces the predictive capability for particular cases,
such as vortex flows. A model could be fitted for a single test case and acquire its highest accuracy at the
cost of losing predictive capability.
The Technical University of Munich (TUM) and Airbus Defence & Space, in the context of the Advanced
Aircraft Understanding via the Virtual Aircraft Model (VitAM) [1] Project, have developed a methodology for extending the Spalart-Allmaras one-equation turbulence model formulation for affecting vortex
flows with enough flexibility to cover the different possible flow conditions, geometries, and development stages [2]. The additional source vortex terms are optimized locally for a subportion of available
experimental data and then applied to a wider range of cases to validate its accuracy improvement and
predictive capability. The application of the methodology to different test cases have shown consistent
improvements of the accuracy levels, also by validating on small variations of the geometry and flow
conditions. This is confirmed for the Model53 case (Fig.1), which is a generic wing-fuselage model with
a 53◦ leading-edge sweep featuring a slat deployed at 20◦ . The current work reports additional test cases,
the accuracy improvement of important features, and insights of the methodology potential.
The partial locality of the calibration constrains the methodology to a relatively narrow range of variations around the calibration case. Therefore, the improvement of the predictive capability has been
consequently addressed. Two directions are currently under research and preliminar results are reported.
• A parameterization of the available test cases to describe their geometry associated with the calibrated coefficients. Successively, evaluation of different numerical and machine learning models
in order to predict a most likely set of coefficients given a new test case geometry.
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• A neural network method to ”learn” how an optimized solution is related to the original SpalartAllmaras model with the Edwards modification (SAE) and predict the correction for a new vortex
flow field.
REFERENCES
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[2] Moioli, M. and Breitsamter, C. and Sørensen, K.A. Parametric data-based turbulence modelling
for vortex dominated flows. International Journal of Computational Fluid Dynamics, Vol. 33, No. 4,
2019, pp. 149-170. https://doi.org/10.1080/10618562.2019.1617857.

(a) Visualization of the unstructured computational grid of 8.9 million points, the surface CP distribution
and a Q-criterion iso-surface for the standard SAE and optimized turbulence model.

(b) Surface CP distribution shown for cross-flow sections at x/cr = [9.3%, 21.3%, 32%, 72.7%], comparing data from experiments and numerical simulations with the original SAE and optimized model
.

Figure 1: Model53 test case results summary shown for an angle of attack of 28◦ .
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ABSTRACT
Today the scientific advancements in the fields of material behavior modelling and of structural
analysis procedures based on computational methods make possible to carry out the integrity and
safety assessment of cementitious materials even under severe stress states, close to failure. Research
in this field is justified by the necessity to answer to durability issues, often connected to the
occurrence of catastrophic events like earthquakes or other cyclic/random loads, for which a reliable
definition of the collapse mechanism encompasses the study of crack initiation and propagation in
order to provide useful guidelines for retrofitting/strengthening measures aimed at the preservation of
existing structures. Cementitious materials, like concrete and masonry, can be investigated
conveniently over a wide stress state as an elastic-plastic-damaged material potentially undergoing
fracture. Therefore robust nonlinear numerical models are requested to catch reinforced and
unreinforced post-peak behavior or fracture under 3D complex stress states. The modeling strategies
can range from discrete models, simulating the material as a composite, to continuous homogenized
texture models, which can be computationally more efficient at the structural scale, in both
probabilistic and deterministic approaches.
The main aim of this Mini Symposium is to gather researchers specialized in computational mechanics
applied to cementitious materials, namely concrete and masonry at the material and structural scale.
Authors are encouraged to present their innovative contributions in the field of theoretical and
numerical models of sound constitutive laws for predicting the mechanical behavior of cementitious
materials under service loads as well as ultimate loads, even close to collapse.
The aspects related to 3D solid and numerical modeling will play a central role, while still highlighting
the underlying conceptual and theoretical bases.
Applications from all aspects of structural engineering will be considered, with particular attention to
those addressing structural retrofitting, rehabilitation of existing buildings and heritage, as well as
durability issues related to the main decay mechanisms connected to cementitious materials.
The studies are not limited to conventional materials but are open to cementitious materials in
combinations with polymers, metallic fibers, improved mixtures/components, as well as ecosustainable materials.
The modeling approaches may be inscribed in the framework of continuous or discrete mechanics,
poromechanics or homogenized scale, and coupling between multiphisics phenomena may be taken
into account, in relation to the specific scenario under study.
Solid modeling may involve CAD, reverse engineering, ad hoc algorithms or other approaches
considered of interest in the generation of the 3D models.
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The present work is aimed at proving the soundness of a contact numerical algorithm for the
correct simulation of the interaction between aggregate and cement paste in the interfacial
transition zone (ITZ) that typically characterizes cementitious composites at the mesoscale [1].
The failure of this zone has been characterized by using a new cohesive contact law able to take
into account the coupled behaviour between normal/peeling and shear conditions [2]. The
present cohesive contact formulation has been specifically calibrated to take into account the
different roughness surfaces of various aggregate types [3]. A series of numerical analyses has
been carried out considering different material inclusions and distributions within concrete
samples, so proving the capabilities of the proposed formulation.
The 3D laser scanner technique might be used to define the outer geometry of inclusions, if
combined with a suitable particle distribution algorithm for randomly generating inclusions in
agreement with a given granulometric curve. Such algorithm should be based on overlapping
criteria of particles of regularly-shaped particles, whose geometry can be considered inscribed
in, and on minimum distance criteria, excluding the total penetration of one inclusion into
another. The algorithm developed in [4] has, additionally, a “packing” scheme that implements
dislocations of the surrounding particles, when a new inclusion overlaps some others, in order
to use the available space more efficiently, always checking that no overlapping occurs.
Comparisons between numerical and experimental results confirm the accuracy of the
constitutive approach here proposed to evaluate the brittle fracture behaviour of cementitious
materials and to satisfactorily simulate damage triggering under generic 3D stress states, also
when ITZ is taken into account.
REFERENCES
[1] J.C. Maso, “Interfacial transition zone in concrete", CRC Press 1996.
[2] K. Ikegami, M. Kajiyama, S. Kamiko and E. Shiratori, “Experimental studies of the

strength of an adhesive joint in a state of combined stress". J. Adhesion, 10, 25-38 1979.
[3] G.A. Rao and B.R. Prasad, “Influence of the roughness of aggregate surface on the
interface bond strength". Cement and Concrete Research, 32(2), 253-257, 2002.
[4] G. Mazzucco, B. Pomaro, V.A. Salomoni and C.E. Majorana, “Numerical modelling of
ellipsoidal inclusions", Construction and Building Materials, 167, 317-324, 2018.
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MATERIALS ON DAMAGE PROPAGATION.
Gianluca Mazzucco¹, Beatrice Pomaro¹*,
Valentina A. Salomoni2 and Carmelo E. Majorana¹
1

Department of Civil, Environmental and Architectural Engineering, University of Padova,
Via F. Marzolo 9 – 35131 Padova, Italy, gianluca.mazzucco@dicea.unipd.it,

beatrice.pomaro@dicea.unipd.it, carmelo.maiorana@dicea.unipd.it

Department of Management and Engineering, University of Padova,
Stradella S. Nicola 3 – 36100 Vicenza, Italy, valentina.salomoni@unipd.it
2

Key Words: Finite Element Method, Concrete, Mesoscale, Aggregates, Entrapped air.
The increasing attention to numerical issues related to material modeling is still a strong incentive to
develop sound mechanical models that can explain material behavior up to failure.
A procedure to handle a robust geometric meso-scale reconstruction of concrete materials is here
proposed, based on X-ray Computed Tomography (XCT). XCT as advanced detection technique has
been adopted by several authors who aimed to investigate the behavior of concrete at the meso level,
with satisfactory results [1, 2].
This study applies XCT on concrete made with calcareous aggregates: solid models have been generated
with such technique and discretized in space to be numerically studied via the Finite Element (FE)
method and the numerical results compared with uniaxial compression tests on the same scanned
specimens. For the numerical analyses a specific non-associated elasto-plastic constitutive behavior,
coupled with damage, has been developed for the cement matrix, whereas the coarse aggregates have
been treated as elastic. The surface roughness of coarse aggregates has an obvious effect on the
interfacial bond strength [4]. Therefore a contact algorithm for the thin interface region known as
Interfacial Transition Zone (ITZ) between aggregates and cement paste has been included in the
numerical analyses. The presence of voids in cured concrete, in particular, is discussed in order to
appreciate the influence of air segregation in ordinary concrete strength, when damage evolution and
cracking mechanisms are evaluated included explicit ITZ modeling.
While entrained air bubbles (dimension of voids below 0.1cm and spherical, typically) can be beneficial
to concrete, especially for freezing/thawing cycles, and can be intentionally created by adding a liquid
admixture specifically designed for this purpose, entrapped air voids (> 0.1cm) are usually irregular in
shape and are created during improper mixing, consolidating and placement of concrete. Air pockets, or
irregularly sized air voids can have negative effects on product appearance, strength and durability
therefore they are usually removed with proper vibration techniques.

REFERENCES
[1] E. Garboczi, Three-dimensional mathematical analysis of particle shape using x-ray tomography
and spherical harmonics: application to aggregates used in concrete, Cement and Concrete
Research, 32, 10, 1621–1638, 2002.
[2] Y. Huang, Z. Yang, W. Ren, G. Liu and C., Zhang, 3D meso-scale fracture modelling and
validation of concrete based on in-situ X-ray Computed Tomography images using damage
plasticity model, International Journal of Solids and Structures, 67-68, 340–352, 2015.
[3] L. Hong, X. Gu and F. Lin, Influence of aggregate surface roughness on mechanical properties of
interface and concrete, Construction and Building Materials, 65, 338–349, 2014.

1845

A. Ouazzi, N. Begum
Newton-Multigrid
Fem
and
Solver
S. Turek
for the Simulation of Generalized Quasi-Newtonian Modeling of
Thixotropic Flows
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

NEWTON-MULTIGRID FEM SOLVER FOR THE SIMULATION OF
GENERALIZED QUASI-NEWTONIAN MODELING OF
THIXOTROPIC FLOWS
A. Ouazzi1 , N. Begum2 and S. Turek3
Institute for Applied Mathematics, LS III, TU Dortmund University, D-44227 Dortmund, Germany
1
Abderrahim.Ouazzi@math.tu-dortmund.de, 2 Naheed.Begum@math.tu-dortmund.de,
3
ture@featlow.de
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This talk is concerned with the application of Finite Element Method (FEM) and Newton-Multigrid
solver to simulate thixotropic flows using generalized quasi-Newtonian modeling.
The generalized quasi-Newtonian modeling approach consists of allowing all possible derivative combinations in the Laplacian operator which we adopt for modeling thixotropic flows. The thixotropy phenomena are introduced to yield stress material by taking into consideration the internal material micro
structure using a structure parameter. Firstly, the viscoplastic stress is modified to include the thixotropic
stress dependent on the structure parameter. Secondly, an evolution equation for the structure parameter
is introduced to induce the time-dependent process of competition between the destruction (breakdown)
and the construction (buildup) inhabited in the material. Classically, this is done simply by introducing
a structure-parameter-depenedent viscosity into the rheological model for yield stress material, as for
instance the Houska model based on a viscosity approach for the Bingham model [2]. Instead, our modeling approach consists of introducing a new thixotropic stress to bypass the constraint of regularization
related to viscosity model. As a result, the viscoplastic stress in the Bingham model can be interpreted
as the stationary structure stress. Furthermore, the new thixotropic stress is represented in the diffusion
operator to get rid of the tensorial field.
The nonlinearity, related to the dependency of the diffusive term on the material parameters, is treated
with generalized Newton’s method w.r.t. the Jacobian’s singularities having a global convergence property. The linearized systems inside the outer Newton loops are solved using the geometrical multigrid
with a Vanka-like smoother taking into account a stable FEM approximation pair for velocity and pressure with discontinuous pressure and biquadratic velocity spaces.
We analyze the application of our approach, of using the generalized quasi-Newtonian modeling for
thixotropic flows, and the accuracy, robustness and efficiency of the Newton-Multigrid FEM solver [1]
throughout the solution of the thixotropic flows using manifactured solutions in a channel and the prototypical configuration of thixotropic flows in Couette device [3].
REFERENCES
[1] Damanik, H. and Hron, J. and Ouazzi, A. and Turek, S. A monolithic FEM–multigrid solver for
non–isothermal incompressible flow on general meshes. J. Comp. Phys. (2009) 228:3869–3881.
[2] Houska, M. Engineering aspects of the rheology of thixotropic liquids. PhD thesis, Faculty of Mechanical Engineering, Czech Technical University of Prague, (1981).
[3] Jenny, M. and Kiesgen de Richter, S. and Louvet, N. and Skali-Lami, S. and Dossmann, Y. TaylorCouette instability in thixotropic yield stress fluids. Phys. Rev. Fluids (2017) 2:023302–023323.
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ABSTRACT
The mini-symposium is dedicated to the discussion of recent developments and applications
in the field of Numerical Simulation of Petroleum Reservoirs and related disciplines,
including new gridding, numerical formulations and multiscale methods. The goal is to bring
together researchers, students and professionals in the field of Petroleum Reservoir
Simulation and related areas. The scope of the mini-symposium ranges from the mathematical
and computational methods to the modeling and simulation of challenging applications in
petroleum reservoir simulation.
REFERENCES
[1] E. Ahmed, Raheel.; Xie, Yawei.; Michael G. Edwards. (2018). A Cell-Centred CVD-

MPFA Finite Volume Method for Two-Phase Fluid Flow Problems with Capillary
Heterogeneity and Discontinuity. Transport in Porous Media (2018).

[2] F. E. Marcondes; C. R. Maliska ; Mário C. Zambaldi. A comparative study of implicit and

explicit methods using unstructured voronoi meshes in petroleum reservoir simulation.
Journal of the Brazilian Society of Mechanical Sciences and Engineering (Impresso), v.
31, p. 353, 2009.

[3] M. R. A. Souza; F. R. L. Contreras; P. R. M. Lyra; D. K. E. Carvalho. A Higher

Resolution Flow Oriented Scheme with an Adaptive Correction Strategy for Distorted
Meshes Coupled with a Robust MPFA-D Method for the Numerical Simulation of TwoPhase Flows in Heterogeneous and Anisotropic Petroleum Reservoirs (SPE-182677-PA).
SPE JOURNAL, v. Prepri, p. 1, 2018.
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The computational simulation of fluid flow in anisotropic and heterogeneous petroleum reservoirs is a
challenging task. In this context, we propose a full cell-centred finite volume scheme to simulate twophase flows of oil and water in heterogeneous and anisotropic porous media, on general unstructured
meshes in 2–D. The mathematical modelling of the oil and water displacement in oil reservoirs may
lead to a system of two coupled equations, an elliptic pressure equation and a hyperbolic saturation
equation. In this work, this system is solved by the classical IMPES (IMplicit Pressure and Explicit
Saturation) procedure. To discretize the elliptic pressure equation, we have used a nonlinear scheme that
provides positive solutions even on strongly heterogeneous and anisotropic media. Moreover, it
reproduces piecewise linear solutions exactly even for very distorted meshes and arbitrary anisotropic
reservoirs rocks. This nonlinear finite volume scheme (NLFV-PP) is a variant of the method initially
proposed by [2]. The basic idea of this scheme is to choose an appropriate stencil to build one-sided
fluxes. This stencil is composed by the control volumes that share a control surface and by auxiliary
variables located at the vertices that define the control surface that is intercepted by the conormal of the
original surface. Then, we integrate both one–sided fluxes over each control surface and finally, we
express the unique flux as a nonlinear convex combination of the one-sided fluxes. The nodal auxiliary
variables are interpolated as linear combinations of the neighbouring cell-centered unknowns which
reduces the scheme to a completely cell-centred one. To improve computational efficiency of the Picard
nonlinear solver we have implemented different acceleration strategies [3, 4]. To discretize the
hyperbolic saturation equation, we have developed a modification of a high order MUSCL–type finite
volume with a posteriori slope limiting strategy (HOMFV-PL). The original scheme was initially
proposed by [1] in the context of the solution of the compressible Navier-Stokes equations. In this
scheme, the reconstructed variables on the control surfaces are limited only if they violate the local
discrete maximum principle (DMP), otherwise, it is expressed as a convex combination involving the
unlimited reconstructed variable and a limited one, where the convexity coefficient is the Gnoffo’s slope
limiter. To show the potential of our full finite volume formulation, we have solved some benchmark
problems found in literature.

REFERENCES
[1] K. Kitamura and A. Hashimoto, Simple a posteriori slope limiter (post limiter) for high resolution
and efficient flow computations. Journal of Computational Physics, Vol. 341, pp. 313–340, 2017.
[2] G. Yuan and Z. Sheng, Monotone finite volume schemes for diffusion equations on polygonal
meshes. Journal of computational physics, Vol. 227, n. 12, pp. 6288–6312, 2008.
[3] F. Walker Homer, Anderson acceleration: Algorithms and implementations. WPI Math. Sciences
Dept. Report MS-6-15-50, 2011.
[4] Fernando R. L. Contreras, Paulo R. M. Lyra, Darlan K. E. Carvalho, Numerical Simulation of TwoPhase Flows in Heterogeneous and Non Isotropic Porous Media Using a Higher Order Finite
Volume Method with a Posteriori Slope Limiting Strategy. Conference: XL Ibero-Latin-American
Congress on Computational Methods in Engineering, 2019.
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Key Words: Finite Element Meshing, Discrete Fracture Networks, Multiscale Hybrid-Mixed Methods,
Reservoir Simulation
Multi-scale finite element methods require special types of meshes, notably, those that relate coarse elements to sub-meshes contained by them. The geometric description of a Discrete Fracture Network
(DFN) in this context, involves the ability of inserting multiple fractures in a pre-defined coarse mesh,
while building a sub-mesh around these fractures and tracking fine/coarse element relations. Main steps
involve: locating intersections and refining elements at those points, building a data structure that associates each element of a fracture surface to the coarse volume that encloses it, and then generate a
sub-mesh of fine elements around the fractures to fill these coarse elements, without altering originally
defined nodes in the coarse mesh. This work presents an approach for automatic finite element meshing
of fractured reservoirs suited to Multiscale Hybrid-Mixed methods (MHM) [1]. The code is written in
C++ and largely relies on two finite element libraries: NeoPZ [3] and Gmsh [2]. Starting with a coarse
mesh, fractures are entered as 3D polygons, built from their corner points, and inserted one-by-one.
Intersections with one-dimensional elements are computed first and subsequently used to define the intersection with two-dimensional elements (faces). Triangles that result from refining faces to conform
to the intersecting fractures are checked for quality, and those with bad aspect ratio (given a tolerance)
are coalesced, as fracture surface nodes are snapped into previously defined nodes. The resulting faces
are utilized to define volume shells that can be tetrahedralized using Constrained Delaunay algorithms
available in the Gmsh library. Element connectivity, transformations between parametric domains of
fine/coarse elements, and all other relevant finite element computations are implemented using NeoPZ.
Results show that the proposed technique can efficiently construct adequate 3D meshes. While relying on neighbourhood information and consistent element topologies available from NeoPZ’s geometric
meshes, enables optimization of multiple algorithms of geometric search that would, otherwise, require
a considerable amount of floating-point operations.
REFERENCES
[1] Devloo, P., Teng, W. and Zhang, C. Multiscale hybrid-mixed finite element method for flow simulation in fractured porous media. CMES, Vol 119. p145-163. (2019)
[2] Geuzaine, C. and Remacle, J.-F. Gmsh: a three-dimensional finite element mesh generator with
built-in pre- and post-processing facilities. Int. J. Num. Meth. Engng., Volume 79. (2009)
[3] Devloo,P. PZ:AnObj.orient. environment for sci.progr. (1997)doi:10.1016/S0045-7825(97)00097-2
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We introduce a discontinuous Galerkin method of first order to solve the three-component three-phase
flow problem in two and three dimensional heterogeneous porous media. The aqueous phase is assumed
to be composed of water component while the liquid and vapor phases are composed of a mixture of gas
and oil components. The algorithm uses a sequential implicit formulation and controls nonlinearity with
a subiteration scheme described in [1]. The formulation is based on the compositional model and uses
the total mass fraction of gas, the aqueous saturation and the liquid phase pressure as primary unknowns.
It is designed so the appearance and disappearance of phases does not require additional steps. The
algorithm can consider a large range of problems that include the effects of gravity, capillary pressures
and also mass transfer between the liquid and vapor phases. We show the optimal convergence of the
method for smooth manufactured solutions. The robustness of the method is shown on heterogeneous
reservoirs setups where the absolute permeability is generated randomly and presents ratio of magnitude
up to 2 × 103 [2].
REFERENCES
[1] Cappanera, L. and Riviere, B. Discontinuous Galerkin method for solving the black-oil problem in porous media. Numerical Methods for Partial Differential Equations (2018) 1-29, DOI:
10.1002/num.22324
[2] Cappanera, L. and Riviere, B. Flexible Discretizations of the Three-Component ThreePhase Flow Problem. SPE Reservoir Symposium (2019). Society of Petroleum Engineers,
DOI:10.2118/193906-MS
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The focus of this work is to investigate, for the first time, a Multipoint Flux Approximation with a quasilocal stencil (MPFA-QL) for the implicit solution of the elliptic pressure equation coupled with a very
high resolution Compact Direct Flux Reconstruction (CDFR) method for the explicit discretization of
the saturation equation. The coupling of the pressure-saturation system of equations is carried out using
a classical IMplicit Pressure Explicit Saturation (IMPES) procedure. The MPFA-QL is a non-orthodox
finite volume method (FVM) in which, for each control surface of the mesh, one-sided fluxes are defined
and then combined to produce a unique flux by using a computational stencil that can comprise not only
the closest neighbors of the control volume (CV), depending of the anisotropy of the permeability field.
On the other hand, with the aim of to achieve a simple, straightforward and efficient implementation
procedure of flux derivatives for the Correction Procedure via Reconstruction (CPR) method, the CDFR
scheme has been used. In the CDFR method flux derivatives are built directly from point-wise fluxes
without explicitly constructing polynomials correction functions via a compact Finite Difference (FD)
approach, in which all numerical operations are predominantly matrix-vector multiplications. In order to
couple the MPFA-QL method with the CDFR formulation, it is necessary to obtain an adequate velocity
reconstruction throughout the CVs of the mesh. Because the cell centered FVM naturally delivers fluxes
across cell faces that belong to the primal grid, a reconstruction operator based on the first order BrezziDouglas-Marini space (BDM1 ) is constructed, to get a conservative velocity field throughout the domain.
Finally, some 2-D two-phase flow benchmark problems were analyzed and numerical and/or analytical
comparisons have been used, to verify the accuracy, and efficiency of the adopted methodology.
REFERENCES
[1] Contreras, F. R. L. and Carvalho, D. K. E. and Lyra, P. R. M. A new multipoint flux approximation method with a quasi-local stencil (MPFA-QL) for the simulation of diffusion problems in
anisotropic and heterogeneous media. Applied Mathematical Modeling, Vol. 70., (2019).
[2] Galindez-Ramirez, G. and Carvalho, D. K. E. and Lyra, P. R. M. Numerical simulation of 1-D oil
and water displacements in petroleum reservoirs using the correction procedure via reconstruction
(CPR) method. Computational Geosciences, (2019).
[3] Wang, L. and Yu, M. Compact direct flux reconstruction for conservation laws. Journal of Scientific
Computing, Vol. 75., (2018).
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ABSTRACT
Model order reduction techniques allow obtaining fairly accurate solutions in a fast manner by
extracting relevant knowledge from a set of available solutions (called snapshots) and using it
to recast the original problem in a more compact form where the cost associated to
parameterized problems in many-query settings is substantially reduced. This minisymposium
will discuss the latest advances in intrusive and non-intrusive Reduced Order Modelling
techniques targeting the study of fluid mechanics problems.
Talks are envisioned that will deal with methodological developments in numerical analysis
with emphasis on mathematical modelling as well as application in the different contexts of
computational engineering. Nonlinear inverse problems, optimal flow control, shape
optimization, flow characterization via principal component analysis and uncertainty
quantification will be at the core of the discussion. Advanced developments will be presented
for applications in multi-physics contexts, such as fluid-structure interaction problems, and
more general coupled phenomena involving inviscid, viscous and thermal flows, solids and
porous media, incompressible and compressible flow regimes.
The minisymposium will foster discussion on industrial, medical and environmental
applications including aeronautical, mechanical, naval, off-shore, geophysical, wind, sport,
biomedical engineering and cardiovascular surgery as well, combining elements of high
performance computing and advanced reduced order modelling, real time computing, data
management and visualization.
The objective of the minisymposium is to present the state of the art in the field of Reduced
Order Modelling formulations and implementations while identifying the current challenges
and drawing the future landscape.
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A LOCALIZED REDUCED-ORDER MODELING APPROACH FOR
BIFURCATION PROBLEMS WITH AUTONOMOUS LOCALIZATION
THROUGH MACHINE LEARNING
Martin Hess1 , A. Alla2 , A. Quaini 3,∗ , G. Rozza1 and M. Gunzburger4
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We present a new reduced-order modeling (ROM) [1] approach aimed at bifurcation problems [2, 3]. We
use the k-means algorithm to cluster snapshots and construct local POD bases, one for each cluster. The
method can detect which cluster a new parameter point belongs to. Then, the local basis corresponding
to that cluster is used to determine a ROM approximation.
The cluster selection criterion for a new parameter of interest is crucial to the overall accuracy, especially
in the case of higher dimensional parameter domains. We identified a neural network training procedure
that allows to gain an order of magnitude in accuracy over straightforward cluster selection approaches,
such as distance to parameter centroid or distance to the closest snapshot. Numerical experiments show
the effectiveness of the method for bifurcation problems with continuous and discontinuous changes in
the solution.
REFERENCES
[1] M. Hess and A. Alla and A. Quaini and G. Rozza and M. Gunzburger. A localized reduced-order
modeling approach for PDEs with bifurcating solutions. Computer Methods in Applied Mechanics
and Engineering (2019) 351:379–403.
[2] G. Pitton and A. Quaini and G. Rozza. Computational reduction strategies for the detection of
steady bifurcations in incompressible fluid-dynamics: Applications to Coanda effect in cardiology.
Journal of Computational Physics (2017) 344: 534–557.
[3] G. Pitton and G. Rozza. On the application of reduced basis methods to bifurcation Problems in
incompressible fluid dynamics. Journal of Scientific Computing (2017) 73: 157–177.
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Key Words: Rational-based Model Order Reduction, Parametric PDEs, Time-harmonic wave problems
This talk deals with the time-harmonic external acoustic scattering of the 2D section of a plane wing with
open flap. Due to the presence of the flap slot in the wing, a resonance-like behavior - corresponding to
an unknown frequency - is expected to appear in that region.
To identify such resonance, we make the problem parametric in frequency, assuming that the frequency
sweeps a given interval of interest. We then introduce the frequency response map, i.e., the map which
associates each input frequency of the given interval of interest with the solution of the corresponding
acoustic scattering problem.
In principle, the presence and the impact of the resonance could be studied via the direct numerical evaluation of the frequency response function for the whole range of frequencies. However, this brute-force
approach is out of reach. Indeed, each numerical evaluation of the frequency response map, i.e., each
finite element approximation of the considered scattering problem is computationally expensive, and
accurate approximations are possible only on very fine meshes or with high polynomial approximation
degrees.
We prove that the frequency response map is meromorphic, i.e., it can be expressed as the ratio between
a holomorphic function and a polynomial of finite degree. Accordingly, we choose to approximate it
over the interval of interest by rational-based Model Order Reduction technique. The offline information consists in S evaluations of the frequency response map (and possibly of its derivatives) at S fixed
sample frequencies (which may possibly coalesce). Then it entails the finite element approximation of S
scattering problems.
We perform numerical experiments to compare different choices of sample frequencies, namely fully
distributed in the parameter range, and partially and fully confluent. We compare our technique with an
implicit multi-moment-matching (MMM) method based on exactly the same offline information.
REFERENCES
[1] Bonizzoni, F. and Pradovera, D. Distributed sampling for rational approximation of the acoustic
scattering of an airfoil. Proceeding in Applied Mathematics and Mechanics - GAMM 2019.
[2] Bonizzoni, F. and Nobile, F. and Perugia, I. Convergence analysis of Padé approximations for
Helmholtz frequency response problems. ESAIM: M2AN (2018) 52(4):1261–1284.
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Abstract
We propose a general — i.e., independent of the underlying equation — registration
method for parameterized Model Order Reduction. Given the spatial domain Ω ⊂ Rd and
train
a set of snapshots {uk }nk=1
over Ω associated with ntrain values of the model parameters
1
ntrain
µ ,...,µ
∈ P, the algorithm returns a parameter-dependent bijective mapping Φ :
Ω × P → Rd : the mapping is designed to make the mapped manifold {uµ ◦ Φµ : µ ∈ P}
more suited for linear compression methods. We apply the registration procedure, in combination with a linear compression method, to devise low-dimensional representations of
solution manifolds with slowly-decaying Kolmogorov N -widths; we also consider the
application to problems in parameterized geometries. We present a theoretical result to
show the mathematical rigor of the registration procedure. We further present numerical
results for several two-dimensional problems, to empirically demonstrate the effectivity
of our proposal.
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Flow simulations in underground fractured media following the Discrete Fracture Network (DFN) framework is a fertile ground for Reduced Basis (RB) methods due to the stochastic nature of the underground
formations whose flow properties and complex geometries are usually described by random probability distributions. Unfortunately, standard RB tools, such as classical greedy offline analysis, are not
applicable to the DFN flow problems when non-conforming meshes are used on the fractures in a PDEconstrained optimization formulation of the problem, [1]. For this reason, we propose an alternative RB
greedy technique built on an aggregated trial reduced space [2], which relies on the distance between the
continuous solution and the reduced one estimated by a residual-based a posteriori error, [3]. Moreover,
the new RB error estimator proposed avoids a discrete inf-sup lower bound estimation, unavailable in this
framework, and leads to a smart stopping criterion for the greedy analysis which relates the RB space
dimension with the accuracy of the high fidelity solution, saving precious computational time.
REFERENCES
[1] Berrone, S. and Borio, A. and Vicini, F. Reliable a posteriori mesh adaptivity in Discrete Fracture
Network flow simulations. CMAME, Vol. 354, (2019).
[2] Negri, F. and Rozza, G. and Manzoni, A. and Quarteroni, A. Reduced Basis Method for
Parametrized Elliptic Optimal Control Problems. SIAM J. Sci. Comput., Vol. 35, (2013).
[3] Berrone, S. and Scialò, S. and Vicini, F. Parallel Meshing, Discretization, and Computation of flow
in Massive Discrete Fracture Networks. SIAM J. Sci. Comput., Vol. 41, (2019).
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Non-intrusive PGD for parametric problems in industrial CFD
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The computational cost of parametric studies currently represents the major limitation to the
application of simulation-based engineering techniques in a daily industrial environment. This
work presents the first nonintrusive implementation of the proper generalized decomposition
(PGD) in OpenFOAM, for the approximation of parametrized incompressible Navier-Stokes
equations [1].The key feature of this approach is the seamless integration of a reduced order
model (ROM) in the framework of an industrially validated computational fluid dynamics
software.
This is of special importance in an industrial environment because in the online phase of the
PGD ROM [2] the description of the flow for a specific set of parameters is obtained simply
via interpolation of the generalized solution, without the need of any extra solution step. This
is one of the major advantages of the PGD-based computational vademecums.
On the one hand, the spatial problems arising from the PGD separation of the unknowns are
treated using the classical solution strategies of OpenFOAM, namely the semi-implicit
method for pressure linked equations (SIMPLE) algorithm. On the other hand, the parametric
iteration is solved via a collocation approach.
The resulting ROM is applied to several benchmark tests of laminar incompressible NavierStokes flows, in two and three dimensions, with different parameters affecting the flow
features. Eventually, the capability of the proposed strategy to treat industrial problems is
verified by applying the methodology to a parametrized flow control in a realistic geometry of
interest for the automotive industry.
REFERENCES
1.

2.

V. Tsiolakis, M. Giacomini, R. Sevilla, C. Othmer, and A. Huerta "Nonintrusive proper
generalised decomposition for parametrised incompressible flow problems in
OpenFOAM." Comput. Phys. Commun., Vol. 249, paper 107013, 2020.
F. Chinesta, A. Leygue, F. Bordeu, J.V. Aguado, E. Cueto, D. González, I. Alfaro, A.
Ammar, A. Huerta,"PGD-Based Computational Vademecum for Efficient Design,
Optimization and Control." Arch. Comput. Methods Eng., 20(1):31–59, 2013.
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NON-INTRUSIVE REDUCED ORDER MODELLING FOR PIPE FLOW
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When oil is transported in pipes with large aspect ratios (where the pipe length is at least 100 times
larger than its diameter), a flow regime know as slug flow can occur. Long bubbles develop within the
flow leading to an intermittent sequence of liquid slugs and gas bubbles which can give rise to many
problems in the design and operation processes of offshore gas and oil pipelines [1]. Some of these
problems include vibration, fatigue in fittings and pipes, and pressure cycling. Therefore identifying and
predicting slug sizes and frequencies is helpful when designing or operating such pipelines.
The large aspect ratio of this problem and its complex fluid behaviour present a challenge for computational fluid dynamics (CFD) codes. In this paper, we attempt to harness the computational effort invested
in generating CFD results by developing non-intrusive reduced order models from these results. Nonintrusive reduced order modelling (NIROM) is a type of reduced order modelling which replaces the
projection of the discretised governing equations onto the reduced basis by an interpolation of the snapshots projected onto the reduced basis. Most recently, this interpolation has been carried out by neural
networks, e.g. see [2, 3]. NIROM needs only the results from the CFD code as no modification to the
code is required: an advantage when dealing with complex codes. Our aim will be to use these reduced
models to solve pipe flow for a range of parameters in much less time than the original CFD model.
This work is being undertaken as part of the EPSRC-funded MUFFINS project (EP/P033148/1 and
EP/P033180/1) which is investigating multiphase flow in pipes for subsea applications.
REFERENCES
[1] Manolis, I.G. High pressure gas-liquid slug flow. PhD thesis, Imperial College London (1995).
[2] Hesthaven, J.S. and Ubbiali, S. Non-intrusive reduced order modeling of nonlinear problems using
neural networks. Journal of Computational Physics (2018) 363:55–78.
[3] Swischuk, R., Mainini, L, Peherstorfer, B. and Willcox, K. Projection-based model reduction: Formulations for physics-based machine learning. Computers and Fluids (2019) 179:704–717.
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The need to devise model order reduction methods is strictly related to the finite nature of the available
resources, including the computational budget, the amount of memory at disposal and the limited time.
Parametric studies, from optimization tasks to the design of response surfaces, suffer particularly from the
curse of dimensionality since they usually scale exponentially with the dimension of the parameter space.
A key pre-processing step is therefore reducing the dimension of the space of parameters discovering
some notion of low-dimensional structure beneath.
Under mild regularity assumptions on the model function of interest, Active Subspaces [1] have proven
to be a versatile and beneficial method in engineering applications: from the shape-optimization of the
hull in naval engineering to model order reduction coupled with the reduced basis method for the study
of a stenosed carotid artery [2, 3]. The procedure involved can be ascribed to gradient-based sufficient
dimension reduction methods.
We are going to present a possible extension [4] which addresses especially the linear nature of the Active
Subspace in search for a non-linear counterpart. The turning point comes from the theory on Reproducing
Kernel Hilbert Spaces (RKHS) which have been fruitfully employed in machine learning to devise nonlinear manifold learning algorithms such as Kernel Principal Component Analysis (KPCA). An essential
feature of the method that exploits the non-linear Active Subspaces should be the flexibility to account
for non-linear behaviours of the model function. Our implementation is tested on some benchmarks
designed to exhibit the strengths of the non-linear variant.
REFERENCES
[1] Constantine, Paul G, Active Subspaces: Emerging ideas for dimension reduction in parameter
studies. SIAM Spotlights, Vol. II, 2015.
[2] Tezzele, M., Salmoiraghi, F., Mola, A., and Rozza, G., Dimension reduction in heterogeneous parametric spaces with application to naval engineering shape design problems, Advanced Modeling
and Simulation in Engineering Sciences, vol. 5, p. 25, 2018.
[3] Tezzele, M., Ballarin, F., and Rozza, G., Combined parameter and model reduction of cardiovascular problems by means of active subspaces and POD-Galerkin methods, in Mathematical and
Numerical Modeling of the Cardiovascular System and Applications, Springer, pp. 185–207, 2018.
[4] Romor, F., Reduction in Parameter Space for Problems approximated by Discontinuous Galerkin
Method in Computational Fluid Dynamics. Master Thesis, University of Trieste, 2019.
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The high dimensionality arising from the discretisation of PDEs in CFD is a challenging issue when
dealing with unsteady problems, with complexity quickly increasing when also parameters variation
needs to be covered. Reduced Order Models (ROMs) represent a promising alternative to high-fidelity
computations in terms of accuracy and physical consistency, especially when a low-dimensional space
can be easily found [1]. For the specific case of unsteady problems, an adaptive strategy has been
proposed in [2], which tries to exploit the advantages of all the most used and newly introduced linear
ROMs in reconstructing the dynamics of transient phenomena. The adaptive framework has also been
equipped with an equation-based error to drive the adaptive selection [3].
A crucial point in defining a generic ROM, and therefore also adaptive low-dimensional methods, is
determining the rank, i.e. the number of basis functions to retain in order to achieve a good tradeoff between solution accuracy and dimensionality reduction. In the model based adaptive framework
proposed in [3], an additional important aspect to assess is the consistency of the equation-based error
with respect to very low rank ROMs.
The present work shows a Pareto Front analysis on the number of modes used for the Adaptive strategy
in [3], to reveal the importance of the Adaptive Framework rank with respect to three aspects: 1) Improvements introduced by the adaptive framework with respect to a single ROM, specifically the widely
used Proper Orthogonal Decomposition (POD); 2) Consistency of the equation-based error selection;
3) Solution accuracy. Test-cases relevant to the aeronautical field will be considered, such as transient
aerodynamic phenomena which involve airfoils and wings.
REFERENCES
[1] Taira, K., et al. (2017). Modal analysis of fluid flows: An overview. AIAA Journal, 55(12): 40134041.
[2] Pascarella, G., Fossati, M. and Barrenechea, G. (2019). Adaptive Reduced Basis Method for the
Reconstruction of Unsteady Vortex-dominated Flows. Computers & Fluids, 190:382-397.
[3] Pascarella, G., Fossati, M. and Barrenechea, G. (2019). Model-based Adaptive Reduced
Basis Methods for Unsteady Aerodynamics Studies. AIAA Aviation 2019 Forum. DOI:
https://doi.org/10.2514/6.2019-3332.
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In this paper, the proper generalized decomposition (PGD) is used to solve the parametric heat equation
for a real geothermal application. In particular, the physical domain is composed by ten geothermal
probes inserted within the ground. The temperature profile of the probes is imposed as a parametric
Dirichlet condition.
The soil properties are parameters difficult to estimate in real life applications, and it is often required a
parametric analysis, in order to analyze their influence on the geothermal system. Moreover, another
problem in modelling geothermal systems is the construction of the 3D mesh near the probes.
By employing PGD techniques, it is possible to bypass these numerical problems and their large
computational cost, because the PGD is an a priori model reduction method that allow to reduce the
problem complexity through the separation of variables and parameters.
In the present work, the authors analyze the effects of the probes presence on soil temperature, by means
of a PGD model properly developed for the case study.

REFERENCES
[1] F. Chinesta, R. Keunings, A. Leygue, The proper generalized decomposition for advanced

numerical simulations, Springer, 2014.
[2] A. Ammar, The proper generalized decomposition: a powerful tool for model reduction,
Int. J. Mater. Form., 89-102, 2009.
[3] A. Carotenuto, M. Ciccolella, N. Massarotti, A. Mauro, Models for thermo-fluid dynamic
phenomena in low enthalpy geothermal energy systems: a review, Ren. And Sust. Ener.
Rew., 330-355, 2016.
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ABSTRACT
The objective of this symposium is to discuss new advances in numerical methods for linear
and non-linear dynamics and wave propagation. Topics of interest include, but are not limited
to: new space and time discretization methods for dynamical systems; high-order accurate
methods including finite, spectral, isogeometric elements and others; methods with reduced
numerical dispersion; filtering spurious oscillations; fictitious domain methods for complex
geometry and with the special treatment of the boundary conditions; new implicit and explicit
time-integration methods for structural dynamics, wave propagation and impact problems;
adaptive methods as well as space and time error estimators; application of new numerical
methods to engineering dynamics and wave propagation problems; and others.
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The simulation of ultrasonic waves in a linearly elastic body can be computationally intensive.
The reason is the relatively short wavelength compared to the body size for high frequencies.
One possible approach to counteract the high computational costs is to decompose the domain
into small parts and strive for parallelization. The Mortar Method is a well-established approach
for domain decomposition [1].
A rather new approach to discretize the emerging subdomains is the Scaled Boundary Finite
Element Method [2]. This semi-analytical method has many attractive properties. Some of these
properties are listed subsequently. The grid consists of polygonal elements, which leaves much
freedom in the meshing process. A variety of material distributions, including anisotropic
materials, can be considered. High-order shape functions can be used for optimal convergence
properties [3]. The approach treats singularities at crack tips and corners analytically. Especially
in the frequency domain, the Scaled Boundary Finite Element Method reduces the dimension
of the approximation because only degrees of freedom which are associated with the boundary
of a polygonal element are necessary. Those desirable properties make the method particularly
suitable for calculating the dynamic responses in bodies with cracks, as it is essential for many
non-destructive testing and structural health monitoring applications.
In this contribution, we present a combination of the Scaled Boundary Finite Element Method
with the Mortar Method in two dimensions. The presentation starts with a theoretical overview
of both approaches. Subsequently, numerical examples demonstrate the stability of the
combination for the polygonal boundary of the elements. The numerical examples increase in
complexity and are compared to results computed on non-divided domains with the Finite
Element Method.
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The Oregonator system [1], consisting in a set of three Ordinary Differential Equations (ODEs), is widely
used in the literature to model the oscillatory Belousov-Zhabotinsky (BZ) chemical reaction. Recently,
D’ambrosio et al. [2] used adapted numerical methods to follow the apriori known qualitative behaviour
of the solution and improve the quantitative matching with experiments. Budroni et al. [3] employed a
modified version of the Oregonator to model a network of diffusively coupled inorganic oscillators, confined in micro-compartments by means of a flow-focus microfluidic technique. This class of networks
is effective for predicting and understanding the global dynamics of those systems where the diffusion
of activatory or inhibitory signals regulates the communication among different individuals. By tuning
the lamellarity and permeability of the BZ cell membrane, the relative contribution of the inhibitory and
activatory coupling can be finely controlled to induce unprecedented synchronisation patterns.
In this talk, we want to address the impact of time delays that, because of compartmentalisation constraints such as lamellarity, can affect the chemical communication among successive microoscillators.
We therefore introduced a delay in the coupling term of the ODEs model proposed in [3] to obtain a system of Delay Differential Equations (DDEs). We next explored the effect of varying this time-delayed
feedback as a control parameter. Our contribution provides an alternative modelling approach that might
improve the quantitative matching between in-silico simulations and experimental results and, more in
general, it represents a further step towards understanding, predicting and classifying possible synchronization scenarios driven by communication delays in ensembles of diffusively coupled oscillators.
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A new numerical approach based on the minimization of the local truncation error is
suggested for the solution of partial differential equations; see [1,2]. Similar to the finite
difference method, the form and the width of the stencil equations are assumed in advance. A
discrete system of equations includes regular uniform stencils for internal points and nonuniform stencils for the points close to the boundary. The unknown coefficients of the discrete
system are calculated by the minimization of the order of the local truncation error. The main
advantages of the new approach are an optimal high accuracy and the simplicity of the
formation of a discrete (semi-discrete) system for irregular domains. For the regular uniform
stencils, the stencil coefficients can be found analytically. For non-uniform cut stencils, the
stencil coefficients are numerically calculated by the solution of a small system of linear
algebraic equations (20-100 algebraic equations). In contrast to the finite elements, there is no
necessity to calculate by integration the elemental mass and stiffness matrices that is time
consuming for high-order elements. As a mesh, the grid points of a uniform Cartesian mesh as
well as the points of the intersection of the boundary of a complex irregular domain with the
horizontal, vertical and diagonal lines of the uniform Cartesian mesh are used; i.e., in contrast
to the finite element meshes, a trivial mesh is used with the new approach. Changing the
width of the stencil equations, different high-order numerical techniques can be developed.
Currently the new technique is applied to the solution of the wave, heat, Helmholtz, Poisson
and elasticity equations. The theoretical and numerical results show that for the width of the
stencil equations similar to that for the linear finite elements, the new technique yields the 4th
order of accuracy for the considered scalar PDEs on irregular domains (it is much more
accurate compared with the linear and high-order finite elements at the same number of
degrees of freedom). For the time-independent elasticity equations, the new approach yields
the 10th order of accuracy at the computational costs of quadratic finite elements; see [2]. 3-D
numerical examples on irregular domains show that at accuracy of 5%, the new approach
reduces the number of degrees of freedom by a factor of greater than 1000 compared to that
for the linear finite elements with similar stencils. This leads to a huge reduction in
computation time for the new approach at a given accuracy. This reduction in computation
time will be even greater if a higher accuracy is needed; e.g., 1% or less.
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A semi-analytical isogeometric analysis for leaky wave propagation in viscoelastic
waveguides immersed in fluids
Fakhraddin Seyfaddini, Xuan-Hung Nguyen, Vu-Hieu Nguyen
Guided Ultrasonic Wave (GUW) technologies are widely used in the last decades as an efficient tool in
the fields of Structural Health Monitoring and Nondestructive Evaluation, due to their capability of
propagating for long distances while allowing the inspection of the entire cross-section of the
waveguide. Due to the presence of boundaries and variation of material properties the guided waves
show a strong dispersive behavior, i.e. the phase velocity and attenuations vary with frequency-content
of wave package. The dispersions of guided waves depend not only to the material properties and the
thickness of the structure but also on surrounding unbounded fluid (in the case of open waveguides).
The Semi-Finite Element Method (SAFE) is one of most popular technique for computing the dispersion
of guided waves in structures thanks to its effectiveness in studying of functionally-graded or arbitrary
cross-section waveguides. However, the computational cost when using SAFE increases significantly
when considering higher-modes and/or at higher frequencies. At very high frequency, using
conventional high-order Lagrangian interpolation function does not allow to improve the situation due
to numerical issues when solving eigenproblems.
The objective of this work is to study the effectiveness of using Non-Uniform Rational B-spline
(NURBS) basis functions in the context of SAFE method for analyzing the wave propagation in
multilayered viscoelastic waveguides immersed in fluid. The Isogeometric Analysis (IGA) uses the
NURBS basis functions as a powerful tool from the Computer Aided Design (CAD) to represent not
only the complex geometries but also to construct shape function for finite element analysis. The
NURBS basis functions have some advantage such as higher continuity across the element boundaries,
partition of unity, linear independence and compact support.
In this paper we first present how to implement the NURBS basis function in the SAFE formulations in
the context of wavguides immersed in fluid. By introducing PMLs, the leaky waves can be damped,
while the attenuation in the axial direction can be extracted and represented by the imaginary part of the
wavenumber. Next, convergences studies are shown by considering a 2D constant-thickness anisotropic
elastic. Three cases of material’s heterogeneity over thickness were investigated: (i) homogeneous plate;
(ii) functionally-graded plate; (iii) multilayer plate (with strong contrast of rigidities between layers).
For all of cases the viscoelastic term was considered. The results were compared with the ones obtained
by analytical methods and by conventional SAFE method. For all of cases, the dispersion curves
evaluated by using enriched-NURBS basis have a significant better precision than using conventional
Lagrangian elements (for the same number of degrees of freedom), especially for the higher modes.
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A simple and fast algorithm for nonlinear structural dynamics is reported in this work. The
strategy is to adopt a typical time integrator and accept the solution after a constant number of
iterations using a constant Jacobian matrix. Although it looks simple and even seems
unreasonable, we prove theoretically and numerically that the proposed algorithm inherits the
properties of the host time integrators such as the unconditional stability, the order of accuracy,
and the numerical dissipation. By analyzing the local truncation error after a fixed number of
iterations, we obtain the optimal number of iterations. For most second-order and high-order
time integrators, e.g. Newmark and Runge-Kutta, only two iterations can ensure second-order
accuracy required by practical applications. The constant Jacobian matrix and two iterations
make the proposed algorithm much more efficient than the Newton algorithm. A response
history analysis of a high-rise building fully equipped with nonlinearities is employed to
illustrate exponential efficiency improvement.
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The talk focuses on recent advances in the adapted numerical solution of evolutionary problems, mostly
based on ordinary and partial differential equations. The performed adaptation is based on polynomial
or non-polynomially fitting, wisely chosen in order to exploit the a-priori knowledge of the qualitative
behaviour of the solution, gaining advantages in terms of efficiency and accuracy with respect to classical
schemes already known in literature.
In the case of PDEs, the adaptation of the numerical scheme is carried out by finite differences computed
in order to be exact on trigonometrical basis functions, coupled with an Implicit-Explicit (IMEX) timeintegration or a peer numerical method. The coefficients of the resulting numerical scheme depend on
unknown parameters to be properly estimated: such an estimate is performed by an efficient offline
minimization of the leading term of the local truncation error.
In the case of stiff ODEs, Jacobian-dependent vs Jacobian-free numerical discretizations are described,
analyzed and compared. Moreover, when the problem is particularly stiff, a remedy to avoid the typical
phenomenon of order reduction is presented, through collocation based multivalue numerical methods,
providing a dense output of continuous uniform order on the overall integration interval.
The effectiveness of above approaches is theoretically analyzed and also experimentally confirmed on a
selection of test problems.
REFERENCES
[1] Conte, D., D’Ambrosio, R., Moccaldi, M. and Paternoster, B. Adapted explicit two-step peer methods, J. Numer. Math. (2019), 27(2):69–83.
[2] D’Ambrosio, R. and Paternoster, B. Multivalue collocation methods free from order reduction. J.
Comput. Appl. Math. (2019).
[3] D’Ambrosio, R. and Paternoster, B. Numerical solution of reaction-diffusion systems of lambdaomega type by trigonometrically fitted methods. J. Comput. Appl. Math (2016) 294 C:436–445.
[4] D’Ambrosio, R., Ixaru, L.Gr. and Paternoster, B. Construction of the EF-based Runge-Kutta methods revisited. Comput. Phys. Commun. (2011) 182:322–329.

1876

Chintan Jansari,
Adaptive
Pht-Splines
Javierwith
Videla,
Global
Sundararajan
Plane-WaveNatarajan,
Enrichment
Stéphane
for Time-Harmonic
P.A. Bordas and
Acoustics
Elena Atroshchenko
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

ADAPTIVE PHT-SPLINES WITH GLOBAL PLANE-WAVE
ENRICHMENT FOR TIME-HARMONIC ACOUSTICS
Chintan Jansari1 , Javier Videla2 , Sundararajan Natarajan3 , Stéphane P.A. Bordas1,4 and
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The isogeometric analysis framework, introduced by Hughes and his coworkers[1], has provided an
alternative to model problems, wherein the geometry can be exactly represented as in the CAD model.
This is accomplished by NURBS and the NURBS are used to represent both the geometry and the field
basis within a weak Galerkin formulation. The IGA-FEM has proven to be beneficial when solving the
Helmholtz equation in comparison with the Lagrange based finite element formulations. Thanks to the
higher order continuity and the exact representation of the geometry.
In this talk, we study the performance of an extended isogeometric analysis (IGA) for the time harmonic
acoustics, within the framework of Geometry Independent Field approximation (GIFT), wherein PHT
splines for the spatial discretization and Non-Uniform Rational B-splines (NURBS) for geometry representation. The plane-wave functions are augmented to the NURBS basis functions for improved accuracy
and to facilitate local refinement, Polynomial splines over Hierarchical T-meshes (PHT-Splines) are employed. The adaptive strategy is based on the recovery-based error estimator [2] as well as residual based
error indicator is employed for local refinement. Some numerical examples are solved and the results are
compared to demonstrate the accuracy and the convergence properties of the proposed framework.
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During an earthquake, the bridge crane is subjected to multiple impacts between wheels and
rails. In order to study the dynamic response of the bridge crane under earthquake, firstly, we
present a new explicit time integrator for the frictional contact/impact problems where the
constraints are taken into account with Lagrange multipliers. Next, for reducing the CPU time,
the explicit time integrator is only applied in the contact area with a fine time scale satisfying
the CFL condition for reproducing high frequency phenomena, while an implicit time integrator
is adopted in the other parts with a large time step. The coupled multi time step explicit/implicit
problem is treated by a dual coupling approach, providing a full versatility in terms of time
integrators and time step sizes according to the partitions. In addition, it is well known that the
introduction of Rayleigh viscous matrix in explicit time integration reduces the critical time
step. In this paper, thanks to this hybrid approach, Rayleigh viscous matrix can be adopted only
in the implicit partition, without affecting the stability of the explicit time integration set up for
the frictional contact. Finally, three-dimensional co-simulation of a bridge crane under
earthquake is carried out using the proposed explicit/implicit heterogeneous asynchronous time
integrator (HATI) for nonsmooth transient dynamics. The numerical results obtained by cosimulation are validated in comparison to the experimental response on the shaking table of
CEA/Saclay in France. Rayleigh viscous matrix is identified from the experimental results as
classically done in earthquake engineering and is applied to the implicit partition of the
simulation. Comparisons of results obtained with the HATI approach, in terms of parameters
of interest for the crane bridge as well as CPU time, will be carried out with the reference results
provided by the full-explicit time integration with Rayleigh viscous matrix and reduced time
step.
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Numerical simulation of guided wave excitation, propagation, and diffraction in laminate structures with
local inhomogeneities (obstacles) is associated with high computational cost due to the need for a meshbased approximation of extended domains with a rigorous account for the radiation conditions at infinity.
To obtain computationally efficient solutions, hybrid numerical-analytical approaches are currently being
developed, based on linking a numerical solution in a local vicinity of the source and/or obstacles with an
explicit analytical representation in the external semi-infinite domain. However, the developed methods
are generally not widely spread because the possibility of such coupling with an external multimode
wave field is generally not provided in standard finite-element (FE) software.
We propose a scheme that allows the use of the FE software as a black box for the required correct
matching of local numerical and global analytical solutions [1]. The FEM is used to obtain a set of
local numerical solutions that serve as a basis in the inner domain. These solutions satisfy the boundary
conditions induced by guided wave modes so that they fit correctly with the modal expansion in the outer
region. The expansion coefficients of both FE and modal decompositions are determined then from the
condition of stress and displacement continuity at the interface between the inner and outer domains
using the mode orthogonality.
This scheme was numerically validated against semi-analytical solutions to test problems obtained by
solving boundary integral equations and FE solutions for long waveguide sections with absorbing conditions at the ends (the perfect match layers - PML). Along the way, it turned out that the FE-PML approach
gives an incorrect result in the backward-wave bands and at high frequencies, while the hybrid scheme
exhibits coincidence with the exact test solutions for the entire frequency range limited by a much higher
threshold. Its application with the Comsol multiphysics FE package is illustrated by examples of Lamb
wave diffraction by an increasing number of elastic inclusions or surface irregularities resulting in the
formation of stop-bands. An extension of the scheme for 3D scattering problems is also discussed.
REFERENCES
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José H. K. Ambiel∗,1,2 , Michael Brun1 , Alfred Thibon3 and Anthony Gravouil2
1

GEOMAS, INSA de Lyon, 15,17 rue des arts, F-69621 Villeurbanne, France,
jose-henrique.krahenbuhl-ambiel@insa-lyon.fr, michael.brun@insa-lyon.fr
2
LaMCoS, INSA de Lyon, 18-20 rue des sciences, F-69621 Villeurbanne, France,
anthony.gravouil@insa-lyon.fr
3
Direction Technique - SAE / DS, EDF – DIPNN, 19 rue Pierre Bourdeix, 69007 Lyon, France,
alfred.thibon@edf.fr
Key Words: explicit time integrator, contact/impact, Lagrange multipliers
Civil engineering structures exposed to seismic hazard are equipped with seismic joints, designed to
prevent collision between buildings during an earthquake. Its dimensioning is based on a reference
seismic excitation. In the context of probabilistic safety studies, the consideration of extreme external
aggression scenarios leads to questions about the consequences of possible collisions between adjacent
buildings. In particular, the nuclear industry wishes to estimate the consequences of an earthquake
beyond the reference frame for existing buildings having separation distance that could not prevent a
collision for this level of aggression. Mechanical waves from pounding between adjacent buildings are
characterized by a high frequency content, which can disrupt the functionality of some nuclear power
plant equipment such as electrical cabinets. Therefore, the objective of the research is to best characterize
seismic excitation at the anchor point of the equipment by reproducing the impact/contact phenomena
between adjacent buildings and the propagation of high frequency waves through the structure.
The modelling approach aims at predicting the excitation at the anchorages of the equipment over a
wide frequency band up to 400 Hz via response spectra. The Finite Element Method (FEM) for spatial
discretization is adopted, with an explicit time integration of the equation of motion. For contact/impact
treatment, we use the explicit time integration scheme proposed by [2], which has proven its efficiency
for this type of problem.
The numerical results are compared with the experimental ones obtained from the CEA’s experimental
campaign (I.B.B.) [1]. This campaign concerns two full-scale two-story structures under seismic loading
applied by the shaking table AZALEE. The comparison shows that the wave propagation is represented
by the modelling approach.
REFERENCES
[1] C ROZET, V., P OLITOPOULOS , I., AND C HAUDAT, T. Shake table tests of structures subject to
pounding. Earthquake Engineering & Structural Dynamics (2019).
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Abstract: A comprehensive study of the implicit linear two-step time integration
methods for structural dynamics analysis is presented. An algorithms optimization
framework is developed based on the concepts of error constant and ultimate spectral
radius. An optimal A-stable linear two-step (OALTS) time integration method is
revealed with desirable performance on the low-frequency accuracy and highfrequency numerical dissipation properties. The OALTS time integration method is
implicit and A-stable; is second-order accurate in displacement, velocity and
acceleration simultaneously; and is numerical dissipation controllable. Spectral
consistent algorithms are developed for starting. The accuracy, stability and efficiency
of the OALTS time integration method are validated by benchmark examples.
Acknowledgements: This work is supported by the National Natural Science
Foundation of China (Grant No. 11802346).
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We consider a second order stochastic differential equation of the form
ẍ = f (x) − ηẋ + εξ(t)

(1)

where ξ(t) satisfy E|ξ(t)ξ(t  )| = δ(t − t  ) and η is the damping parameter. The motion of a particle described by (1), is characterized by a deterministic force f (x), which derives from a potential V (x), i.e.,
f (x) = −V  (x). The random forcing ξ(t) has amplitude ε, satisfying the relation ε2 = 2ηKT , where η
is the amplitude of the damping term and T is the temperature. Long-term preservation of meaningful
features is a dominant topic of the numerical analysis of differential problems. This talk is focused on
analyzing the preservation issues of stochastic θ-methods when applied to nonlinear damped stochastic
oscillators. Our aim is to reproduce the long-term properties of the continuous problem over its discretization through stochastic θ-methods, by preserving the correlation matrix. This evidence is equivalent to accurately maintaining the stationary density of the position and the velocity of a particle driven
by a nonlinear deterministic forcing term and an additive noise as stochastic forcing term. Our analysis starts with a linearization of the nonlinear problem and its effectiveness is proved theoretically and
confirmed by several numerical experiments.
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*P. Dec1,2 , R. Cottereau1 and B. Faure2
1

Aix-Marseille Univ., CNRS, Centrale Marseille, LMA, 4 impasse Nikola Tesla, 13013 Marseille,
France, dec@lma.cnrs-mrs.fr, cottereau@lma.cnrs-mrs.fr,
2
SNCF, Innovation and Research Department, 1/3 avenue François Mitterrand, 93212 La Plaine Saint
Denis, France, baldrik.faure@sncf.fr
Key Words: Railway induced vibrations, Wave propagation, Wave barrier, Spectral Element Method
Railway traffic induces vibrations that can be detrimental to industrial activities and cause annoyance to
people in the neighboring buildings. They are transmitted in the soil in the form of compressional, shear
and Rayleigh waves. This study focuses on Rayleigh waves as they carry approximately 2/3 of the total
wave energy on the surface of a homogeneous, isotropic elastic half space [1]. One method to mitigate
these waves is to use open trenches or soil barriers (filled trenches). Main conclusions of previous studies
about trenches and fill materials of different types highlight that open trenches isolate better than barriers
and that trench depth is the main criterion of efficiency. However, the depth of open trenches is limited
by stability.
In this paper, trenches filled with granular material are studied. First, the properties of the granular
medium for the heterogeneous model are identified using experimental data. Then, the influence of a
trench filled with granular material on transmitted waves is studied numerically.
Wave propagation in the presence of a barrier in a homogeneous semi-infinite half-space is considered.
The soil is modelled as a homogeneous linear elastic material and the ballast material as a randomlyfluctuating heterogeneous medium [2]. Different barrier parameters (depth, width, granular size, relative
standard deviation of granular material) are tested to identify the parameters controlling the insulation.
An input force representing a bogie pass-by on only one sleeper is considered. Acceleration induced
by a passing bogie and then a train are reconstructed from acceleration of a single bogie in a single
sleeper. This reconstruction is possible due to the hypothesis of linearity of the model and periodicity
of the problem (regularly spaced sleepers). An experimental campaign is being set up to evaluate the
effectiveness of granular barriers. Numerical simulation will then be compared to the experimental data.
REFERENCES
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[2] de Abreu Corrêa, L., Quezada, J.-C., Cottereau, R., Costa d’Aguiar S. and Voivret C., Randomlyfluctuating heterogeneous continuum model of a ballasted railway track, Computational Mechanics
(2017) 605:845-861.
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MODEL ORDER REDUCED TRANSIENT ACOUSTIC FINITE
ELEMENT SIMULATIONS WITH IMPEDANCE BOUNDARY
CONDITIONS
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Abstract. The efficiency of time-domain acoustic simulations is improved immensely if the degrees of
freedom imparted by the spatial discretization are reduced. Time-stable model order reduction strategies
achieve this by ensuring that frequency-domain system realizations transform in a physical manner after
reduction. Frequency dependent damping matrices add to the challenge and require additional consideration. Handling the associated boundary condition imposition in the time domain is one way to approach
the problem. Convolution complicates this strategy but the obstacle can be surmounted using a recursive
formulation. This work proposes such a method, combining Krylov subspace projection based model
order reduction with an efficient time domain-impedance boundary condition implementation. The mass
and stiffness matrices are frequency independent and reduced using a second-order Arnoldi algorithm.
As Arnoldi iterations implicitly match the moments of the system transfer function, the complex damping matrix must still be contended with. Discussion is included on when reduced order, time-domain,
simulations bear fruit. Comparison with full-order time and frequency-domain calculations demonstrate
the effectiveness of the proposed algorithms.
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.
The efficient and accurate solution of non-linear PDE’s is still, a big challenge,
therefore more efficient schemes to solve non-linear equation are needed. Nodal Integral
Method (NIM) is one of the method which can solve these equations in very efficient and
accurate manner by using the coarser grids, instead of using the fine grid as other
conventional methods do.
However, one major drawback of NIM is that it fails for irregular geometry because
nodes (cell) have to be rectangular in 2D and cuboidal in 3D space [1-2]. One way to
overcome these limitations is to couple this scheme with other schemes (such as cut cell).
However, this approach faces difficulty because the NIM uses face centred while most
schemes which use cell centred values. A few Nodal approaches for neutron diffusion
equations are available which use cell centred values as variables
Here, Node Averaged Nodal Integral Method (NANIM) is developed for fluid flow
problems. The method is based on similar approach developed earlier for neutron diffusion
equation [3]. The other motivation behind the development of this method is that the
traditional NIM discretises the domain in space as well as in time and developed scheme is
inherently implicit. However, NANIM treats space and time separately therefore, any
traditional, implicit as well as explicit, schemes can be used.
Here, NANIM is used to solve heat conduction equation and convection-diffusion
equation. The first step of transverse integration is same for all the nodal methods but
different versions of nodal methods differ in the subsequent steps. In NIM, the final scheme
depends only on the cell face value, however, in the currently developed scheme the
unknowns are cell centred values. Also, in NANIM space and time is treated separately and
resulting equations come out to be Differential Algebraic Equations (DAE’s). Therefore, one
can use any of the explicit scheme for the time derivative such as Runge-Kutta (RK) methods.
It is noted here DAE are of index one and can be solved in straightforward manner.
The results obtained from the developed scheme match well with the analytical
solutions. The scheme can be further extended to Burgers’ and Navier-Stokes equation.
REFERENCES
[1] A. Rizwan-uddin, An improved Coarse-Mesh Nodal Integral Method for Partial

Differential Equations. Numerical Methods for Partial Differential Equations, Vol. 13,
pp. 113145, 1997.
[2] F. Wang and A. Rizwan-uddin, A modified nodal scheme for the time-dependent,
incompressible Navier-Stokes equations. Journal of Computational Physics, Vol. 187,
pp. 168196, 2003.
[3] R. A. Shober, A. F. Henry, Nonlinear methods for solving the diffusion equation. M.I.T
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Conservation properties of numerical methods for nonlinear stochastic differential equations (SDEs) are
analyzed, hidden behind proper conditional stability issues. We study the numerical discretization of
nonlinear SDEs of Ito type that are characterized by exponential mean-square contractive behaviour
by stochastic teta-methods, in order to provide stepsize restrictions ensuring similar exponential meansquare properties also numerically, without adding further constraints on the numerical method itself.
The analysis is also provided for stochastic Runge-Kutta methods. A selection of numerical experiments
confirms the sharpness of the estimates.
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Modeling external problems of subsonic gas dynamics or aeroacoustics and similar fields faces spurious
wave reflections from artificial boundaries. The reason is in the fact that for the multi-dimensional wave
equation it is impossible to specify any local nonreflecting boundary conditions. Alternative techniques
such as nonlocal boundary conditions and Perfectly Matched Layers (PML) are more expensive.
However, the situation is not the same when viscous models or discrete equations are used for the fluid
description. Finite-difference schemes usually possess physical (regular) as well as additional (singular)
modes and require a greater number of equations on boundaries than the continuous models do. Such
boundary conditions, known from [1, 2], do influence strongly the reflective properties of boundaries.
In this study we use numerical schemes of EBR (Edge Based Reconstruction) class [3] both on regular
and unstructured meshes. Two kinds of schemes for the Euler equations are considered—with centered
and biased (upwind) differences. The boundary conditions are implemented in the flux form.
For centered-difference schemes, there exists a class of numerical boundary conditions which result in
small reflections of oblique waves in the form of short scheme modes rather than of regular modes
obeying a kind of Snell’s law. For upwind schemes, the calculated reflection coefficients are much less
than the typical values for the continuous Euler equations.
The theoretical results are validated with numerical examples both linear and nonlinear.
REFERENCES
[1] Tam, C.K.W. and Webb, J.C. Dispersion-relation-preserving finite difference schemes for computational acoustics. J. Comput. Phys. (1993) 107:262–281.
[2] Dorodnitsyn, L.V. Artificial boundary conditions for numerical simulation of subsonic gas flows.
Comput. Math. Math. Phys. (2005) 45:1209–1234.
[3] Abalakin, I., Bakhvalov, P., and Kozubskaya, T. Edge-based reconstruction schemes for unstructured tetrahedral meshes. Int. J. Numer. Meth. Fluids (2015) 81:331–356.
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The overhead contact line or catenary is the system responsible of energy transmission to electric railway
vehicles. It is a static structure composed of masts and brackets that carry the tensioned contact wire.
To achieve the desired height of the contact wire, a second tensioned cable, the messenger wire is used.
This wire is connected to the contact wire at regular points by means if the droppers. The pantograph is
the mechanism that presses against the contact wire in such a way as to achieve a permanent contact that
ensures power transmission with the lowest possible contact force.
In last years there is an increasing interest in using numerical simulations of the dynamic interaction
between pantograph and catenary, as exemplified by the international Benchmark [1]. This system is currently a limiting factor of the maximum vehicle speed and numerical simulations can be used to improve
the current collection quality, allowing for lower standard deviation of the contact force. Hardwarein-the-loop (HIL) simulation is a technique to analyze this system. In this test a physical pantograph
interacts with the numerical model of the catenary [2]. This is a challenging problem because catenary
models have the order of ten thousands degrees of freedom and it is a non-linear problem due to dropper
slackening.
In this work we present a method to solve the dynamic interaction between pantograph and catenary in
real time, based on [3]. The catenary is split in two parts: linear and non-linear. The non-linear response
is due to the dropper behavior and can be precomputed in the offline phase. In the real time simulation
the precomputed solution is used to modify the linear response.
Acknowledgements:The authors would like to acknowledge the funding provided by the Spanish Ministry of Economy, Industry and Competitiveness (TRA2017-84736-R).
REFERENCES
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Dynamics (2015) 53 (3):412-435.
[2] A. Facchinetti, L. Gasparetto and S. Bruni, Real-time catenary models for the hardware-in-the-loop
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pantograph–catenary dynamic interaction, Finite Elements in Analysis and Design (2017) 129:1-13.
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The scaled boundary finite element method (SBFEM) excels as a tool for numerical analysis at particular
problem setups, which utilize the fact that one direction is solved analytically, yielding improved computational efficiency by reducing the number of required degrees of freedom (DOF). This is especially
the case for simulating prismatic waveguides in the high-frequency range [?].
Standard FEM procedures can likewise be used to solve the elastic wave equations in these cases. However, such techniques come at considerable computational costs (i.e. memory and processing power)
when applied to dynamic problems, especially in the ultrasound regime and in 3d.
Given axisymmetry, it is possible to significantly reduce these computational costs by applying the
SBFEM [?]. Only the radial direction in a cylindrical coordinate system is discretized, whereas the
axial direction is solved analytically. This model can be extended to include asymmetric excitations as
well, allowing a true 3d description of the problem.
This contribution presents such an axisymmetric formulation, which is extended to allow the definition
of circumferential as well as arbitrarily shaped dynamic boundary conditions (BC). Circumferential BC
vary with respect to the circumference and can be approximated by a truncated Fourier series with a
sufficient number of coefficients. The solution is found by solving the problem for each coefficient.
Arbitrarily shaped BC can vary with the radius and circumference. By sampling such a BC at several
distinct radii and Fourier transforming each sample individually, it can be applied while still retaining
computational efficiency. Furthermore, the required number of DOF depends on the frequency to be
solved. Hierarchical shape functions allow to dynamically change the number of included DOF, further increasing efficiency. It will be shown that the results are in good agreement with standard FEM
procedures, while greatly reducing computational time.
REFERENCES
[1] Gravenkamp, H. and Bause, F. and Song, C. Computers and Structures (2014) 131:46–55.
[2] Gravenkamp, H. and Birk, C. and Song, C. Journal of Computational Physics (2015) 295:438–455.
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This work presents an efficient hybrid (different time integrators) asynchronous (different time
steps) three-dimensional PML for modelling unbounded domains through a standard
displacement-based finite element method. The coupled problem, including the interior
subdomain and the PMLs, is implemented in the framework of Heterogeneous Asynchronous
Time Integrator (HATI) which provides a full versatility in terms of time integrators and time
step sizes according to the partitions, while conserving classical finite element formulations in
the elastic domain without complex-valued stretched coordinates. Simple 3D Lamb’s tests are
considered by using different kinds of absorbing layers: PML and Absorbing Layers with
Increasing Damping based on Rayleigh and Kosloff damping formulations. The superiority of
the PML in terms of accuracy and computation time is highlighted. Finally, realistic 3D
applications are investigated to illustrate the efficiency of the proposed approach, such as
Lamb’s test with PML-truncated semi-infinite heterogeneous media, and study of the screening
effect provided by a horizontal wave barrier in mitigating ground surface vibration generated
by an excited plate.
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The scaled boundary finite element method (SBFEM) is a semi-analytical approach to solving partial
differential equations on irregular geometries [1]. It is based on a coordinate transformation that allows
a parametrization of a domain’s boundary, which subsequently can be discretized to obtain an ordinary
matrix differential equation in one physical coordinate. Since different sections of the boundary are discretized independently, the SBFEM can be employed as a means to create polygonal elements with an
arbitrary number of edges as well as varying element order [2]. In previous work, these capabilities have
been exploited in conjunction with structured hierarchical meshes (Quadtree/Octree meshes) [3]. Here,
the SBFEM enables the straightforward connectivity of elements that would be considered nonconforming in the traditional (finite element) sense. Furthermore, local p-refinement is realized with ease, which
is beneficial for wave propagation problems in heterogeneous media where the required discretization
depends on the local wavelength. However, all existing formulations of the SBFEM result in a consistent
(fully populated) mass matrix which hinders the application of explicit time integration schemes in transient simulations. Hence, in this contribution, we exploit the possibility of mass lumping in the SBFEM.
We discuss in detail, how and under what circumstances a diagonal and positive definite mass matrix can
be obtained and assess the accuracy compared to a consistent mass formulation. In addition, we shed
some light on the issue of high-order completeness in the SBFEM. We then proceed to perform explicit
dynamics computations on hierarchical meshes.
REFERENCES
[1] Song, C. and Wolf, J. P. The scaled boundary finite-element method – alias consistent infinitesimal finite-element cell method – for elastodynamics. Comput. Methods Appl. Mech. Eng. (1997)
147:329–355.
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Methods Appl. Mech. Eng. (2018) 333:238–256.
[3] Gravenkamp, H., Saputra, A. A., Song, C., and Birk, C. Efficient wave propagation simulation
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ABSTRACT
Recently, there has been a growing interest in the study of numerical methods for the approximate solution of partial differential equations (PDEs) on polygonal/polyhedral computational meshes. On the
one hand, this is motivated by the geometric flexibility of polygonal/polyhedral meshes, allowing e.g. for
hanging nodes, different cell shapes within the same mesh, non-matching interfaces, thus resulting in an
increased geometric flexibility to correctly represent complicated geometries, interfaces, and heterogeneous media. On the other hand, polygonal and polyhedral methods offer an improved versatility for the
accurate and efficient numerical approximation of a wide range of problems, including fluid dynamics,
mechanics, acoustics or electromagnetism. The goal of this MS is to discuss the recent developments and
advances in the field of polygonal and polyhedral numerical methods. The proposed topics include (but
are not limited to) recent advances on: i) the design and analysis of polygonal and polyhedral methods;
ii) their applications in fluid dynamics, mechanics, and electromagnetism; iii) h-, p-, and hp-adaptivity;
iv) fast solution techniques; v) the challenges in code development on modern architectures.
We plan to organize the mini-symposium into 3 sessions, each session consisting of 1 keynote lecture
of 40 minutes plus 4 invited contributions of 20 minutes each. As far as we are aware of, there will
be one other MS proposal on polygonal/polyhedral methods for WCCM-ECCOMAS 2020, by Daniele
Di Pietro, Jérôme Droniou, and Gianmarco Manzini. We are in contact and we plan to coordinate all
together concerning the lists of speakers, but we strongly believe that there is a sufficiently large interest
for that subject in the community to justify two different MS.
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We present a new a posteriori error analysis for hp-version interior penalty discontinuous Galerkin (dG)
methods for linear elliptic problems. The a posteriori error bounds are proven for meshes consisting of
extremely general polygonal/polyhedral element shapes. In particular, arbitrary number of very small
faces are allowed on each polygonal/polyhedral element, as long as certain mild shape regularity assumptions are satisfied. The case of simplicial and/or box-type elements is included in the analysis as
a special case. As such the present analysis generalizes the know a posteriori error analysis results for
hp-dG methods to admit arbitrary number of irregular hanging nodes per element. The proof hinges on a
new recovery strategy in conjunction with a generalized Helmholtz decomposition formula. The resulting a posteriori error bound involves jumps on the tangential derivatives along elemental faces. Local
lower bounds are also proven, indicating the optimality of the proposed approach. A series of numerical
experiments is also presented, highlighting the good performance of the a posteriori error bounds.
REFERENCES
[1] Cangiani, A., Dong, Z. and Georgoulis, E.H. A posteriori error estimates for discontinuous
Galerkin methods on polygonal and polyhedral meshes. Submitted.
[2] Cangiani, A., Dong, Z. and Georgoulis, E.H. hp-version discontinuous Galerkin methods on essentially arbitrarily-shaped elements. Submitted.
[3] Cangiani, A., Dong, Z., Georgoulis, E.H. and Houston, P. hp-version discontinuous Galerkin methods on polygonal and polyhedral meshes. SpringerBriefs in Mathematics,(2017).
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Abstract
In this work, we present a three-dimensional Hybrid High-Order method to solve magnetostatic problems. The proposed method is easy to implement, supports general polyhedral meshes,
and allows for arbitrary orders of approximation.
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AGGLOMERATION-BASED SOLVERS FOR HIGH-ORDER
DISCONTINUOUS GALERKIN METHOD ON
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techniques
In this talk, we present a survey of agglomeration-based, fast solution algorithms for high-order discontinuous Galerkin finite element methods which employ general polygonal/polyhedral elements. In
particular, we present and analyse a family of multigrid schemes on nested and non-nested agglomerated
meshes [1] as well as Schwarz-type domain decomposition preconditioners [3]. The performance of the
proposed solvers will be tested on both two- and three-dimensional test cases. The design of efficient
quadrature rules, that represent a key ingredient in the design and efficient implementation of fast solvers,
for the numerical approximation of integrals of polynomial functions over general polytopic elements
that do not require the explicit construction of a sub-tessellation into triangular/tetrahedral elements will
also be discussed [2].
REFERENCES
[1] Antonietti, P.F. and Pennesi, G. V-cycle multigrid algorithms for discontinuous Galerkin methods
on non-nested polytopic meshes, J. Sci. Comput. (2019) 78:625–652.
[2] Antonietti, P.F. and Houston, P. and Pennesi, G. Fast numerical integration on polytopic meshes
with applications to discontinuous Galerkin finite element methods, J. Sci. Comput. (2018)
77:1339–1370.
[3] Antonietti, P.F. and Houston, P. and Pennesi, G. and Süli, E. An agglomeration-based massively
parallel non-overlapping additive Schwarz preconditioner for high-order discontinuous Galerkin
methods on polytopic grids, Math. Comp. (2019) to appear.
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The Virtual Element Method (VEM) was introduced in [1, 2] as a generalization of the Finite Element
Method that allows for general polygonal and polyhedral meshes. Polytopal meshes can be very useful
for a wide range of reasons, including meshing of the domain (such as cracks) and data (such as inclusions) features, automatic use of hanging nodes, moving meshes, adaptivity. By avoiding the explicit construction of the local basis functions, Virtual Elements can easily handle general polygons/polyhedrons
without the need of an overly complex construction.
The scope of the present talk is to present Virtual Elements with curved faces, introduced in [3] and further developed in [4]. Indeed, all the VEM papers in the literature make use of polygonal and polyhedral
meshes, i.e. with straight edges and faces. On the other hand, as recognized in the finite element (FEM)
literature, expecially for high order methods the approximation of the domain by facets introduces an
error that can dominate the analysis. This issue has lead, for example, to the development of non affine
isoparametric FEM elements and to Isogeometric Analysis.
In the context of Virtual Elements, one can exploit the peculiar construction of the method that (1) does
not need an explicit expression of the basis functions and (2) is directly defined in physical space, i.e.
no reference element is used. This allows to define discrete spaces also on elements that are curved in
such a way to exactly represent the domain of interest. The needed ingredient is a (piecewise regular)
parametrization of the boundary of the domain. After presenting two variants of the VE spaces on
curved polygons (one simpler and the other one more suitable for solid mechanics), we will describe the
scheme and give a quick look at its theoretical background. Finally, numerical tests in the realm of small
deformation elasticity and inelasticity will be shown. The subject of this talk is in collaboration with the
authors appearing in [3, 4].
REFERENCES
[1] L. Beirão da Veiga, F. Brezzi, A. Cangiani, G. Manzini, L. D. Marini, A. Russo, Basic principles of
virtual element methods, Math. Models Methods Appl. Sci., 23:199–214 (2013).
[2] L. Beirão da Veiga, F. Brezzi, L. D. Marini, A. Russo, The Hitchhikers Guide to the Virtual Element
Method, Math. Models Methods Appl. Sci., 24:1541–1573 (2014).
[3] L. Beirão da Veiga, A. Russo, G. Vacca, The Virtual Element Method with curved edges, Math.
Mod. Numer. Anal., 53: 375–404 (2019).
[4] E. Artioli, L. Beirão da Veiga, F. Dassi, Curvilinear Virtual Elements for 2D solid mechanics applications, Comp. Meth. Appl. Mech. Engrg., DOI 10.1016/j.cma.2019.112667

1899

Alessandro D’
Generation
and
Auria,
Refinement
Stefano Techniques
Berrone andfor
Andrea
Polytopal
Borio
Meshes and Some Applications to Geophysical Simulations
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France
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MESHES AND SOME APPLICATIONS TO GEOPHYSICAL
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Polygonal or polyhedral elements simplify the generation of conforming meshes in underground media
featuring geometrical complexities.
In some applications, polytopal meshes are induced by the geometry of the medium, for example, fractures in a fractured medium naturally induce a polytopal mesh [6, 5].
Usually the starting mesh is too coarse to achieve a reliable solution. To increase the reliability of the
simulations it is necessary to apply an adaptive strategy that requires the refinement of polytopal elements driven by a posteriori errror estimates [3].
In order to circumvent the creation of small edges/faces and to avoid the generation of badly shaped cells
it is mandatory to use some smoothing techniques to monitor the mesh quality.[4] In the talk will be
discussed and compared several independent refinement strategies for convex polygons-polyhedra and
some applications on fractured media[1, 2, 6].
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Hybrid high-order (HHO) methods have been recently introduced in [1]. The unknowns are attached to
the cells and faces of the mesh. The cell unknowns can be eliminated locally leading to a global problem
coupling the face unknowns only. HHO methods lead to a local conservation principle, are robust in
many situations, and are computationally effective. As shown in [2], HHO methods are closely related to
Hybridizable Discontinuous Galerkin (HDG) methods and to nonconforming Virtual Element Methods
(ncVEM).
More recently, HHO methods have been adapted to solve an elliptic interface problem on unfitted meshes
[3, 4]. The interface can cut the background mesh in a quite general fashion. Robustness with respect
to cuts is achieved by a local cell-agglomeration procedure taking full advantage of the fact that HHO
methods support polyhedral meshes.
In the present work, we extend these results to the Stokes interface problem, for which the stability
analysis hinges on an inf-sup condition and is therefore more delicate than for the standard coercive
elliptic problem. We investigate error estimates and we present numerical simulations.
REFERENCES
[1] Di Pietro, D.A. and Ern, A. A hybrid high-order locking-free method for linear elasticity on general
meshes. Comput. Methods Appl. Mech. Engrg. (2015) 283:1–21.
[2] Cockburn, B. and Di Pietro, D. and Ern, A. Bridging the hybrid high-order and hybridizable discontinuous Galerkin methods. ESAIM Math. Model. Numer. Anal. (2016) 50:635–650.
[3] Burman, E. and Ern, A. An unfitted hybrid high-order method for elliptic interface problems. SIAM
J. Numer. Anal. (2018) 56:1525–1546.
[4] Burman, E. and Cicuttin, M. and Delay, G. and Ern, A. An unfitted hybrid high-order method with
cell-agglomeration for elliptic interface problems. Submitted. https://hal.archives-ouvertes.fr/hal02280426v1
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Key Words: Polyhedral meshes, Navier-Stokes, CDO, Structure-preserving discretizations
We discretize the unsteady incompressible Navier-Stokes equations (NSE) by means of the face-based
Compatible Discrete Operator (CDO) in space and either monolithic or fractional time stepping methods.
CDO schemes are part of the so-called mimetic schemes and can handle polytopal, nonmatching or
deformed meshes while still showing optimal orders of convergence in space and good computational
performances. The CDO framework [1] provides low-order discretizations. According to its physical
nature, the main variable can be defined at vertices, edges, cells or faces. For the problem at hand, the
following discretization has been retained: the mean-value velocity is defined at faces and cells, whereas
the mean-value of the pressure is defined only at cells. The viscous part of the NSE relies on a discrete
stabilized velocity gradient reconstruction which is piece-wise constant on the face-based subpyramids
of each cell: some similarities may be found with the Hybrid Mixed Mimetic schemes [4]. This gradient
is also the tool on which the velocity-pressure coupling is based. Finally, the convection term is close to
the one proposed in the Hybrid High-Order framework [2].
Two main strategies for dealing with the nonlinear problem are assessed numerically, focusing on physical properties, such as the balance of the kinetic energy, and the overall performances. The first one
considers saddle-point problems and an implicit treatment of the convective term; the second one is
based on the Artificial Compressibility framework [3] and considers an explicit treatment of the convective term. Results for steady and unsteady test cases are presented.
REFERENCES
[1] Bonelle, J. and Ern, A. Analysis of Compatible Discrete Operator schemes for elliptic problems on
polyhedral meshes. ESAIM Math. Model. Numer. Anal. (2014) 48(2):553–581.
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[3] Guermond, J-L. and Minev, P. D. High-order time stepping for the incompressible Navier-Stokes
equations. SIAM J. Sci. Comput. (2015) 37(6):A2656–A2681.
[4] Droniou, J., Eymard, R. and Feron, P. Gradient Schemes for Stokes problem. IMA J. Numer. Anal.,
(2015) 36(4):1636–1669.
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Rham sequences
Discretisation methods that support polytopal meshes and, possibly, arbitrary approximation orders have
experienced a vigorous development over the last decade. The support of general meshes is a key requirement in applications featuring complex geometric features and paves the way to advanced computational
strategies such as adaptive mesh refinement or agglomeration.
The goal of this presentation is to discuss recent advances on polytopal methods in fully discrete formulation [3], which hinge on spaces of fully discrete unknowns and discrete differential operators acting
thereon. A prominent example of such methods is constituted by the Hybrid High-Order (HHO) method
[2]. The discrete unknowns for HHO methods are broken polynomials on the mesh and its skeleton,
from which reconstructions of the unknown function(s) and of differential operators acting thereon are
devised at the element level. The local reconstructions are used to formulate the consistent terms in local
contributions, which are then completed by adding a high-order stabilisation.
More recently, these principles have been applied to the derivation of discrete de Rham sequences. The
interest of the fully discrete approach in this context is that the exactness property of the sequence can
be directly exploited to design stable discretisation methods. Proving exactness requires, on the other
hand, a delicate interplay between the spaces of discrete unknowns and the discrete differential operators
acting thereon. The consistency property for the discrete de Rham sequence is expressed by the fact that
it forms, through appropriate interpolation operators, a commutative diagram with the classical sequence
of finite element spaces.
REFERENCES
[1] D. A. Di Pietro, J. Droniou, and F. Rapetti, Fully discrete polynomial de Rham sequences
of arbitrary degree on polygons and polyhedra. Preprint arXiv:1911.03616 (2008). URL
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[2] D. A. Di Pietro and J. Droniou, The Hybrid High-Order Method for Polytopal Meshes. Number 19
in Modeling, Simulation and Applications, Springer International Publishing (2020). ISBN 978-3030-37202-6 (Hardcover) 978-3-030-37203-3 (eBook).
[3] D. A. Di Pietro and J. Droniou, A third Strang lemma for schemes in fully discrete formulation.
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We present an extension of the Conforming Virtual Element Method (VEM) for the numerical treatment
of two dimensional time-dependent elastodynamics problems. This formulation works on very general
unstructured meshes in two-dimensions and is easily extendable to the three-dimensional case The performance of the method in terms of accuracy has been investigated both theoretically and numerically.
Stability and the convergence of the semi-discrete approximation has been proved in the energy norm
and in the L2 norm and optima error estimates have been derived. We also show the performance of
the virtual element method on a set of different computational meshes, including non-convex cells up
to order four in the h-refinement setting. Exponential convergence is also experimentally seen in the
p-refinement setting.
REFERENCES
[1] P. F. Antonietti G. Manzini, H. Mourad, M. Verani The arbitrary-order virtual element method for
linear elastodynamics models
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ABSTRACT
Next generation computing platforms provide the capability to model and simulate
increasingly sophisticated mathematical descriptions of complex physical phenomena.
Frequently, these descriptions include multiple constituent components having different
mathematical properties. Our ability to fully utilize these resources will require new
approaches for the formulation of Heterogeneous Numerical Methods (HNMs) in which
“different types of discretizations, appropriate to a particular scale in different portions of the
domain, are employed” [1].
This goal of this session is to bring together researchers and application scientists from areas
that require the solution of HNMs, researchers who develop the numerical and software
technologies for solving HNMs, as well as numerical analysts who investigate the properties
of the HNMs as they are posed.
The topics discussed will range from mathematical foundations for HNMs such as
heterogenous domain decomposition, optimization-based couplings and generalized Schwarz
methods, to current advances in software frameworks for the coupling of different simulation
codes.
REFERENCES
[1] Scientific Grand Challenges. Crosscutting technologies for computing at the exascale.
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Advanced
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We present a heterogeneous computational framework (hybrid CPU-GPU) for partitioned solution of
fluid-structure interaction (FSI) problems. A partitioned method is followed which divides the domain
into smaller sub-domains according to the governing physics. Each sub-domain is discretized and solved
individually, allowing to use well-adapted solvers for each physics. Partitioned methods offer reliable
solutions with more flexibility and robustness from software development point of view. However, they
introduce new challenges which must be addressed, e.g., equation coupling on the common boundary,
data communication between the solvers, data mapping among non-matching meshes, and the load balancing between the solvers. In addition, the new generations of Graphical Processing Units (GPUs)
have the capability of running several hundreds of threads simultaneously. This capability can be used
to accelerate the computational codes by identifying (and modifying if necessary) kernels which fit into
single instruction multiple data (SIMD) paradigm and running them on GPUs.
In the current work, two instances of Termofluids code[1] are used to solve fluid flow and structure.
Moreover, the preCICE coupling library [2] is used for data transfer, mapping and coupling. The ALE
form of the Navier-Stokes equations for fluid flow and the nonlinear elastodynamics equations for the
structural problem are solved on an unstructured conforming grid using a second-order finite-volume
discretization. A semi-implicit FSI coupling method is used which segregates the fluid pressure term
and couples it strongly to the structure (via Newton iterations), while the remaining fluid terms and the
geometrical nonlinearities are only loosely coupled. Therefore, on each FSI iteration, only the Poisson
equation for pressure is solved in the fluid sub-domain. Since we only iterate over the the pressure
equation during the FSI coupling, the Poisson equation becomes the most compute-intensive part of the
fluid solver. We use GPUs to solve this equation in order to accelerate the overall solution, while the rest
of computations and the data communication are still carried out on CPUs. We have studied test cases in
the context of hemodynamics to demonstrate the computational efficiency of the framework. We show
that using GPU for solving the compute-intensive part speed-ups the run-time considerably.
REFERENCES
[1] O., Lehmkuhl, et al. TermoFluids: A new parallel unstructured CFD code for the simulation of turbulent industrial
problems on low cost PC cluster. Parallel Computational Fluid Dynamics 2007, (2017): 275-282.
[2] Bungartz, Hans-Joachim, et al. preCICEa fully parallel library for multi-physics surface coupling. Computers & Fluids,
141 (2016): 250-258.
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Application codes that include air and sea simulation components often employ a concurrent configuration, in the sense that the air and sea codes run simultaneously on separate groups of processors. It is
common to synchronize time marching on an interval of simulated time, or coupling window, by setting
the time step for the sea to be the length of the window and subcycling the air module with a smaller
time step. The resolution of air-sea interaction requires the exchange of data between the concurrent
modules. This introduces a type of multirate time stepping problem, which has been studied often using
proxy models of two coupled fluids, known as fluid-fluid coupling. For these problems, unconditional
stability has only been proved with methods that have a low formal order of accuracy with respect to
the size of the coupling window, or that lack desirable conservation properties. We will discuss another
approach that uses iterations between the concurrent modules on a coupling window to enforce conservation, higher-order accuracy and stability simultaneously. The properties are illustrated with some
computational examples. In particular, we demonstrate the efficacy on large windows where a recent
approach in [1] is inaccurate or even unstable.
REFERENCES
[1] Connors, J.M. and Dolan, R.D. Stability of two conservative, high-order fluid-fluid coupling methods. Adv. Appl. Math. Mech. (2019) 11:1–52.
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This talk will discuss the development and analysis of accurate and robust partitioned solvers for conjugate heat transfer (CHT) problems. CHT is a critical component of many important physical systems,
for example thermal exchange between ocean and atmosphere in the global climate system, and accurate
robust treatment of these coupled systems has been a numerical challenge. The approach advocated here
treats the governing temperature equations in different material domains using implicit time-stepping,
while the interface coupling is explicit. The new approach, called the CHAMP scheme (Conjugate Heat
transfer Advanced Multi-domain Partitioned), is based on a discretization of the interface coupling conditions using a generalized Robin (mixed) condition. The weights in the Robin condition are determined
from the optimization of a condition derived from a local stability analysis of the coupling scheme. The
interface treatment combines ideas from optimized-Schwarz methods for domain-decomposition problems together with the interface jump conditions and additional compatibility jump conditions derived
from the governing equations. Both second- and fourth-order accurate schemes are considred. Time permitting, results coupling the new CHT capability with high-order accurate incompressible flow solvers
will also be discussed.
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Coupled climate physics solvers involving multiple component models require robust
interpolation and conservative projection (remap) operators to transfer both scalar and vector
valued functionals between unstructured grids. The choice of such a linear operator can
critically affect the overall accuracy of the simulations, especially during long-term time
integration where such operators are repeatedly applied to transform the data to be compatible
between models. In our current study, we look at three different higher-order remap operators
computed with a mesh-free Generalized Moving-Least Squares (GMLS) scheme, a WeightedLeast-Squares-based Essentially Non-Oscillatory Remap (WLS-ENOR) scheme and a
consistent L2 projection based on a supermesh computation with TempestRemap library [1].
In order to quantify the strengths and weaknesses of the methods, we evaluate some key metrics
such as global conservation, accuracy (in L1, L2, L∞ and H1 norms) and global/local solution
dissipation on repeated applications of the remap operator in the context of both Finite Volume
(FV) and high-order Spectral Element (SE) field descriptions. Additionally, a variety of
spherical unstructured grid types such as cubed-sphere, icosahedral, polygonal and latitudelongitude are used in this study to isolate any mesh sensitivity in the remapping schemes.
In the talk, we present the metrics obtained from performing a parametric study by running
various combinations of grids and discretization prescriptions and provide a detailed
intercomparison study highlighting strengths and weaknesses of the chosen remapping
schemes. We will also discuss an interesting result on the stability of the Galerkin projection
[2] using a high-order, conservative L2 linear operator when remapping a field from the source
to the target grid, and back to the source grid using its transpose form.
REFERENCES
[1] Ullrich, P.A., M.A. Taylor (2015): "Arbitrary-Order Conservative and Consistent

Remapping and a Theory of Linear Maps, Part 1", Mon. Wea. Rev. 143, 2419-2440.
doi:10.1175/MWR-D-14-00343.1.
[2] Farrell, P. E., and J. R. Maddison. "Conservative interpolation between volume meshes by
local Galerkin projection." Computer Methods in Applied Mechanics and
Engineering200.1-4 (2011): 89-100.
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CONSERVATIVE REMAP AND INTERPOLATION FOR THE
DISCRETE ELEMENT MODEL FOR SEA ICE (DEMSI)
Kara Peterson1 , Adrian Turner2 and Dan Bolintineanu1
1

Sandia National Laboratories † , Albuquerque, New Mexico, USA, {kjpeter,dsbolin}@sandia.gov
2
Los Alamos National Laboratory, Los Alamos, New Mexico, USA, akt@lanl.gov

Key Words: Coupling, Remap, Sea Ice, Discrete Element Method
A new sea ice dynamical core, the Discrete Element Model for Sea Ice (DEMSI), is under development
for use in coupled Earth system models. DEMSI is based on the discrete element method, which models
collections of ice floes as Lagrangian particles. In this method, contact forces between the particles are
computed and the equations of motion for each particle are directly integrated in time to determine trajectories. In contrast to standard continuum models of the sea ice cover, this method enables the capture
of the anisotropic, heterogeneous nature of sea ice deformation in response to ocean and atmospheric
forcing. Integrating this type of Lagrangian model into a coupled Earth system model with traditional
Eulerian PDE-based ocean and atmosphere codes requires new methods for accurate and conservative
interpolation from discrete particles onto grids. In addition to particle to grid interpolation, remapping
of the deformed particle distribution to an initial close-packed particle distribution must be done periodically during long simulations when significant deformation has occurrred. This requires conservative and
bound-preserving remap of both particle properties, like mass, and history-dependent bond information
between pairs of particles. We will describe our current implementation of particle-to-grid remapping
using a moving least squares (MLS) method with applied bounds preservation and the application of
optimization-based remap approaches to conservative particle-to-particle remap.

† Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and Engineering
Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy‘s
National Nuclear Security Administration under contract DE-NA-0003525.
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The simplest atmosphere-ocean coupling schemes transfer fluxes between models in an explicit fashion.
This can be formally shown to be equivalent to a single iteration of an iterative method. In general, this
type of coupling leads to stability restrictions. Possible remedies are to solve the monolithic system in
a coupled fashion or to sacrifice conservation of flux by mixing data at different time-steps to achieve
implicitness in the method. In this talk, we present a coupling method that constructs the flux from the
fully discrete monolithic system for the so-called bulk condition that is common in the atmosphere-ocean
coupling. However, the method constructs the flux in an implicit fashion while decoupling the models.
We refer to this method as the Bulk-Interface-Flux-Recovery method (Bulk-IFR). The bulk condition
leads uniquely different method than the method which inspired the Bulk-IFR method, the ImplicitValue-Recovery method (IVR). The IVR method applied to the simpler transmission conditions leads
to a Lagrange multiplier method for monolithic models whose semi-discrete in space formulations can
be reduced to Hessenberg index-1 differential algebraic equations. On the other hand, the presence of
the bulk condition leads to a lifted system with an auxiliary variable. The resulting formulation allows
the Bulk-IFR method to be implemented with implicit or explicit time-steps which is not the case in the
original IVR method. In the Bulk-IFR method, the two model equations and the interface conditions are
combined into a monolithic system. A Schur complement is then used to decouple the system. We will
show that this allows us to find the flux at the current time-step while still solving the individual models in
a decoupled fashion. The method is applied to a simplified atmosphere-ocean model of heat transfer with
implicit and explicit time stepping. This results in a partitioned coupling algorithm. Accuracy, stability,
and conservation results are presented for the Bulk-IFR method applied to the simplified atmosphereocean heat transfer test case.
REFERENCES
[1] Peterson, Kara and Bochev, Pavel and Kuberry, Paul, Explicit synchronous partitioned algorithms
for interface problems based on Lagrange multipliers, Computers & Mathematics with Applications, Elsevier (2019).
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QUASI-NEWTON WAVEFORM ITERATION FOR SOLVING COUPLED
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The simulation of multi-physics phenomena and of coupled problems is an important task in computational science and engineering. Due to the interdisciplinary nature of the problem, the resulting simulation codes are often complex. Therefore, we focus on partitioned solution strategies to allow for modular
software design and reuse of existing single-physics codes. Coupling libraries such as preCICE [1] offer functionality needed for code coupling. This includes methods for mesh mapping or acceleration
methods for equation coupling. But the design of stable, efficient and high-order methods that allow for
different time steps in the separate solvers is still considered a challenge [2].
We tackle this challenge with a coupling method that combines waveform iteration with a quasi-Newton
acceleration scheme [3]: Waveform iteration is known to support high-order and multi-rate timestepping
in cosimulation [4], while quasi-Newton methods are known for their fast convergence and robustness
when solving multi-physics problems, such as fluid-structure interaction [5]. We evaluate the performance of our approach by examining two academic test cases. Furtherly, our method is designed such
that it can be utilized in a black-box fashion. Therefore, it can be used without the need for a major
redesign of the single-physics codes and it is suitable for a future implementation as part of preCICE.
REFERENCES
[1] Bungartz, H.-J. et al. preCICE – A fully parallel library for multi-physics surface coupling. Comput.
Fluids (2016) 141(Supplement C):250–258.
[2] Keyes, D. E. et al. Multiphysics simulations: Challenges and opportunities. Int. J. High Perform.
Comput. Appl. (2013) 27(1):4–83.
[3] Rüth, B., Uekermann, B., Mehl, M., Birken, P., Monge, A., and Bungartz, H.-J. Quasi-Newton
Waveform Iteration for Partitioned Fluid-Structure Interaction. (2020). Preprint arXiv:2001.02654
[math.NA]
[4] Schöps, S., De Gersem, H., and Bartel, A. Higher-order cosimulation of field/circuit coupled problems. IEEE Trans. Magn. (2012) 48(2):535–538.
[5] Degroote, J., Bathe K.-J., and Vierendeels, J. Performance of a new partitioned procedure versus a
monolithic procedure in fluid-structure interaction. Comput. Struct. (2009). 87(11-12):793-801.
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Plasma physics represents a very broad set of conditions, time and spatial scales. Many
discretizations often suffer from temporal scales much stricter than the light speed CFL and
meshing requirements more refined than any geometric feature. Often, these constraints
change greatly as a simulation proceeds. Attempts to address this dynamic problem through
adaptive mesh refinement, where the same algorithm is applied on hierarchy of meshes, have
been used successfully. However, this talk will focus on the EMPIRE code’s approach to
resolve these issues through a hybrid modeling approach utilizing a variety of different
discretizations in harmony. An exemplar problem, a Magnetically Insulated Transmission
Line (MITL), will be used to highlight the need and solution technique applied in the
EMPIRE code demonstrating the simulation of the pulse forming line, the pure vacuum
electromagnetic region, the low density kinetic region up to the high density, highly
collisional fluid regime.
Sandia National Laboratories is a multimission laboratory managed and operated by National
Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of
Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-NA0003525.
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ABSTRACT
The objective of this Mini Symposium is to promote research and worldwide cooperation
concerned with boundary element methods and mesh reduction methods, as well as their
applications in engineering. The topics of this minisymposium include but not restricted to the
following contents:


Boundary Element Method



Fundamental Solution and Trefftz Method



Engineering Application of Boundary Element Method



Coupling of Boundary Element Method with Other Methods



Meshless and Particle Methods



Material Point Method



Coupling of Meshless and Particle Method with Other Methods
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In this research, a linearized inverse scattering analysis for a defect in a viscoelastic medium
is presented. The inverse scattering technique is known as an effective defect shape
reconstruction method, and has been applied to problems for non-destructive evaluation
applications[1]. However, no numerical examples using the inverse scattering method can be
seen for the reconstruction of a defect in an elastic medium with the viscoelastic property. The
viscoelastic property makes it difficult for the nondestructive engineers to evaluate a defect in
test materials. Therefore, in this study, a linearized inverse scattering technique based on the
Born apporoximation[2] is developed for a defect shape reconstruction for 3-D vicoelastic
media. The scattered wave forms in time-domain obtained by the convolution quadrature
boundary element method (CQBEM)[3] are transformed into those in frequency-domain, and
their transformed data are utilized to reconstruct a cavity in 3-D viscoelastic media. Some
numerical results for a cavity, as shown in Fig.1, are shown to validate the proposed inverse
scattering technique.

Fig. 1 Shape reconstruction results for a cavity in a viscoelastic medium. (a) inverse scattering
analysis model, results for (b) x2-x3 plane and (c) 3-D space.
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Abstract. The main objective of this work is the development of a boundary element formulation for
the evaluation of frictional contact problems in bodies of anisotropic materials under centrifugal loads.
The fundamental solution is obtained using the Lekhnitskii formulation. Centrifugal loads are treated
as body forces and are not included in the computation of the fundamental solution. Because of this,
domain integrals arises in the formulation. In order to avoid domain discretization, these integrals are
transformed into boundary integrals using an exact transformation. As a result, an elegant formulation
is obtained where only boundaries need to be discretized. Quadratic continuous boundary elements are
used in order to discretize boundaries of contact bodies. As the contact area is unknown, there is a nonlinear problem in which the Newton’s method is used in order to compute tractions and displacements.
Problems with known analytical solutions are used in order to assess the accuracy of the proposed
formulation. A numerical analysis of a contact problem in a high pressure compressor of the turbojet
engine is carried out. This problem comprises of anisotropic monocristal blades in contact with an
isotropic rotor. Due to centrifugal and random loads, blades are subjected to stresses of fretting. They
are attached at the rotor by dove-tail joints where occur severe contact. Fatigue due to fretting is the
main cause of mechanical failure in turbojet engines, what shows the relevance of this work. If compared
to other traditional numerical methods, as the finite element method, there are many advantages in the
boundary element formulation, considering accuracy in the computation of stress field and an easier
mesh manipulation.
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The constant advancement in different engineering branches requires the development of efficient methods for solving problems involving multiple physical phenomena. The aim of this work is to create
an efficient framework for solving such problems. This is achieved by coupling the boundary element
method and the finite element method [3]. The efficiency of the proposed framework comes from the
complementary characteristics of both methods. The boundary element method allows to solve domain
problems solely based on boundary discretization and hence reducing the dimensionality of the problem
by one order. However, it is constrained to linear partial differential equations. To capture the non-linear
behavior of a given problem, the finite element method can be introduced.
In this work, special interest is put on simulating various aspects of melt based production. This
requires the consideration of various disciplines such as fluid mechanics, fluid-structure interaction,
thermo-mechanical contact, heat conduction, elastic deformation and electromagnetic interaction. All the
domain-based problems are solved utilizing the boundary element method while the interfaces are modeled employing Kirchhoff-Love shell theory and solved with the finite element method. The rotationalfree characteristics of Kirchhoff-Love shells [1] and membranes [2] allow to solve the problem based
only on the surface discretization and thereby increasing further the efficiency of the proposed method.
Both boundary element method and finite element method are solved on common isogeometric discretizations [4] and thus benefit from the higher continuity compered to classical finite element approaches. The proposed coupled formulation is illustrated by several numerical examples.
REFERENCES
[1] Sauer, R. A. and Duong, T. X. On the theoretical foundations of thin solid and liquid shells, Math.
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ABSTRACT
The minisymposium focuses on computational analysis of, and numerical methods for, solids,
structures and metamaterials relying on generalized continuum theories such as micropolar,
couple stress, micromorphic, strain gradient and nonlocal theories [1]. These theories have roots
in the seminal works of Piola and Cauchy (1850s), Voigt (1880s) and the Cosserat brothers
(1900s), whereas a major revival of the generalized theories took place in the 1960s by such
famous names as Mindlin, Toupin and Eringen [1]. Although the second revival started in the
modern times of the 1980s with a focus on simplified theories, the development of
computational methods for generalized continua has had a minor role in the first decades of the
movement. Very recently, however, there has been a growing interest for applying and
developing appropriate computational methods for the non-standard problems of generalized
continua (e.g. [2]) and accomplishing computational analysis for related applications (e.g. [3]).
REFERENCES
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The main objective of this paper is to develop a novel boundary element technique for describing the
three-dimensional (3D) biothermomechanical behavior of anisotropic biological tissues. The governing
equations are studied on the basis of the dual phase lag bioheat transfer and Biot's theory for one- and
two-temperature models. Because of the benefits of CQBEM, such as not being restricted by the
complex shape of biological tissues and not requiring discretization of the interior of the treated region,
it can cope with complex bioheat models and has low use of RAM and CPU. CQBEM is therefore a
flexible and efficient tool for modeling the distribution of bioheat in anisotropic biological tissues and
associated deformation. The resulting linear equations arising from CQBEM are solved by the
generalized modified shift-splitting (GMSS) iterative method which reduces the number of
iterations and the total time of the CPU. Numerical findings show the validity, efficacy and consistency
of the proposed technique.
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-continuous Hexahedral

The aim of this study is to present the geometrically nonlinear structural analysis of threedimensional structures based on the strain gradient elasticity by using the
-continuous
hexahedral elements. In order to satisfy the continuity requirements within the proposed 3D
element, the higher-order derivatives of the displacement components are considered as the
nodal values. To perform the computational analysis, Hamilton’s principle and the matrix
form of the energy functional are first employed to derive the nonlinear finite element
governing equations. Then, a brief description of the present higher-order hexahedral element
is provided. Based on the introduced most general form of the strain gradient model, the
reduced models including the modified strain gradient theory (MSGT) and the modified
couple stress theory (MCST) can be considered. Finally, the application of the
-continuous
hexahedral element in the nonlinear structural analysis is demonstrated through various
numerical results to check the accuracy and efficiency of the proposed model.
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The modelling of fracture in quasi-brittle media by using continuum damage approaches has
been well established. The standard damage formulations suffer from the sensitivity to the
spatial discretization, generating unphysically spurious damage zones at high levels of
deformation. The nonlocal damage models remedy the aforementioned problem by introducing
an internal length parameter which plays the role of a localization limiter to avoid the overconcentration of dissipated energy corresponding to the ill-posedness of governing equations
[1].
In this work, a nonlocal elasto-damage model is developed for geometrically nonlinear plates
obeying the von Karman strain formulation. The model is applicable for thin plates with large
displacements, small deformations and moderate rotations. A formula to compute coupling
equivalent strain field from the mid-surface strains is proposed. The work addresses some issues
related to the differences of nonlocal damage formulations relying on classical elasticity and
strain gradient elasticity [2].
Numerical investigations of the damage model for geometrically and materially nonlinear plates
are implemented by using the framework of isogeometric analysis as an alternative to the
conventional finite element method. Representative numerical examples considering different
configurations, damage evolution laws, boundary and loading conditions are presented.
Equilibrium stages of the nonlinear structures are traced by using the displacement control
Newton-Raphson method. The accuracy and performance of the proposed approach is
demonstrated by comparing the obtained responses with respect to reference solutions derived
from experiments or other numerical approaches.
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Finite Element (FE) simulations of manufacturing techniques involving metals deserve proper attention
when material softening occurs. It is, in fact, well known that, under these circumstances, classical
Continuum Mechanics model show mesh dependency, and a regularization method is required [1] . Among
many other possible candidates, we here employ a Cosserat model to regularize the problem [2] . The
Cosserat media description introduces the micro-structure rotation as additional degree of freedom.
The hyper-elastic version of the Cosserat media is characterized by the following Helmholtz free energy:
 λ





β
(1)
ρψ  F,  Γ = (J − 1)2 + µ||sym  F − I ||2 + µc ||skew  F − I ||2 + ||  Γ||2 ;
2
2 ˜
˜ ˜
˜ ˜
˜ ˜

The hyper-elastic Cosserat model has been first simplified, by enhancing the media with only one rotational degree of freedom, then it has been discretized and implemented in a FE solver.

In parallel, work has been done on implementing a thermodynamically-consistent visco-plastic material model (Johnson-Cook-like) in a small deformation Cosserat theory, where the thermal variation is
evaluated through a robust thermodynamic approach.
By simulating the compression of a Hat-Shaped Specimen [3] in small deformation, it has been shown
that the Cosserat theory is a possible solution to the mesh dependency problem and that the theory can
simultaneously predict material viscous hardening and thermal softening.
The implementation, calibration and verification of the same material model in Large Deformation
Cosserat framework will be presented at the WCCM2020. Furthermore, the characteristic lengths of
the model will be identified, and the consequences of the variation of their values explored.
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The three-dimensional theory of strain gradient elasticity is formulated as a weak formulation
within an H2 Sobolev space setting and discretized by adopting the framework of isogeometric
NURBS-based Galerkin methods. This numerical approach is implemented and verified via a
set of benchmark problems. The corresponding three-dimensional solid models are compared
to the corresponding dimension reduction models: gradient-elastic beam, plate and shell models
[1–4]. The comparisons, accomplished with respect to the most essential – non-classical –
features of the models, serve as a validation for the gradient-elastic dimension reduction
models. The comparisons rely on the numerical results obtained with the isogeometric finite
element implementations for both the structural models [1–4] and for three-dimensional solids.
For lattice applications [5, 6], the strain gradient models are compared to the corresponding
(unhomogenized or full-field) fine-scale models based on classical elasticity.
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ABSTRACT
It is commonly seen in the litterature that the beginning of the discrete approach in computational mechanics is related to the work of Cundal et al. [1] that implements dynamic contact modelling using
explicit numerical schemes. Since, the discrete approach to model mechanical problems has been dramatically studied and developped under several commercial and research software tools. Main applications can be found in granular, rock and civil engineering, but also more recently in new heterogenous
material like ceramics, polymers or dry fabrics [2, 3].
A discrete modelling allows to deal with complex crack propagations by building simulations that can
take into account crack reclosing and friction between the lips for example. Indeed, the discontinuity
field can be naturally described by releasing mechanical bonds between elements. However, numerical
precautions need to be taken [6] with the pre-calibration processes [5], the mechanical bonds behaviors
[4] and the fracture criterion.
On behalf of the 14th WCCM, this mini symposium is proposing to communities working on this method
to present their recent works, especially related to non-linear mechanics such as such as damage, fracture
or plasticity but also to more fundamental works dealing with the calibration process and the multiscale
techniques (continuous/discrete coupling).
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[6] Eugenio Oñate, Francisco Zárate, Juan Miquel, Miquel Santasusana, Miguel Angel Celigueta, Ferran Arrufat, Raju Gandikota, Khaydar ValiullinLev A local constitutive model for the discrete element method. Application to geomaterials and concrete. Computational particle mechanics, 2(2),
139-160 (2015).

1936

From Discrete
Cécile
Oliver-Leblond,
to Continuum
Rodrigue
Modeling
Desmorat
of Crack
and Boris
Induced
Kolev
Anisotropy in Concrete

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

FROM DISCRETE TO CONTINUUM MODELLING OF CRACK
INDUCED ANISOTROPY IN CONCRETE
Cécile Oliver-Leblond1 , Rodrigue Desmorat1 and Boris Kolev1
1
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The behavior of a quasi-brittle material such as concrete is closely linked to the development of cracking.
Therefore, Discrete Elements Models – which are designed to describe discontinuous media – are able
to reproduce the failure of concrete. Even though their use for structural computations is still limited
because of the mesh density required for such modeling, they can be used as a virtual testing tool to
establish and identify the constitutive equations of a macroscopic model.
In this contribution, the formulation and identification of an anisotropic damage model is presented. It is
proposed to use a beam-particle model [1, 2] to perform numerical characterization tests. Indeed, those
discrete elements models explicitly describe cracking by allowing displacement discontinuities and thus
capture crack induced anisotropy. Those simulations allow to complete the standard experimental tests
and thus improve the identification of the continuum damage model.
Through 2D discrete simulations, the evolution of the effective elasticity tensor for various loading test
up to failure is obtained. The analysis of these tensors through bi-dimensional harmonic decomposition
[3, 4] is then performed to estimate the tensorial damage evolution and thus formulate an equivalent
anisotropic damage model. As a by-product of present work we obtain, and use, an upper bound of the
distance to orthotropic symmetry class in 2D elasticity.
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An improved Rigid Body-Spring model (RBSM) for in-plane analyses is here proposed. The approach
has been developed starting from the idea of Casolo [1] of discretizing a continuum plate in an assembly
of rigid quadrilateral elements connected by elastic-plastic springs. In the proposed model, not only
the elements that share one edge are connected, as in the Casolo’s RBSM, but also the elements that
share only one node, that are the elements on the diagonals. These elements are connected with an
axial spring fixed at their centers of gravity. The stiffness of the springs have been defined through the
equivalence of the stored strain energy for a plane stress state. Therefore, for an isotropic material, the
model elastic parameters are function of the Young’s modulus (E) and of the Poisson’s ratio (ν). Thanks
to the addition of the diagonal springs, this approach is capable of modeling isotropic materials with a
Poisson’s coefficient different from zero. The effectiveness of the proposed computational method was
proved comparing the elastic solution with a Finite element code for a tensile and a pure shear stress
state, repeating the analyses for different values of the Poisson’s coefficient.
About the failure response, on one hand, the addition of the diagonal springs introduces a new direction
along which the failure condition is verified, reducing the intrinsic anisotropy of the failure response,
typical of the discrete approaches [2, 3]. On the other hand, the new springs increase the complexity
of the model and the spring constitutive behavior is no longer equal to the material uni-axial behavior.
In this work the spring post elastic response was defined considering the mode I fracture energy of
the material. The proposed approach was evaluated reproducing some experimental results available
in literature, highlighting also the importance of considering a bi-linear softening law for modeling the
failure response of quasi-brittle materials like concrete.
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[1] S. Casolo. Modelling in-plane micro-structure of masonry walls by rigid elements. International
Journal of Solids and Structures, 41(13):3625–3641, 2004.
[2] S. Casolo and V. Diana. Modelling laminated glass beam failure via stochastic rigid body-spring
model and bond-based peridynamics. Engineering Fracture Mechanics, 190:331–346, 2018.
[3] Z. Pan, R. Ma, D. Wang, and A. Chen. A review of lattice type model in fracture mechanics: theory,
applications, and perspectives. Engineering Fracture Mechanics, 190:382–409, 2018.

1938

MS Organizer(s):
Dynamics
of nonlinear
Evgeny
structures
Petrov, Stefano
with contact
Zucca,
interfaces
Georges Jacquet-Richardet and Robert Kuether

Dynamics of nonlinear structures with contact interfaces
MS Organizer(s): Evgeny Petrov, Stefano Zucca, Georges JacquetRichardet and Robert Kuether

1939

1940

MS275 -Petrov,
Evgeny
Dynamics
Stefano
of Nonlinear
Zucca, Georges
Structures
Jacquet-Richardet
with Contact Interfaces
and Robert Kuether

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19- 24, 2020, Paris, France

DYNAMICS OF NONLINEAR STRUCTURES WITH CONTACT
INTERFACES
TRACK NUMBER 700
E. PETROV1, S. ZUCCA2, G. JACQUET3, R. KUETHER4
1

University of Sussex, United Kingdom, y.petrov@sussex.ac.uk
2
Politecnico di Torino, Italy, stefano.zucca@polito.it
3
INSA Lyon - GMD – LAMCOS, France, georges.jacquet@insa-lyon.fr
4
Sandia National Laboratories, United States, rjkueth@sandia.gov

Key words: : Nonlinear Dynamics, Transient, Chaotic and Steady-State Vibration, Friction
Law, Joints, Contact Interface, Bifurcations, Dynamic Stability
ABSTRACT
Most of engineering structures have contact interfaces at which they or their components
interact with surroundings or with other components of assembled, jointed structures.
Interaction forces at contact interfaces are usually strongly nonlinear due to friction, unilateral
interactions, clearances and interferences, varying contact areas, impacts, etc. This minisymposium will address recent developments in modelling and computational methods for
analysis of dynamics of structures with contact interfaces. Transient, steady-state and chaotic
vibrations of such structures with friction, gaps and other types of nonlinear interaction at
contact interfaces will be discussed.
Among topics to be considered (although not restricted to those) are the issues related to
determination of characteristic properties of dynamic behaviour for structures with nonlinear
contacts, including specifics of the non-smooth dynamics, and development of constitutive laws
for friction contact modelling and characterization of contact interfaces and joints. The
challenges of using realistic models for complex structures which comprise large number of
degrees of freedom together with approaches (such as reduced-order modelling, model
condensation and others) allowing such models to be used efficiently in the analysis of
nonlinear dynamics will be also addressed.
Papers dealing with computational methods for analysis of dynamics of structures with contact
interfaces and with their applications in aerospace, mechanical and civil engineering,
biomechanics and other areas are invited.
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Purpose of this paper is to further investigations on the potential of a method proposed recently
by the authors in the direction of developing a numerical tool, which can guide designers in the
early design stage of an underplatform damper applied to turbine blades, where sliding motions
between damper-platform interfaces mitigate vibrations thanks to dry-friction damping [1, 2].
The method is named Platform Centered Reduction - PCR – because the contact forces exerted
by the dampers on the two sides of the blade platform are reduced to concentrated forces and
moments applied to the platform’s center, associated to its displacements and rotations. The
underplatform is treated as a rigid body whose kinematics is described by six DoF’s at a
convenient point whose frictional forces are reduced to corresponding forces and moments
concentrated at that point. In this way the number of non-linear DoF’s never exceeds the number
of six, regardless of the number of contact elements.
Moreover, in view of the designer’s need in the early design stage to capture the essential, a
reasonable ancillary choice is to describe the neck through beam elements. While the FE
meshing a real solid model of a real airfoil more conveniently models the airfoil, followed by a
“Craig-Bampton” reduction where one keeps:
• a convenient set of modal d.o.f’s
• a minimum number of DoF’s to monitor airfoil displacements at control points, plus a set of
points where the design excitation forces are to be applied.
• all the boundary DoF’s at the airfoil root, which will connect the airfoil and the platform
substructures; through a rigid plane interface assumption, as at the neck-platform interface,
these do.f.’s are reduced to six.
This combination of choices has a number of interesting advantages [2], which are here
practically demonstrated by solving the example of damper-blade coupling where it is
investigated which is the best mass of a given damper shape coupled to a given airfoil shape
whose size is varied within the limits of realistic design requirements.
The drastic reduction in the number of non-linear DoF’s is expedient for getting a damper-blade
coupling with a limited numerical effort and focusing on the parameters which are strictly
essential. Moreover, for easily identifying the limit excitation force beyond which the damper
becomes ineffective.
REFERENCES
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Numerical simulations for tires are challenging. They involve large deformations models in highly heterogeneous structures, made of non-linear materials. And impact simulation adds fast transient dynamics.
An explicit time-integrator is then well suited. Non-linear stresses are easily estimated with the explicit
displacement, making computation cost low. At contact zone, stresses are particularly high. They can
even lead to rupture. Therefore their computation must be very accurate. Contact formulation with Lagrange multipliers are then preferred to penalty methods. The Non-Smooth Contact Dynamic (NSCD)
framework provides robust algorithms. They deal with velocity discontinuities at impact without adjusting time-step.
CD-Lagrange scheme [1] presents these properties. For time-integration, it uses the explicit central
difference method. It keeps the symplectic properties of this method: energy and angular momentum
conservation. This is required for accuracy in non-linear large rotations [2]. For contact condition, it
uses Lagrange multipliers on velocity. This formulation is more stable than classic formulations on
displacement, and present a better energy balance [2].
But an issue remains for the contact problem. It is generally a Linear Complementary Problem (LCP)
which links all degrees of freedom at contact zone. This work investigates how to simplify this LCP, or
solve it fast. A simpler contact problem is obtained using mass redistribution methods on CD-Lagrange
scheme. This new scheme keeps the conservation properties of classic CD-Lagrange. And for classic
CD-Lagrange, new LCP solving methods are proposed more suited to explicit time-integration.
REFERENCES
[1] Fekak, F. E.; Brun, M.; Gravouil, A.; Depale, B. A new heterogeneous asynchronous explicitimplicit time integrator for nonsmooth dynamics. Comput. Mech., vol. 60, no. 1, pp. 1-21, (2017).
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A methodology for the comprehensive frequency-domain analysis of stability of periodic
vibration regimes of structures with nonlinear contact interfaces has been developed. The
methodology is aimed at using high-fidelity finite models of structures that describe in detail
structure geometry, loading and nonlinear contact interactions at contact interfaces. The
methodology allows: (i) the calculation of the periodic regimes of nonlinear vibration; (ii) the
calculation of isolated nonlinear solution branches; (iii) the assessment of stability of the
nonlinear vibrations, (iv) the calculation of the sensitivity of stability factors to the structure
geometry parameters or contact interface parameters (e.g. friction coefficient, gap values,
contact stiffness coefficients, etc.), (v) the determination of the domains of design parameter
variation where the stability is achieved.
The considered problems are formulated and solved in the frequency domain using the
multiharmonic representation of periodic motion. All expressions in the resolving equations,
including Jacobian for nonlinear multiharmonic equations and the sensitivity of stability factors
are derived in an explicit analytical form.
The methods consider realistic models comprising up to millions of degrees of freedom.
Effective methods for reduced modelling in the nonlinear forced response and stability analysis
are proposed. The methods allows reduction of the large-scale models by several orders of
magnitude, providing high speed of computations while preserving the high accuracy of results.
The efficiency of the methodology is demonstrated on a set of test cases and on industrial-size
models of realistic structures. The major types of nonlinear interactions at the contact interfaces
are considered: gap nonlinearities, cubic nonlinear springs, friction contacts with unilateral
interactions along contact surface normal directions.
REFERENCES
[1] E. Petrov, “A method for parametric analysis of stability boundaries for nonlinear periodic

vibrations of structures with contact interfaces”, Journal of Engineering for Gas Turbines
and Power, 2019, March, Vol.141.
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[3] E. Petrov, “Stability analysis of multiharmonic nonlinear vibrations for large models of
gas-turbine engine structures with friction and gaps”, Trans. ASME J. Eng. for Gas
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Wired communication for UAVs is a stable and realistic solution in disaster response. The
numerical study verified that the compensation system using the unscented Kalman filter (UKF)
controlled the behaviour of the mechanical system[1]. This research focuses on the
compensation system when the attached cable contacts the ground between the two suspending
between the wall and the mechanical system.
The two-dimensional analysis model, shown in fig. 1, has been constructed and the Absolute
Nodal Coordinate Formulation (ANCF) is employed for the cable[2]. The contact force model
depends on the cable contact length which is derived using a catenary curve. The purpose of
the compensation system is to stabilize the mechanical system at the target position. The control
system used a control input that consists of the PD control and the compensation system. The
control system for the model is evaluated by the numerical analysis shown in fig. 2.
The cable contacting the ground caused the mechanical system to have larger vibration at the
final position without the compensation system, the orange in fig. 2 compared to the green. The
mechanical system showed less error and less vibration with the proposed control system, the
red in fig. 2 compared to the orange, hence it compensated the influence of the contacting cable.
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Fig. 1. Analysis model.

0.02

0.006

-0.02

0.004
θ [rad]

j th element

2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8

Y [m]

1 st element

X [m]

Rigid body

-0.06

0

1

2
3
Time [s]

4

5

0.002

-0.10

0.000

-0.14

-0.002

0

Cable with contact force and no compensation
Cable with contact force and compensation

1

2
3
Time [s]

4

5

0

1

2
3
Time [s]

4

5

Cable without contact force nor compensation
Cable without contact force with compensation

Target

Fig. 2. Analysis results of mechanical system motion.
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ABSTRACT
It has been known that the pre-processing of low order schemes accounts for about 80% of the
overall analysis time and has become a major bottle-neck of modern engineering. The high
order schemes seem to draw much more attention than ever before due to their superior
properties and fast development in recent decades. The proposal of the isogeometric analyses
(IGA) concept was also inspired by the hierarchical finite element method (HFEM). Early
high order methods are known as the p-version methods, of which the typical one is the
HFEM in solid mechanics or the spectral element method (SEM) in fluid mechanics. Other
high order methods that developed very fast in recent decades include the discontinuous
Galerkin methods (DGM), the mesh free methods (MFM), the differential quadrature method
(DQM), etc. With the fast development of high order schemes, the absence of high order
mesh generator becomes a major obstacle preventing the widespread applications of highorder methods. Thus, the investigation on this field is also growing fast in the past decade.
On this context, this minisymposium expects to get scholars around the world together to
discuss the development of a method of seamless integration of CAD and CAE through
directly integrating the surface trimming techniques (geometry) and topologies of CAD with
the p-version methods of CAE. The topics of this minisymposium include but are not limited
to: (1) High order methods like IGA, HFEM, SEM, DGM, MFM, DQM, etc. (2) Mesh
generation methods (both low order and high order, both structured and unstructured). (3)
Seamless integration of CAD and CAE. (4) Applications of high order methods.
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In recent years, there has been an increasing interest in the application of high-order
discretization methods with curved meshes[1]. Curved meshes are commonly employed to
provide a satisfactory representation of the domain boundary with only a moderate number of
mesh elements, so that the polynomial degree can be increased while keeping the global number
of degrees of freedom. The discontinuous Galerkin (DG) method has demonstrated its
excellence in accurate, higher-order numerical simulations for a wide range of applications in
fluid simulations. Int this paper, a discontinuous Galerkin method based on curved elements is
applied to simulate 3D inviscid flow on tetrahedral grids. The development covers the
geometrical transformation from the real curvilinear element to the rectilinear reference element
with the hierarchical basis functions[2]. Based on these ideas, the implementation of solid walls
boundary conditions is derived by the contravariant velocities, and an enhanced algorithms of
HLLC[3] flux involving curved elements is suggested.
Here we give the numericla results of a subsonic flow around a sphere at March number
M   0.38 on four meshes. Table 1 reports the entropy error and the order of accuracy for
different elements. Different elements are denoted by Pk Qm , where k indicates the order of the
complete polynomials used to approximate the unknowns and m indicates the order of the
complete polynomials used for the geometric mapping. Table 1 shows that the linear treatment
can limit the accuracy at high order and demonstrates how the boundary treatment involving
curvilinear elements overcomes this restriction. Here is just a simple example. In fact, such a
scheme is stable on a reasonably coarse meshes and finer ones, and has good robustness for
three-dimensional flows with various geometries and velocities.
1

Table 1. L2 errors in entropy and convergence rates for subsonic flow around a sphere
Mesh

Element
PQ
1 1

 ent

PQ
1 2
r

 ent
2.13E-2
7.01E-3
2.22E-3
6.61E-4

P2Q2
r

 ent
4.55E-3
1.10E-3
2.61E-4
5.62E-5

P3Q2
r

 ent
1.08E-3
2.28E-4
4.73E-5
9.31E-6

r

6.78E-2
1.52
2.05
2.37
3.26E-2
1.06
1.58
2.08
2.41
1.55E-2
1.08
1.68
2.22
2.54
6.57E-3
1.23
Note: The indices a, b, c and d indicate the average spherical surface mesh size 0.4, 0.2, 0.1 and 0.05, respectively.
a
b
c
d
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The diffusion and combustion properties of hydrogen in air make this mixture dangerous in confined
or partially-confined regions. In particular, in case of severe accident in nuclear reactor, hydrogen is
released into the reactor containment building, leading to the risk of explosion. The comprehension of the
diffusion and flame acceleration properties of hydrogen/air mixture is therefore a key issue for hydrogen
storage and nuclear power plant safety. We present here a numerical study of flame propagation inside
hydrogen/air mixture with fully resolved simulation techniques. The objectif is to predict accurately the
multi-scale phenomena preceding the transition to detonation. We propose two-dimensional test cases
of flame acceleration induced by interaction between a flame and a shockwave on one hand, and a flame
and eddy structures produced by obstacles inside a tube on the other hand.
The numerical code has been specially designed to minimise numerical diffusion and to be robust enough
to capture discontinuities and fronts. An extension of the Roe solver adapted to a multispecies flow with
temperature dependant heat capacities is proposed. It has been coupled with a Lax Wendroff procedure to
increase the accuracy of the simulation. Second order in time Strang splitting scheme is used to account
for reactive and viscous part of the Navier Stokes equations. An adaptive grid refinement technique is
employed in order to resolve most of the relevant scales of the flow, and a immersed boundary method,
such as developed in [3] is adapted for obstacles implementation.
Correspondig author. E-mail: luc.lecointre@limsi.fr
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ABSTRACT
This mini-symposium aims at gathering people from both academic and industrial world concerned by
the large scale simulation of structural mechanics problems. Contributions are welcomed regarding all
the steps of the computation, including both solver, pre and post processing steps :
• distributed preprocessing, parallel mesh generation;

• high performance robust solvers (domain decomposition methods, multigrid methods...);
• robustness improvement (optimal coarse space, multipreconditioning);
• parallel non linear solvers, asynchronous algorithms;

• advanced engineering problems: multiple point constraints, frictional / non-frictionnal contact;
• distributed postprocessing, error estimation and mesh adaption.
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The parallel finite-element solution of large-scale time-harmonic problems is addressed with a nonoverlapping domain decomposition method (DDM). It is well known that the efficiency of this method
strongly depends on the transmission condition enforced on the interfaces between the subdomains.
Local conditions based on high-order absorbing boundary conditions (HABCs) have proved to be well
suited, as a good compromise between basic impedance conditions and non-local conditions. However,
a direct application of the approach for configurations with interior cross points (where more than two
subdomains meet) and boundary cross points (points that belong to both the exterior boundary and at
least two subdomains) is suboptimal and, in some cases, can lead to wrong results.
In this work, we extend this approach to efficiently deal with cross points for lattice-type partitioning
[1]. The proposed cross-point treatment relies on corner conditions developed for HABCs [2]. Twodimensional numerical results with a nodal finite-element discretization are proposed to validate the
approach, including scalability studies with respect to frequency, mesh size and the number of subdomains.
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The aim of the present work is to extend the adaptive multigrid Local Defect Correction (LDC) [1]
method to nonlinear solid mechanics problems. Adaptive local multigrid approaches are efficient adaptive mesh refinement methods that have been initially introduced for computational fluids dynamics
problems. They have only been recently successfully applied to solid mechanics [2, 3]. Studies conducted in the linear elasticity context have revealed the efficiency of the LDC approach compared to the
widely-used h-adaptive methods [2, 4]. The main advantage of the LDC method lies on the partitioning
of degrees of freedom between levels of refinement, which may be still beneficial while dealing with
nonlinear problems. In this work, a special attention is devoted to methodological and algorithmic modifications required to adapt the LDC method to the nonlinear solid mechanics framework. Especially,
prolongation and restriction operators applied to link levels of grids are pointed out. We also discuss the
best way to carry out the two embedded iterative processes: nonlinear problem’s resolution and LDC
multigrid resolution. Moreover, fundamental features related to the projection and conservation of fields
as well as internal variables between levels of refinement over time are addressed. Performances of the
LDC method are tested on benchmark problems. In order to automatically drive the mesh adaptation, the
a posteriori recovery-based Zienkiewicz and Zhu error estimator as well as a mesh optimality criterion
aiming to globally and locally satisfy a given accuracy are used.
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Global local analysis is a part of structural analysis that allows to study, considering an iterative solution,
a coarse global model with a specific zone with a fine mesh and non-linear behaviour, such as crack
propagation [1, 2, 3]. However, the current trends in Global Local analysis is to impose displacements
on the fine model to obtain later the reactions that will be applied to the global model, for each iteration
[4]. Therefore, we proposed a mixed analysis in the local model and applying Robin conditions or
stiffness in the interface, allowing a higher grade of flexibility for the case of the patch or fine model.
As a result, the number of iterations until convergence of the proposed method is decreased importantly
with respect to [4], reducing computing time but losing overall accuracy, regarding a non decomposed
model. Finally, it is important to perform a trade-off a priori in the industry context, which must consider
a compromise between performing a fast analysis but taking into account that exist a considerable error
in the solution, with respect to a non decomposed model.
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The method presented here is a parallel mesh generation method leading to subdomains well-suited to
Schur based domain decomposition solvers such as the FETI and BDD methods. Starting from a coarse
mesh, subdomains meshes are created in parallel through hierarchical mesh refinements and mesh deformations techniques. The proposed methodology aims at limiting the occurrence of known pathological
situations [2] (jagged interfaces, misplaced heterogeneity with respect to the interfaces, . . . ) that penalize the convergence of the solver. Some cures were developed earlier for these situations [2, 1] but they
require important additional computational resources. The goal, here, is to reach the solution without
the help of these expensive methodologies, while making parallel the usually expensive steps dealing
with mesh generation and splitting. The method is assessed, on several academical and industrial test
cases, for both its parallel efficiency when creating the mesh and its capability to generate decomposition
resulting in less FETI iterations (see Figure 1 for an application on a simplified geometry of a blade).
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Figure 1: Comparison between graph-based decomposition (a) and hierarchical decomposition (b) in
terms of FETI convergence history (c) and time of parallel vs sequential meshing and partitioning (d))
REFERENCES
[1] C. Bovet, A. Parret-Fraud, N. Spillane, and P. Gosselet. Adaptive multipreconditioned FETI: Scalability results and robustness assessment. Comp. & Struct., 193:1–20, 2017.
[2] P. Gosselet, D. J. Rixen, F.-X. Roux, and N. Spillane. Simultaneous FETI and block FETI: Robust
domain decomposition with multiple search directions. Int. J. Num. Meth. Engng., 104(10):905–927,
2015.

1959

High-Performance
Michal
Habera and Modelling
Andreas Zilian
of Reinforced Concrete

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

HIGH-PERFORMANCE MODELLING OF REINFORCED CONCRETE
Michal Habera1 , Andreas Zilian∗,1
1

University of Luxembourg, Avenue de l’Universite 2, 4365 Esch-sur-Alzette

Key Words: Concrete, High-performance
State-of-the-art concrete models include many relevant non-linear phenomena: plastic yielding, evolution of damage, coupled heat and moisture transport, yielding of reinforcement bars, etc. These sphisticated models lead to very complex formulations with several blocks in the discrete matrix structure and
inner iterations for internal variables. The resulting discrete problems are notoriously difficult to efficiently precondition, rendering most parallel iterative solvers a bottleneck for large-scale applications.
On the other hand, in engineering practice complex geometries are inevitable. Since large-size structures
are computationally expensive, simplistic physical models with limited accuracy are used (fib 2010 or
eurocode 2 for creep and shrinkage). In this contribution attention is payed to computational efficiency
and effective implementation of a reinforced concrete ageing model. The ageing models for concrete
is based on the microprestress-solidification (MPS) theory of Bazant [1], Kunzels model for heat and
moisture transport [2] and Mazars model for damage [3]. Steel reinforcements are modelled as stiff
elastic inclusions with perfect bond. The numerical structure of the finite element discretisation is studied. Simplifications in the physical model lead to an efficient overall linear algebra problem for which
standard preconditioned iterative Krylov solvers are tested. In parallel, weak and strong scaling tests are
performed. Simulation results are validated with experimental results for the 4-point flexural bending
tests from [4].
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The topic of our presentation focuses on a non-overlapping mixed domain decomposition method. This
kind of iterative solvers may face difficulties for heterogeneous models leading to bad conditioning and
poor convergence. Recent works about classical overlapping Schwarz methods or primal (BDD) and dual
(FETI) non-overlapping domain decomposition methods have overcome these difficulties. For exemple,
the simultaneous FETI [1] uses multi-preconditioning and the GenEO approach [3] adopts a local preanalysis on subdomains.
Our work adapts the GenEO approach to the multi-scale Latin method [2] . We try to select the responsible modes of poor convergence by a local spectral analysis with a generalized eigenvalue problem.
These modes are used to build an adapted coarse problem. The particularity of the Latin method is the
mixed nature of the unknown and therefore it implies to define a Robin parameter also called “search
direction”. In our presentation we propose to illustrate our developments on 3D heterogeneous test cases.
Moreover we present several choices of search directions inspired from the scaling used for dual domain
decomposition methods. Choosing those search directions is a crucial point of the method.
In our presentation we propose to illustrate choice of search directions directly inspired by FETI and
BDD scaling. Particularly we compared them through extensibility tests. A 3D heterogeneous test case
is also expected with crossing and non-crossing heterogeneities.
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High-performance computing for structural mechanics often relies on fast and accurate solvers of sparse
linear equations of the form Ax = b, where A is a large sparse matrix and x is the solution to be computed.
Even when iterative approaches are preferred to compute the solution, sparse direct methods based on
LU or LDLT factorizations can still play an important role to obtain a robust and efficient approach. In
this talk, we illustrate this remark with two recent works.
First, in the context of FETI Domain Decomposition methods, a direct solver is typically used within
each subdomain. In the set-up phase, a factorization is performed. Then, sparse triangular solves must
be performed at each iteration until convergence. Because of possible floating subdomains, the matrices
associated with the subdomains can be singular. It is then critical for the robustness of the method
that the direct solver detects precisely the numerical deficiency (or rank) of these matrices. We describe
some recent algorithmic work on the numerical pivoting strategy of sparse direct solvers that significantly
improves the robustness of the rank detection. This strategy has been implemented in the general-purpose
sparse direct solver MUMPS.We report and analyse experiments performed on industrial problems.
Second, matrices arising from the discretization of partial differential equations have been shown to have
a low-rank property. In this context, the Block-Low Rank (BLR) format has attracted a lot of attention [1]
and has been used to design fast direct solvers (with reduced asymptotic complexity), and preconditioners
for iterative methods. In this work, we investigate the use of BLR approximations for problems arising
from finite-element industrial applications. We use the multiphysics code LS-DYNA and a set of large
real-life problems from a variety of applications. For each problem, LS-DYNA uses the direct solver
MUMPS (mumps-solver.org) and its BLR feature as a preconditioner for iterative solvers. We analyse
the impact of the approximation threshold on the convergence and on the performance, and show the
robustness of BLR against different preconditioners (incomplete factorization, algebraic multigrid...).
We conclude the presentation with some perspectives and research directions in direct methods that are
critical for the performance and robustness of iterative solvers.
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This work is motivated by the computational challenges that arise in frequency domain simulations of
wave propagation and scattering problems in heterogeneous media. Such problems appear in a broad
range of engineering applications, including acoustics, electromagnetics, and seismic inversion. The
discretisation of models describing frequency domain wave problems using finite element methodology
typically results in large, indefinite, and ill-conditioned linear systems. These linear systems are difficult to solve using standard methods, particularly for high frequencies and in the presence of complex
heterogeneities. In order to maintain accuracy, the number of grid points must grow as a function of the
frequency in such a way that, for high frequency problems, the size of the linear systems to be solved
becomes prohibitive for direct methods. In such a regime, carefully designed iterative methods are required. To model the wave problem we utilise the Helmholz equation −k2 u − ∆u = f on a domain
Ω ⊂ Rd , d = 2, 3, for the field u(x) : Ω → C with some appropriate boundary conditions. The high frequency regime constitutes the case of large k and presents particular challenges for designing effective
solvers.
The solution strategy we consider is based on using domain decomposition methods. Such methods are
well suited to solve large systems of equations arising from discretisation of PDEs and are among the
best known strategies for many types of problem. However, classical versions fail to be effective for
wave propagation problems, including those modelled by the Helmholtz equation. Two primary parts
require more careful treatment, namely the transmission conditions used to transfer information between
adjoining subdomains and the coarse space that allows for capturing of global behaviour and passing
information globally. The latter is based on spectral information computed locally on each subdomain
following the ideas from [1] and [2]. Numerical evidence of the robustness of these methods for large
scale test cases for relevant complex application (such as those arising in geophysics) is presented.
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The Generalized-Dryja-Smith-Widlund (GDSW) preconditioner is a two-level overlapping Schwarz domain decomposition preconditioner with an energy-minimizing coarse space [1]. A great advantage of
the preconditioner is that it can be constructed from the fully assembled system matrix without a coarse
triangulation. The Fast and Robust Overlapping Schwarz (FROSch) framework of the Trilinos software
library contains a parallel implementation of the GDSW preconditioner. More recently, the reduced
dimension variant of the GDSW (RGDSW) coarse space has been added [2]. To further improve the
parallel scalability of the two-level method a three-level extension has recently been introduced by recursively applying the preconditioner to the coarse problem [4, 3]. This allows the extension to a multi-level
GDSW algorithm. In this talk numerical results for the new three-level preconditioner for diffusion and
linear elasticity problem in two, and three dimensions are presented to show the improvement of the
parallel scalability compared to the corresponding two-level methods.
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It is customary to run domain decomposition (DD) iterations until some measure of the residual gets
below a user–chosen threshold. This threshold must strike a balance between computing an accurate
solution, and not using too much computing resources. We have developed fully computable a posteriori
error estimates that allow for the separation of the part of the error due to the space and time discretizations, and that due to the DD iterations. These error estimates are based on reconstruction techniques,
building a continuous pressure and conforming fluxes. The fluxes require the solution of local Neumann
problems in narrow bands around the interfaces.
The method is applied to subsurface flow simulation in mixed formulation, first for a steady state model,
then for a transient situation. In the latter case the DD method is global in time and uses the Optimized
Schwarz Waveform Relaxation algorithm, where the parameters in the Robin conditions can be optimized
to accelerate the convergence rate, enabling the use of different time grids. An application to a simplified
nuclear waste simulation is shown.
This work has been supported by A NDRA, the ANR project D EDALES and the ERC project G ATIPOR.
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ABSTRACT
In the era of tremendous advance of Discontinuous Galerkin, the idea is to assess the existing
higher-accuracy finite-volume (FV) based methods for unstructured meshes and their capacity
in applied aerodynamics and aeroacoustics problems. Within the huge family of FV methods,
we will focus on the most accurate algorithms, in particular the methods using high-order
quasi-1D reconstructions [1]-[2] and k-exact polynomial schemes [3]-[4].
The FV-schemes modifications and specific implementations needed in aviation and other
industrial applications concerning unsteady turbulent flows in complex moving geometries
will be comprehensively discussed. First of all, the progress in shock capturing techniques
will be evaluated. The dynamic mesh adaptation will be analysed as a means to improve
accuracy. The scope of topics will also include scale-resolving LES-based models, immersed
boundary methods, efficient time advancing (mainly implicit and multirate schemes), sliding
meshes, and their massively parallel versions.
Predictions of complex turbulent flows performed using the developed highly accurate FV
methods will be welcome.
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Despite their limitations in accuracy, finite volume (FV) methods are the preferred option by the industry
to perform flow simulations, owing to their efficiency and robustness. Nonetheless, cell-centred (CCFV)
and vertex-centred (VCFV) FV methods are known to suffer from a loss in accuracy in presence of
distorted and stretched cells [1].The face-centred (FCFV) FV paradigm [2–5] relies on a mixed hybrid
FV formulation in which the unknown is approximated by means of a constant function on the cell faces
(edges in 2D). FCFV may be interpreted as the lowest-order version of the hybridisable discontinuous
Galerkin method [6], from which it inherits its approximation properties. Contrary to traditional CCFV
and VCFV approaches, the recently proposed FCFV method is robust to cell distortion and stretching,
thus allowing to preserve accuracy in simulations on complex unstructured meshes, provides first-order
convergence of the stress with no need for flux reconstruction and non-oscillatory approximations of
sharp discontinuities without shock-capturing techniques and is locking-free in the incompressible limit.
REFERENCES
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for linear elastostatics, Comput. Struct., 212 (2019), 43–57.
[4] L. M. Vieira, M. Giacomini, R. Sevilla and A. Huerta, A second-order face-centred finite volume
method for elliptic problems, Comput. Methods Appl. Mech. Eng., 358 (2020), 112655.
[5] M. Giacomini and R. Sevilla, A second-order face-centred finite volume method on general meshes
with automatic mesh adaptation, Int. J. Numer. Methods Eng., to appear.
[6] B. Cockburn, J. Gopalakrishnan and R. Lazarov, Unified hybridization of discontinuous Galerkin,
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47:2 (2009), 1319–1365.
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Anisotropic mesh adaptation turned out to be an excellent tool in computational fluid dynamics [1].
Specifically, the employment of anisotropic mesh adaptation for the observation of an output functional
(such as the lift or the drag coefficients) allows to reach a faster convergence with respect to the number
of nodes of the computational domain [2] [3]. On the other hand, the interactions occurring among
complex geometries, high gradients (such as boundary layers and shocks) present some drawbacks, such
as stallations and oscillations in the global residual convergence [4], specially when one makes use of
slope limiters [5]. We experienced that such disadvantages get worst when the flow simulation is made
by using highly-anisotropic and low-graded meshes. In particular, with this study we show how the
presence of a slope limiter affects the overall convergence of a simulation of the Navier-Stokes equations
making use of anisotropic mesh adaptation and the Spalart-Allmaras turbulence model [6], and we will
present several techniques to reduce such such undesirable effects. The results are obtained by using the
flow solver wolf, a mixed finite volume/finite element vertex centered solver, and it is based on the HLLC
solver [7] along with a 2nd order MUSCL [8] scheme and an implicit time integration. Furthermore, wolf
is used to assess the capabilities of a mesh adaptation strategy.
REFERENCES
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(2005) 194:5068–5082.
[2] Belme, A. and Alauzet, F. and Dervieux, A. An a priori anisotropic goal-oriented error estimate for viscous compressible
flow and application to mesh adaptation. J. Comp. Phys. (2019) 376:1051–1088.
[3] Alauzet, F. and Frazza, L. 3D RANS anisotropic mesh adaptation on the high-lift version of NASA’s Common Research
Model (HL-CRM). Proc. of 25th AIAA Fluid Dynamics Conference, AIAA-2019-2947 (2019) Dallas, TX, USA.
[4] Zangeneh, R. and Ollivier-Gooch, C. F. Mesh optimization to improve the stability of finite-volume methods on unstructured meshes. Compu. Fluids (2017) 156:590–601.
[5] Venkatakrishnan, V. Convergence to Steady State Solutions of the Euler Equations on Unstructured Grids with Limiters.
J. Comp. Phys. (1995) 118:120–130.
[6] Spalart, P. R. and Allmaras S. R. A One-Equation Turbulence Model for Aerodynamic Flows. In 30th AIAA Aerospace
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[7] Toro, E. F. and Spruce, M. and Speares, W. Restoration of the contact surface in the HLL-Riemann solver. Shock Waves
(1994) 4:25–34
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The EBR (Edge-Based Reconstruction) schemes [1] for solving Euler-type equations were
originally developed for tetrahedral unstructured meshes and implied the usage of quasi-1D
reconstructions of variables on the straight-lined edge-based extended stencils. However, for
turbulent flow simulations we normally use hybrid unstructured meshes with layers of highly
anisotropic prismatic cells around streamlined bodies to better resolve boundary layers and
reduce the computational costs. Such multilayer meshes near the body surfaces are commonly
referred as semistructured meshes. The original procedure of straight-lined reconstructions on
these meshes results in strongly uneven stencils crossing the boundary layers in various
directions, different from tangential ones, which cause both large approximation errors and
instabilities.
To avoid the above-mentioned problems, we developed the extended version of EBR schemes
based on curvilinear reconstructions on semistructured meshes. The new approach employs the
mesh structure in the normal direction with respect to the streamlined surfaces. In tangential
directions, it builds the reconstruction stencils along the curvilinear mesh layers. Previously, a
similar adaptation to strand meshes [2], which are essentially semistructured, was proposed for
the flux correction method [3].
In the present study, we show that the involvement of curvilinear reconstructions improves the
accuracy and stability of EBR schemes. We confirm this by the computations of NACA0012
validation case [4] using both EBR3 and EBR5 schemes on a sequence of refined meshes. The
numerical results are presented both for 3D and 2D formulations. The corresponding
comparative analysis is performed.
The work is supported by the Russian Foundation of Basic Research (Project 18-01-00445).
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1
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Steady-state RANS solvers encounter residual convergence problems when trying to solve flow conditions which involves unsteady phenomena, such as buffet or vortex-shedding. However, a fixed point
steady-state solution can exist in these conditions and is useful in engineering applications such as design
problems or stability analysis [1].
The selective frequency damping method aims to stabilize such unstable flows through the addition of
source terms to the RANS equations, proportional to the difference between the flow and a low-pass timefiltered version of the same flow. This method was introduced by Akervik et al., [2] and an encapsulated
implementation was proposed by Jordi et al. [3]. The method adds two parameters to the solver, χ
the influence factor of the source term, and ∆ the wavelength of the low-pass filter cut-off frequency.
Efforts were made to automate the selection of these parameters by Jordi et al. [3] and Cunha et al. [4],
respectively using a global stability analysis of the partially converged solution and using dynamic mode
decomposition. Efforts were also made to accelerate the convergence rate of a RANS solver using SFD
by Plante and Laurendeau [5].
This work aims to extend the use of the adaptive SFD algorithm to turbulent flows of industrial relevance,
using RANS modeling with a pseudo-time stepping scheme. A modification to the SFD method is also
proposed in order to improve the convergence rate of the solver. The modification to the algorithm
consists in the addition of a periodic reset of the low-pass filtered flow to the value of the base solver
flow. The results show an improved convergence rate with a successful stabilization for the test cases of
vortex shedding over a cylinder and transonic buffet over a supercritical airfoil.
REFERENCES
[1] Sipp, D., Marquet, O., Meliga P., Barbagallo, A. Dynamics and Control of Global instabilities in
Open-Flows: A Linearized Approach. Applied Mechanics Reviews, Vol. 63.,(2010).
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A method for helicopter rotor simulation is presented. It allows us to predict aerodynamics and acoustics
of helicopter rotors on unstructured hybrid meshes. The method is based on the higher-accuracy EBR
(Edge-based Reconstruction) schemes [1, 2] within the finite-volume vertex-centred approach to the
discretization of Navier-Stokes equations. in the in-house CFD-code NOISEtte: the model based on
the Navier-Stokes equations in the rotating frame of reference; RANS with Spalart-Allmaras turbulence
closure; wall functions; the all-Mach Riemann solver.
The far-field acoustics is evaluated with the use 1A Farassat formulation of Ffowcs Williams and Hawkings acoustic analogy assuming a control surface parametrised in the fixed frame of reference [3].
The numerical results of the method validation are presented. The method is successfully used to simulate aerodynamics and acoustics of a set of rotors in a wide range of flight modes, namely: 2-bladed
Caradonna-Tung rotor, 2- and 4-bladed Kamov model main rotors and 4-bladed TSAGI rotors.
The work is supported by the Russian Foundation of Basic Research (Project 18-01-00445).
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Numerical diffusion in transport schemes is the major artifact that has motivated numerous developements of higher order approaches which require nonlinear flux limiter fixes to preserve positivity and
monotonicity. These fixes at singular points reduce the order of all schemes to one, thus producing side
artifacts which can be detrimental in many practical situations such as: non-preservation of extrema and
compact support of functions, loss of phase disappearance in multi-phase flows.
In order to preserve functions with a compact support, a downwind-limited upwind flux, with a similar
behavior as the Ultrabee limiter, was introduced in [1]: Indicator- and “delta” functions are spread over
no more than two or three cells respectively. Inspired by this formalism, we explore doubly monotone
and slope-and-bound (SAB) interpolators systematically to create very simple second-order limiters with
upwind transport fluxes while attenuating numerical diffusion. The name “slope-and-bound” indicates
that over- and undershooting slopes are truncated, while preserving the average value of the physical
field (see Figure).
The second-order TVD interpolators are represented in an elliptic coordinates mapping, which extends
Sweby’s diagram [2], and allows comparison of general interpolators. We present results for both 1D
and 2D non-uniform meshes. Furthermore, the 2D slope-and-bound interpolators are compatible with
the isotropic first-order advection introduced in [3].

Figure 1: Interpolated and limited value in cell i: left O(1), center standard limited O(2), and right SAB limited O(2).
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The talk presents an overview of our recent developments of the Edge-Based Reconstruction
(EBR) Schemes for solving the Euler equations on unstructured meshes [1]. The EBR schemes
possess higher accuracy in terms of error values as compared with the traditional finite-volume
second-order methods and require lower costs as compared with the very high order algorithms.
The higher accuracy is provided through the use of quasi-1D reconstructions of variables on
the extended edge-oriented stencils on arbitrary unstructured meshes so that in the case of a
uniform grid-like mesh (i.e. the mesh translationally invariant to its each edge) the EBR
schemes reduce to the high-order finite difference method. The lower costs result from the
quasi-1D nature of these schemes. We extended the EBR schemes to hybrid unstructured
meshes [2], equipped with the WENO and TVD shock-capturing techniques [3] and designed
the hybrid EBR scheme blending the central-difference, upwind and WENO-type edge-based
reconstructions.
These developments of the EBR schemes allow us to widely use them for scale-resolving
RANS-LES simulations of complex turbulent flows and associated acoustic fields. In the talk,
we show briefly some numerical results obtained using the EBR schemes (turbulent jets [4],
flow over the 30P30N model airfoil, transonic and supersonic separated flows, etc).
The current implementations of the EBR schemes mainly concerns the extension to slidingmesh interfaces, strand meshes normally generated near streamlined body surfaces, immersed
boundary method for moving objects, and dynamic moving-mesh adaptation.
The work is supported by the Russian Science Foundation (Project 16-11-10350).
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An extension of the SIMPLE [1] algorithm that allows the simulation of steady and unsteady
flows in a wide range of Mach numbers was implemented. The algorithm uses the finitevolume framework and was initially developed and tested in cartesian collocated grids [2]. It
is currently being implemented in the in-house code SOL, which is an unstructured grid-based
code that features both high-order schemes [3] and an immersed boundary method [4]. The
main goal of this work is to simulate immersed boundaries in subsonic flows.
To validate the algorithm, several classical benchmark cases were solved. These cases range
from incompressible flows to subsonic and supersonic compressible ones [2].
More validation cases, including a 3D case and an immersed boundary method
implementation are expected to result from the undergoing work.
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ABSTRACT
Over the last decade, novel modelling approaches and corresponding computational
techniques have substantially contributed to the computer simulation of materials undergoing
inelastic deformations. The development has fostered the insight that models and algorithms
are intimately related. Beyond that, the non-linear nature of finite strain inelasticity makes
robust optimization procedures indispensable for a reliable identification of model parameters.
The main goal of this Minisymposium is to discuss the state-of-the-art, the cutting edges and
the future of modelling, parameter identification and numerics of inelasticity at finite strains.
In particular, the exchange between researchers studying plasticity/viscoplasticity, creep, and
viscoelasticity shall be stimulated. The Minisymposium equally includes purely
phenomenological and physics-based models as well as data-driven modelling approaches.
Contributions devoted to
-

novel modelling approaches,
advanced or problem-adapted numerical schemes, which ensure and improve
accuracy, efficiency and stability of computations,
new developments concerning parameter identification procedures, and
combined theoretical, experimental and/or numerical studies applied to specific
materials

are highly welcome.

1981

M.Systematic
A
Abatour, Samuel
and Thermodynamically
Forest, Kais Ammar,
Consistent
CristianExtension
Ovalle, Basile
of Thermo-Elastoviscoplastic
Marchand, Nikolay Osipov
Conand
stitutive Equations
Stéphane
Quilici at Finite Deformations: Numerical Implementation in a Commercial Code
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

A SYSTEMATIC AND THERMODYNAMICALLY CONSISTENT
EXTENSION OF THERMO-ELASTOVISCOPLASTIC CONSTITUTIVE
EQUATIONS AT FINITE DEFORMATIONS: NUMERICAL
IMPLEMENTATION IN A COMMERCIAL CODE
M. Abatour∗1 , S. Forest1 , K. Ammar1 , C. Ovalle1 , B. Marchand1 , N. Osipov2 and S.
Quilici2
1

MINES ParisTech, PSL University, Centre des matériaux, CNRS UMR 7633, 91003 Évry, France.
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Most commercial finite element codes are based on hypoelastic formulations of thermoelasto-viscoplastic
constitutive laws for metals or polymers. Their spurious effects, like the oscillatory shear stress response
under monotonic shear loading and unexpected ratcheting for closed path cyclic loading [1, 2], are wellknown but generally neglected for the sake of computational ease. An alternative systematic framework
for the extension of nonlinear thermoelastic-(visco)plastic constitutive equations to finite deformations is
proposed, based on a multiplicative decomposition of the deformation gradient into a thermoelastic part
and an inelastic part [3]. The choice of suitable hyperelastic potential [4], of hardening variables and
of anisotropy evolution [5] is discussed. The question of plastic spin for anisotropic materials will be
treated at the light of the archetypal example of single crystal behaviour. The proposed methodology is
implemented in the commercial FE object-oriented code Zset [6]. It is shown in particular how the rich
library of small strain nonlinear constitutive laws can be readily extended to finite deformations.
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One-dimensional uni-axial material models can be easily derived even by researchers with a
limited experience in material modeling and numerics. However, these simplified models are
not suitable for full scale finite element computations. Therefore, a number of approaches has
been developed which allow one to generalize uni-axial models to a full model, suitable for
arbitrary multi-axial loading. One of such generalizations is provided by the so-called concept
of representative directions [1, 2]. The main assumption of the concept is that the overall
stress power of a material particle is given by the sum of stress powers of individual
representative directions (material fibers). From the computational standpoint, the evaluation
of the stress tensor reduces to evaluation of an integral over the unit sphere. Following ideas
from [3], we modify this concept by refining the rule of fiber kinematics. We call the refined
concept of representative directions H-approach, since it is essentially based on the use of
referential Hencky strain tensor H. In the talk we show that the refined kinematics of the
newly proposed H-approach allows us to simulate initially isotropic materials with a much
smaller number of representative directions. Obviously, numerical schemes with a smaller
number of representative directions are computationally more efficient than the standard ones.
This advantage becomes especially evident in case of large strains. In the talk, efficient noniterative one-dimensional algorithms are generalized to the multi-axial case; the
implementation of the model in the implicit finite element code is discussed; an excellent
applicability of the concept to non-monotonic finite strain deformation of metals and
polymers is demonstrated.
REFERENCES
[1] M. Freund, J. Ihlemann, Generalization of one-dimensional material models for the finite

element method. ZAMM, Vol 90(5), pp. 399–417, 2010.

[2] A. Lion, N. Diercks, J. Caillard, On the directional approach in constitutive modelling: A
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[3] A.V. Shutov, P.P. Laktionov, Y.S. Nekrasova, Extending uniaxial material laws to
multiaxial constitutive relations: H-approach. European Journal of Mechanics - A/Solids,
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Using rheological models is a standard method for formulating materials laws. The basic elements
represent different phenomenological properties, like elasticity, viscosity and plasticity. More complex
models can be constructed from serial and parallel connections, which lead to kinematic as well as kinetic
relations. The work by [1] describes a method for computing any material model given as a rheological
model by directly evaluating these connection relations recursively. Hence, defining a material model
boils down to choosing the basic elements and the structure of the rheological model.
The natural objective of material modeling is to find models, which provide a good fit to given experimental data at a low number of parameters. A presented toolbox enables to construct and evaluate a large
variety of material models. Therewith, a tree structure is proposed for the representation of the rheological models. Standard parameter fitting procedures can be used to determine the model parameters and
the fit quality. This means, that the search for a suitable material model can be performed by a computer
program that generates and tests a wide range of models.
Any exhaustive method is infeasible for searching the space of models due to the size of the search
space. Instead, a genetic algorithm, which is a stochastic optimization method, is applied. To this end,
a fitness is assigned to each potential solution which incorporates the fitting quality, but also structural
properties like the number of parameters. Starting from a randomly generated starting pool of models,
new models are generated using so-called genetic operators. In this contribution, appropriate operators
for the specific problem are introduced. Typical operators are mutation, which slightly alters an existing
model, as well as crossover, which combines two models to a new one. As the algorithm mimics the
process of evolution, models with better fitness are preferred when selecting to which model an operator
is applied.
The algorithm is applied to different test problems using synthetic data. In most cases, the model, that was
used to generate the data, is successfully reidentified. This demonstrates the potential of the approach.
To overcome typical challenges, strategies to incorporate prior knowledge are moreover shown as an
outlook.
REFERENCES
[1] R. Kießling, R. Landgraf, R. Scherzer, and J. Ihlemann. Introducing the concept of directly connected rheological elements by reviewing rheological models at large strains. Int. J. Solids Struct.,
97-98:650667, 2016.

1984

Peter Betsch, Mark Schiebl and
Energy-Momentum-Entropy
Consistent
Marlon Franke
Discretization in Space and Time of Finite Strain
Thermo-Viscoelasticity
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

ENERGY-MOMENTUM-ENTROPY CONSISTENT DISCRETIZATION
IN SPACE AND TIME OF FINITE STRAIN
THERMO-VISCOELASTICITY
P. Betsch, M. Schiebl and M. Franke
Institute of Mechanics, Karlsruhe Institute of Technology, 76131 Karlsruhe, Germany
(peter.betsch@kit.edu, mark.schiebl@kit.edu, marlon.franke@kit.edu)
Key Words: Multiphysics Problems, Non-isothermal Solid Mechancis, Structure-preserving Discretization
This work deals with the Energy-Momentum-Entropy (EME) consistent discretisation of dissipative
solids in space and time. While Energy-Momentum (EM) consistent numerical methods are well-known
for conservative mechanical systems, Romero introduced in [1] the class of thermodynamically consistent (TC) methods for coupled thermomechanical systems, which comply with the first and second law
of thermodynamics. If a TC method respects the symmetries of the underlying system as well it can
be viewed as an extension of EM methods to the dissipative regime and thus can be termed EnergyMomentum-Entropy consistent method.
The construction of EME methods is based on thermodynamically admissible evolution equations expressed in the GENERIC (General Equation for Non-Equilibrium Reversible-Irreversible Coupling)
framework, originally proposed by Grmela and Öttinger [2]. This double generator formalism relies
on the additive decomposition of the evolution equations into reversible and irreversible contributions
and allows for the free choice of the thermodynamic state variable (see [3]). We will explore the structure of the GENERIC framework for thermo-viscoelastic solids, which facilitates the free selection of
the independent variable among the internal energy density, the absolute temperature and the entropy
density. GENERIC consistent spatial discretisations (see [4]) along with the use of structure-preserving
time integration schemes then lead to EME consistent methods.
REFERENCES
[1] Ignacio Romero. Thermodynamically consistent time-stepping algorithms for non-linear thermomechanical systems. International journal for numerical methods in engineering, 79(6):706–732,
2009.
[2] Miroslav Grmela and Hans Christian Öttinger. Dynamics and thermodynamics of complex fluids. i.
development of a general formalism. Physical Review E, 56(6):6620, 1997.
[3] Peter Betsch and Mark Schiebl. Generic-based formulation and discretization of initial boundary
value problems for finite strain thermoelasticity. Computational Mechanics, Nov 2019.
[4] Peter Betsch and Mark Schiebl. Energy-momentum-entropy consistent numerical methods for largestrain thermoelasticity relying on the generic formalism. International Journal for Numerical Methods in Engineering, 119(12):1216–1244, 2019.
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Elastomeric materials show highly non-linear and inelastic mechanical behavior, which consists of a
general non-linear stress-strain behavior up to large strains, a hysteresis, the Mullins effect and permanent
set. A time and rate dependency is also observed. Typical viscoelastic materials show both a distinct
relaxation behavior under constant strains and a clear rate dependency, for example induced by different
loading frequencies. However, while industrial rubbers also reveal distinct relaxation during constant
strains, their rate dependency is only very low over a wide frequency range [1, 2, 4]. Moreover, the
relaxation time of those materials depends on the loading rate of preceding loading sequences. In [2],
these characteristics were attributed to a so called time-rescaling material behavior.
One possibility to simulate the 3-dimensional, time-independent mechanical behavior of elastomers is
given by the Model of Rubber Phenomenology (MORPH) [1], which can reproduce all mentioned timeindependent phenomena. In this contribution, an approach is presented to incorporate time-dependent
effects into the MORPH model. Moreover, an idea presented in [2] is applied to the MORPH model to
simulate the time-rescaling behavior of rubber materials.
Finally, the new model is adapted to two different elastomeric materials and the corresponding material
parameters are identified. Here, one rubber material [4] and one polyurethane based adhesive [3] are
regarded. Results of the parameter idenfication will shown and the capability to simulate the timedependent phenomena of those materials will be evaluated.
REFERENCES
[1] D. Besdo, and J. Ihlemann. A phenomenological constitutive model for rubberlike materials and its
numerical applications. International Journal of Plasticity (2003) 19(7):1019-1036.
[2] H. Donner, L. Kanzenbach, C. Naumann, J. Ihlemann (2017). Efficiency of rubber material modelling and characterisation. in: Constitutive Models for Rubber X. pp 19-29.
[3] R. Landgraf, and J. Ihlemann (2017). Application and extension of the MORPH model to represent
curing phenomena in a PU based adhesive. in: Constitutive Models for Rubber X. pp. 137-143.
[4] J. Plagge, A. Ricker, and M. Klüppel (2019). Efficient modeling of inelastic effects in filled rubber
using load dependent relaxation times. Constitutive Models for Rubber XI. pp. 261-266.
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Abstract
A cardiovascular stent is a mesh-like tubular structure that is used to restore patency to blocked or restricted
cardiovascular arteries. This blockage or restriction could be due to an accumulation of fatty deposits (called
plaque) or scar tissue within the artery. Existing stent materials are made of metals which following the
restoration of patency of the arteries stay forever in the blood vessels leading to complications of thrombosis
and restenosis. A promising biomaterial that seeks to address these limitations is the bioresorbable (BRS)
polymeric materials which degrade over time and are completely absorbed by the body. The key problem with
such BRS is their reduced stiffness and strength in comparison with metallic materials. A strategy to improve the
mechanical properties of polymeric BRS is to incorporate nanoparticle reinforcements (hybrid composite). There
are few studies on the use of hybrid composites as biomaterials for the manufacture of medical devices [1–3].
This paper presents a numerical investigation of a hybrid stent based on a nano-clay reinforcement with
polydioxanone BRS polymer. The stent proposed here is manufactured using an additive manufacturing method
called fused deposition modelling (FDM). We found that the mechanical properties of the nanocomposite were
significantly improved compared with the unreinforced PDO polymer. The increased mechanical properties have
led to the possibility of creating stents with thinner struts: a requirement for BRS stents, to ensure complications
of late-stage thrombosis and restenosis are averted. Mechanical data used in the FEM study were derived from
mechanical testing of the filaments of the hybrid composite produced by hot-melt extrusion [4].
The numerical study was carried out within a virtual testing platform for stents [5], based on finite element
modelling (FEM). The study assessed the balloon-catheter expansion and deflation of the stent, in order to
virtually assess the structural performance of such 3D printed stent. The study showed that the stent mechanics
is characterized by finite deformation and such virtual scheme can give insights that will help tailor the design
of the stent for in vivo stent mechanics assessment. Future work includes experimentally assessing the ex vivo
mechanics of the hybrid stents and comparing same with the FEM results. Also, we intend to undertake
degradation studies of the hybrid stent and compare results with the unreinforced PDO material.
References
[1]
[2]
[3]
[4]
[5]

Healy A, Waldron C, Geever L, Devine D, Lyons J. Degradable Nanocomposites for Fused Filament
Fabrication Applications. J Manuf Mater Process 2018;2:29. https://doi.org/10.3390/jmmp2020029.
Das SS, Neelam, Hussain K, Singh S, Hussain A, Faruk A, et al. Laponite-based Nanomaterials for
Biomedical Applications: A Review. Curr Pharm Des 2019;25:424–43.
https://doi.org/10.2174/1381612825666190402165845.
Kelnar I, Kratochvil J, Fortelny I, Kapralkova L, Zhigunov A, Khunova V, et al. Effect of halloysite on
structure and properties of melt-drawn PCL/PLA microfibrillar composites. Express Polym Lett
2016;10:381–93. https://doi.org/10.3144/expresspolymlett.2016.36.
Maniruzzaman M, Boateng JS, Snowden MJ, Douroumis D. A Review of Hot-Melt Extrusion: Process
Technology to Pharmaceutical Products. ISRN Pharm 2012;2012:1–9.
https://doi.org/10.5402/2012/436763.
Okereke MI, Douroumis D, Khalaj R, Tabriz A. A virtual testbed for investigating the structural response
of 3D printable coronary artery polymeric stents. ICS3M2019 Int. Conf. Stents, Mater. Mech. Manuf.,
London UK: 2019.

1987

Alexander the
Modelling
Ricker,
Inelastic
Jan Plagge,
EffectsNils
of Filled
Kröger,
Rubber
Manfred
Using
Klüppel
Continuous
and Peter
Stress
Wriggers
Softening and Load
Dependent Relaxation Times
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

MODELLING THE INELASTIC EFFECTS OF FILLED RUBBER
USING CONTINUOUS STRESS SOFTENING AND
LOAD DEPENDENT RELAXATION TIMES
A. Ricker*1,2, J. Plagge1, N. H. Kröger1, M. Klüppel1 and P. Wriggers2
1
2

Deutsches Institut für Kautschuktechnologie e.V., Eupener Straße 33, 30519 Hannover, Germany,

alexander.ricker@dikautschuk.de, www.dikautschuk.de

Institute of Continuum Mechanics, Leibniz Universität Hannover, Appelstraße 11, 30167 Hannover,
Germany, www.ikm.uni-hannover.de

Key Words: Rubber, Softening, Viscoelasticity, Material Modelling.
Filled rubber materials possess rather complex mechanical characteristics which depend on
temperature, deformation rate and load history. For instance, stretched rubber, besides strongly
nonlinear stress response, exhibits softening effects and relaxation behaviour. This contribution
presents a physically motivated approach for continuous softening as well as nonlinear, load
depended viscoelasticity.
The material softening is primarily governed by the maximum load and the time spent at the
respective load level [2]. At low strains, this effect is commonly explained by a break-down of
the filler network, whereas the micromechanical effects at large strains are not fully understood
yet. However, the approach presented here is based on a homogenisation of microscopically
distributed, strain-amplified filler domains [3]. Due to mechanical loading, the distribution
tends to change from a virgin state containing highly amplified domains to a totally damage,
non-amplified state.
The nonlinear viscoelastic approach is motivated by experimental findings proofing a
logarithmic relaxation behaviour [1]. The standard solid of physical linear viscoelasticity with
constant relaxation times is limited to a specific, load independent relaxation time spectrum
and, therefore, cannot reproduce this characteristic properly. Thus, a single, modified Maxwell
model with a relaxation time depending exponentially on the stress is introduced.
Since both parts lead to a nonlinear differential equation, a reliable numerical treatment is
developed. Furthermore, parameter fits and validation examples are shown proofing the
robustness and the predictability of the model.
REFERENCES
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The exponential map is one of the most popular approaches for the numerical time integration of geometrically nonlinear inelastic constitutive equations with incompressibility constraint on the inelastic
deformation (e.g. [1, 2, 3]). This approach is convenient as the inelastic volume change is exactly zero.
However, its application can be elaborate as it requires to carry out a spectral decomposition or evaluate
the series expansion of the exponential map, and the exponential map has to be linearized, which can be
laborious.
An alternative approach, which also exactly preserves the inelastic volume, is presented here. The
method is based on the projection of a auxiliary symmetric (but otherwise arbitrary) second-order tensor
variable onto the space of unimodular symmetric tensors. The projection is interpreted as inelastic deformation (specifically the plastic right Cauchy-Green tensor), which is obtained from the optimization
of an incremental potential. A special parametrization, borrowed from classical return-mapping algorithms, of the auxiliary variable enables one to eliminate singularities from the optimality conditions,
which would otherwise deteriorate the numerical solution.
REFERENCES
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algorithms. International Journal for Numerical Methods in Engineering, 75(1):1–28, 2008.
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Inelastic deformations at finite strains are commonly modeled using the constitutive assumption of a
multiplicative split of the deformation gradient. Further, the plastic deformations of metals are almost
always assumed to be incompressible. To naturally fulfill this assumption, many models make use of
an exponential map (e.g. [1, 2, 3]). While this approach is fairly powerful and yields an exact and
likewise neat formula for the evolution of the stresses, it also comes with downsides. One disadvantage
of the exponential map is the need to either carry out a spectral decomposition or to evaluate the series
expansion of the exponential function. Additionally, because many authors intend to use this approach
in a finite element scheme in combination with the Newton-Raphson method, the exponential map has
to be linearized, which is a fairly elaborate task that can lead to numerical difficulties (see e.g. [4]).
To circumvent these obstacles, an alternative method to cope with the incompressibility assumption
is presented. The key aspect is to introduce energy terms, which are invariant under the change of
determinant of the plastic right Cauchy-Green Tensor det(Cp ). Additionally, a term is worked into the
potential, which forces Cp to be unimodular in the converged state.
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Many of practice-relevant composites are pre-stressed structures; typical examples are
biological soft tissues, like muscles, tendons and blood vessels, as well as engineered structures,
including tires, air suspension and weldments. Here we analyse a computationally efficient isostrain approach to material modelling.
The focus of the talk is on the application of the so-called “F0-approach” to pre-stresses. The
main idea of the approach is to introduce two reference configurations: the stress-free and the
load-free, related by the F0-mapping. Vital parts of the concept are a proper transformation of
initial conditions as well as geometric pre- and post-processors. The large strains are naturally
included, thus yielding a geometrically non-linear framework. The advocated approach is
consistent with multiplicative decomposition of the deformation gradient tensor. We show that
the incorporation of pre-stresses does not increase the complexity of the numerical scheme.
We solve the following demonstration problems: (i) pre-stressed blood vessels as multi-layered
fibre-reinforced composites and (ii) welded structures made of metal plates. Computationally
efficient numerical schemes are used for inelastic behaviour of both fibre-reinforced composites
[1,2] and metals [3]. The applicability of the F0-approach to real structures is demonstrated thus
showing its usefulness for the analyses of structures with complex geometry.
The study was supported by the Russian Science Foundation within the project 19-19-00126.
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ABSTRACT
Isogeometric Analysis (IGA) has been originally introduced and developed by T.J.R. Hughes,
J.A. Cottrell, and Y. Bazilevs, in 2005, to generalize and improve finite element analysis in
the area of geometry modeling and representation. However, in the course of
IGA development, it was found that isogeometric methods not only improve the geometry
modeling within analysis, but also appear to be preferable to standard finite elements in many
applications on the basis of per-degree-of-freedom accuracy. Non-Uniform Rational BSplines (NURBS) were used as a first basis function technology within IGA. Nowadays, a
well-established mathematical theory and successful applications to solid, fluid, and
multiphysics problems render NURBS functions a genuine analysis technology, paving
the way for the application of IGA to solve a number of problems of academic and industrial
interest. Further fundamental topics of research within IGA include the analysis of trimmed
NURBS, as well as the development, analysis, and testing of flexible local
refinement technologies based, e.g., on T-Splines, hierarchical B-Splines, or locally-refined
splines, in the framework of unstructured multipatch parameterizations. Moreover, an
important issue regards the development of efficient strategies able to reduce matrix assembly
and solver costs, in particular when higher-order approximations are employed. Aiming at
reducing the computational cost still taking advantage of IGA geometrical flexibility and
accuracy, isogeometric collocation schemes have attracted a good deal of attention and appear
to be a viable alternative to standard Galerkin-based IGA. Another more than promising topic,
deserving a special attention in the IGA context, is finally represented by structurepreserving discretizations. Along (and/or beyond) these research lines, the purpose of this
symposium is to gather experts in Computational Mechanics with interest in the field of IGA
with the aim of contributing to further advance its state of the art.
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The hierarchical quadrature element method (HQEM, formerly the differential quadrature
hierarchical finite element method) was proposed by the first author of this talk. During the past
decade, both C0 and C1 HQEM elements of all common shapes have been developed. Moreover,
hierarchical quadrature method (HQM) that can be used in the same way as the differential
quadrature method (DQM) but is capable of doing local refinement without mesh propagation
has been formulated on the domains. The HQEM has also been combined with the isogeometric
analyses (IGA) concept through using “NURBS elements” for geometry. Compared with IGA,
the HQEM can do local adaptive analyses and can cope with triangular and tetrahedral elements
more easily. However, the HQEM still needs to solve the following problems for applications
in science and engineering: (1) Pyramid HQEM elements should be formulated and Fekete
points on the domain should be solved efficiently. The pyramid elements are valuable as the
transition from hexahedral to tetrahedral elements in hex-dominant meshes. The Fekete points
on the domain are important for formulating hierarchical quadrature (HQ) or differential
quadrature (DQ) rules on the domain. (2) Efficient nonproduct numerical integration formulas
for simplex and pyramidal elements need to be derived and presented. When the product of
one-dimensional Gauss–Jacobi formulas are applied to the simplex and pyramid, they result in
a “clustering” of points near the top vertex, or apex, especially as the degree d increases. They
are inefficient in the sense that they use a far greater number of points and weights than
necessary to evaluate the integral of a polynomial of degree d exactly. (3) High order mesh
generation is the main bottle neck for the engineering application of HQEM as well as IGA or
other high order schemes. This talk will present the methods of solving the first two problems
and a discussion of the main techniques and challenges of high order mesh generation. Finally,
a few examples of the applications of HQEM to structural mechanics are presented.
REFERENCES
[1] B. Liu, C. Liu, S. Lu, Y. Wu, Y. Xing and A.J.M. Ferreira, “A differential quadrature

hierarchical finite element method using Fekete points for triangles and tetrahedrons and
its applications to structural vibration”, Comput. Meth. Appl. Mech. Eng., Vol. 349, pp.
798-838, 2019.

[2] J.A. Cottrell, T.J.A. Hughes and Y. Bazilevs, Isogeometric analysis: toward integration of

CAD and FEA, John Wiley & Sons Ltd, 2009.
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The approximation of a random field in terms of the Karhunen-Loève series expansion calls for the
solution of a homogeneous Fredholm integral eigenvalue problem of the second kind. The Galerkin
method provides a well-founded analytical solution framework necessary for a sound stability and convergence analysis. The discretized weak form of this integral eigenvalue problem on a d-dimensional
domain results in a generalized algebraic eigenvalue problem involving a system matrix that requires 2ddimensional integration over the geometric domain. Moreover, this matrix is dense. The computational
cost of forming the matrix equations using standard techniques and subsequent storage of the resulting
dense matrix is prohibitively expensive in three-dimensional real-life applications.
We propose an efficient isogeometric Galerkin method for the solution of Fredholm integral eigenvalue
problems based on three key ingredients: (1) leveraging the tensor product patch structure during the formation and assembly; (2) a matrix-free solution method, which circumvents explicitly storing the dense
system matrix; (3) a reduced order quadrature rule. The number of evaluations involved in the formation and assembly decreases dramatically. Based on several two- and three-dimensional benchmarks, we
demonstrate significant improvements in computational efficiency compared with standard techniques.
We also show that our framework maintains higher-order accuracy.
REFERENCES
[1] Rahman, S. A Galerkin isogeometric method for Karhunen-Loève approximation of random fields.
Comput. Methods Appl. Mech. Engrg., (2018) 338:533–561.
[2] Betz, W., Papaioannou, I., Straub, D. Numerical methods for the discretization of random fields by
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ABSTRACT
In this article, we will develop and present suitable error estimators for adaptive mixed isogeometric
methods for solving the Boussinesq equations, which is the Navier-Stokes equations coupled with the
Advection-Diffusion equation. We will compare the use of residual-based error estimators with
superconvergent patch recovery methods [1]. The adaptive refinement will be based on the use of LR
B-splines [2], and the recently proposed methods using isogeometric Taylor-Hood and div- conforming
elements [3]. The different estimators will be thoroughly tested on problems with (manufactured)
analytical solutions.

REFERENCES
[1] Kumar, M., Kvamsdal, T. and Johannessen, K. A. Superconvergent patch recovery and a posteriori
error estimation technique in adaptive isogeometric analysis. Computer Methods in Applied
Mechanics and Engineering, 316, pp. 1086-1156, 2017.
[2] K. A. Johannessen, T. Kvamsdal, and T. Dokken. Isogeometric analysis using LR B-splines.
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Defeaturing consists in simplifying geometrical models by removing the geometrical features that are
not relevant for a given simulation. Simplifying the geometry of a computer aided design model by
defeaturing enables more efficient simulations for engineering analysis problems: the resulting mesh
is simpler, the computation faster, and less memory storage is needed [1]. However, the effects of
defeaturing on analysis accuracy are often neglected: it is a time-consuming task that is often manually
performed in industry and based on the expertise of engineers. Understanding well the effects of this
process is an important step to be able to integrate design and analysis for CAD/CAE.
In this talk, we will formalize the process of defeaturing by understanding its effect on the solution of
Laplace equation defined on the geometrical model of interest, with Neumann boundary conditions on
the features. More specifically, we want to control the error made by reducing the number of degrees of
freedom needed for the description of the geometry, i.e. by adding or removing geometrical features.
We have developed an a posteriori estimator of the energy error between the solutions of the exact and
the defeatured geometries in Rn . The dependence of the estimator upon the size of the features is explicit,
and the effectivity index is independent from the number of features considered. This estimator can be
computed very efficiently and allows us to drive a refinement strategy that adaptively determines which
geometrical features are needed in order to achieve a certain precision.
REFERENCES
[1] M. Li, S. Gao, R. R. Martin. Engineering analysis error estimation when removing finite-sized
features in non linear elliptic problems. Computer-Aided Design (2013) 45:361-372.
[2] A. Buffa, O. Chanon, R. Vázquez Hernández. Analysis-aware defeaturing: first results. In preparation.

1999

AnNaveed,
Z.
Isogeometric
A. Kühhorn
Based and
Study
M.ofKober
Contact Behaviour for Rotating Structures
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

AN ISOGEOMETRIC BASED STUDY OF CONTACT BEHAVIOUR
FOR ROTATING STRUCTURES
Zishan Naveed *, Arnold Kühhorn and Markus Kober
Chair of Structural Mechanics and Vehicle Vibrations
Brandenburg University of Teccnology (BTU) Cottbus-Senftenberg
Lehrgebaüde 3A, Siemens-Halske-Ring 14, D-03046 Cottbus, Germany
*

e-mail: Zishan.naveed@b-tu.de, URL: http://www.b-tu.de/fg-strukturmechanik
Key Words: Isogeometric Analysis, NURBS, Contact Analysis.
Isogeometric analysis is a newly developed technique, wherein Non Uniform Rational Bsplines (NURBS) basis functions are utilized for both geometric description and analysis. In
the field of contact mechanics, traditional finite elements utilize non-smooth contact surfaces,
which may lead to various problems during the analysis involving mesh interlocking and
spurious oscillations in the value of contact forces. This is prominent in problems involving
cylindrical or spherical contact surfaces. Additional smoothening strategies and very fine
meshes are employed to alleviate the aforementioned issues in case of finite element methods.
But NURBS based isogeometric analysis (IGA) can be favorable due to inherent higher order
continuity of NURBS basis functions and geometry exactness [1]. In this contribution,
frictionless contact behaviour is studied by means of an example, which involves a shell
NURBS pendulum model under gravitational load. In addition, a solid NURBS based
cylindrical roller bearing model is developed to account the frictional contact. This research
study of contact analysis has been carried out for prior mentioned examples using LS-DYNA
and several relevant parameters are investigated. Numerical results of IGA are compared to
classical FEM. Based on these numerical examples, we conclude that NURBS based
isogeometric analysis for contact problems offers potential accuracy over C0-continuous finite
elements.
REFERENCES
[1] L. D. Lorenzis, P. Wriggers and T. J. R. Hughes, Isogeometric contact: A review. GAMM
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Isogeometric analysis aims at a unification of design and analysis by using the spline basis functions
of Computer-Aided design also for the analysis, mainly in the finite element method [1]. In industrial
contexts, complex models are composed of a multitude of Non-Uniform Rational B-spline (NURBS)
patches, which can intersect arbitrarily but are not connected in a mechanical sense in the model. This
leads to the need of special coupling methods for the analysis. Several approaches, which all impose
weak coupling constraints have been proposed in the last years [2, 3, 4, 5], whereby most of them can be
classified as mortar methods. Within this contribution, new spaces for the Lagrange multiplier within the
mortar method are proposed, which are mathematically proven to yield optimal convergence rates even
at cross points [6]. Numerical examples show the optimality for complex models.
REFERENCES
[1] Hughes, T.J.R., Cottrell, J.A. and Bazilevs, Y. Isogeometric analysis: CAD, finite elements,
NURBS, exact geometry and mesh refinement. Comput. Meth. Appl. Mech. Engrg. (2005) 3941:4135–4195.
[2] Dornisch, W., Vitucci, G. and Klinkel, S. The weak substitution method – An application of the
mortar method for patch coupling in NURBS-based isogeometric analysis. Int. J. Numer. Meth.
Engng. (2015) 103(3):205–234.
[3] Brivadis, E., Buffa, A., Wohlmuth, B.I. and Wunderlich, L. Isogeometric mortar methods. Comput.
Meth. Appl. Mech. Engrg. (2015) 284:292–319.
[4] Dornisch, W., Müller, R. and Stöckler, J. Dual and approximate dual basis functions for B-splines
and NURBS – Comparison and application for an efficient coupling of patches with the isogeometric mortar method. Comput. Meth. Appl. Mech. Engrg. (2017) 316:449–496.
[5] Zou, Z., Scott, M.A., Borden, M.J., Thomas, D.C., Dornisch, W. and Brivadis, E. Isogeometric
Bézier dual mortaring: Refineable higher-order spline dual bases and weakly continuous geometry.
Comput. Meth. Appl. Mech. Engrg. (2018) 333:497–534.
[6] Dornisch, W. and Stöckler, J. An isogeometric mortar method for the coupling of multiple NURBS
domains with optimal convergence rates. submitted to Numer. Math. (2019) doi:10.17877/DE290R20227.
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In this work, we consider a phase–field model for shape and topology optimization of flexoelectric structures. While the proposed technique shares some similarities with the level-set based topology optimization [1], it has the advantage that, unlike the level-set method, there is no need for re-initialization of
the implicit function representing the domain. The method is implemented in the code framework of
PetIGA [2], a robust extensible toolkit to approximate the solution of partial differential equations using
isogeometric analysis (IGA). This code framework is built on the top of PETSc [3], which allows for a
scalable solution of the PDEs and simplifies scientific coding. Also, the environment provides the option
to parallelize the simulation without any complex coding.
We consider the Allen-Cahn equation for the evolution of the phase field function to generate the optimized topology of a flexoelectric structure, where the objective of the problem is to maximize the
electromechanical coupling coefficient. This problem is technically challenging because flexoelectricity
involves a fourth-order partial differential equation which its primal variational formulation needs basis
functions with at least C1 global continuity. The superiority of IGA [4] to easily obtain C1 continuous
basis functions and its accuracy benefits over the conventional finite element method (FEM) makes the
proposed approach very well-suited for the considered problem. We have efficiently implemented this
approach and have obtained computational accuracy benefits over existing results in the literature.
REFERENCES
[1] Ghasemi, H., Park, H. S., and Rabczuk, T. (2017). A level-set based IGA formulation for topology
optimization of flexoelectric materials. Computer Methods in Applied Mechanics and Engineering,
313, 239-258.
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Isogeometric analysis (IGA) was introduced by Hughes et al. (2005) with the primary goal to
be geometrically exact no matter how coarse the mesh, and to achieve tight coupling between
CAD and analysis to simplify the mesh refinement process. Furthermore, IGA has been shown
to exhibit a better accuracy on a per-degree-of-freedom and more robustness with respect to the
standard FEA which explains why this method has been widely adopted across many
applications in computational mechanics. However, the method is not without drawbacks, the
most flagrant being: i) the lack of local refinement capabilities and data structures noncompatible with existing FE codes, ii) the imposition of boundary conditions, and iii) the
significant computation cost as a result of the high regularity of the basis functions – hence the
rising trend of isogeometric collocation methods [1], [2].
In this work the aim to address the above-mentioned drawbacks in a holistic manner by a so
called Bézier-based IGA method. The entry point of this method is BSplines as a basis. The
method takes advantage of Borden’s Bézier extraction operator (Borden et al., 2011), which
allows for an IGA element data structure that can be incorporated into existing FE codes. This
is then coupled with the full transformation method (used in meshless methods for the treatment
of essential boundary conditions [3]) to transform the computational domain from that of
‘control mesh’ to the ‘physical or nodal mesh’ similar to classical FEM. In addition to the Bézier
extraction operator, this method requires the computation of the Bézier transformation matrix
and its inverse (computed once and stored for later use). Inspiration from the IGA-C is taken
when selecting the locations at which the Bézier transformation matrix is computed. The
proposed method is then extended to the multipatch IGA framework.
REFERENCES
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[2] L. De Lorenzis, J. A. Evans, T. J. R. Hughes, and A. Reali, Isogeometric collocation: Neumann
boundary conditions and contact, Comput. Methods App. Mech. Eng., Vol. 284, pp. 21–54, 2015.
[3] J.-S. Chen and H.-P. Wang, New boundary condition treatments in meshfree computation of contact
problems, Comput. Methods Appl. Mech. Eng., Vol. 187, pp. 441–468, 2000.

2003

Tobias Rückwald,
Comparing
Flexible
Alexander
Multibody
Held
Impact
and Robert
Simulations
Seifried
Based On Isoparametric and Isogeometric
Finite Element Models
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

COMPARING FLEXIBLE MULTIBODY IMPACT SIMULATIONS
BASED ON ISOPARAMETRIC AND ISOGEOMETRIC FINITE
ELEMENT MODELS
Tobias Rückwald1,∗ , Alexander Held1 and Robert Seifried1
1

Institute of Mechanics and Ocean Engineering, Hamburg University of Technology,
Eißendorfer Straße 42, 21073 Hamburg, Germany,
{tobias.rueckwald, alexander.held, robert.seifried}@tuhh.de, https://www.tuhh.de/mum/home.html
Key Words: impact simulation, isogeometric analysis, ﬂoating frame of reference formulation
In this talk an efﬁcient and detailed simulation of an impact problem in ﬂexible multibody systems is
presented. Thereby the ﬂoating frame of reference is used. Usually, impact simulations with ﬂexible
bodies are modeled with the ﬁnite element analysis (FEA) using isoparametric elements. A precise
representation of the geometry is essential for modeling the dynamics of the impact. Since isoparametric
ﬁnite elements involve the discretization of the geometry, errors occur.
An alternative approach is the isogeometric analysis (IGA) [1]. Although the ﬂexible body is still
meshed with elements, the exact geometry is preserved. This is achieved by using non-uniform rational
B-splines (NURBS). The degrees of freedom of the ﬂexible body are then reduced to save computational time in simulation. To capture precise deformations and stresses in the area of contact, a large
number of eigenmodes is required. Therefore, a combination of eigenmodes and static shape functions
are used to describe the ﬂexible body. The eigenmodes represent the global deformations and the high
eigenfrequencies of the static shape functions capture the effects in the area of contact. Using the IGA is
advantageous, since the IGA represents higher modes more accurate than isoparametric FEA.
As a test example, the impact of a ﬂexible sphere on a rigid surface is modeled. The sphere is represented
by an axisymmetric semicircle. A penalty method is used to model the frictionless normal contact. As
a reference, the sphere is modeled with the isoparametric FEA and the analytical solution by Hertz [2].
This method is then compared with the IGA in terms of accuracy and computation time. The standard
input data (SID) of the isogeometric model is determined and used in the simulation with the ﬂoating
frame of reference formulation.
REFERENCES
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[2] Johnson, K.L.: Contact Mechanics. Cambridge University Press (1987).

2004

Enzo Marino,
Effects
Of Parameterization
Seyed Farhad Hosseini,
And KnotAli
Placement
Hashemianand
Techniques
and On
Alessandro
Primal And
RealiMixed IGA-C
Formulations Of Three-Dimensional Shear-Deformable Beams With Varying Curvature And
Torsion
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

EFFECTS OF PARAMETERIZATION AND KNOT PLACEMENT
TECHNIQUES ON PRIMAL AND MIXED IGA-C FORMULATIONS OF
THREE-DIMENSIONAL SHEAR-DEFORMABLE BEAMS WITH
VARYING CURVATURE AND TORSION
Enzo Marino1, Seyed Farhad Hosseini2, Ali Hashemian3 and Alessandro Reali 4
1

Department of Civil and Environmental Engineering, University of Florence, Firenze, Italy,
enzo.marino@unifi.it
2
Sun-Air Research Institute, Ferdowsi University of Mashhad, Mashhad, Iran,

f.hosseini@um.ac.ir

3

BCAM - Basque Center for Applied Mathematics, Bilbao, Basque Country, Spain,

ahashemian@bcamath.org

4

Department of Civil Engineering and Architecture, University of Pavia, Pavia, Italy,
alessandro.reali@unipv.it

Key Words: Isogeometric collocation, Shear-deformable curved beams, Primal and mixed
beam formulations, Parameterization and knot placement.
In this contribution we present a displacement-based and a mixed isogeometric collocation
(IGA-C) formulation for three-dimensional, shear-deformable beams with high and rapidly
varying curvature and torsion. When such complex shapes are concerned, the approach used to
build the IGA geometric model becomes relevant [1], [2]. The IGA-C method was proposed in
[3] with the aim of combining the attributes of isogeometric analysis (IGA) [4] with the low
computational cost of collocation. Although the method has been successfully applied to a wide
range of problems, the effects that different techniques employed in the construction of the
“analysis-aware” model have on the accuracy of the method have not been so far investigated.
To fill this gap, here we investigate the combination of three parameterization methods (chordlength, equally spaced, and centripetal) with two knot placement techniques (referred to as
uniformly spaced and De Boor). Challenging numerical experiments reveal that with the primal
formulation an equally spaced parameterization is definitively the most recommended choice
and it should always be used with an approximation degree of, at least, p = 6. The same holds
for the mixed formulation, with the difference that p = 4 is enough to yield accurate results.
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The generalized-α method was introduced by Chung and Hulbert in [4] for solving (hyperbolic) structural
dynamics problems implicitly. The method delivers second-order accuracy in time and features usercontrol on the numerical dissipation in the higher frequencies of the discrete spectrum. This method
covers a wide range of time integrators such as the Newmark method, the HHT-α method by Hilber,
Hughes and Taylor, and the WBZ-α method by Wood, Bossak and Zienkiewicz; see [4].
We introduce a new class of high-order generalized-α methods with similar features as the original one.
In particular, we extend the method to 2k order of accuracy in time where k is an integer greater than one
[2]. The approach consists of solving k matrix systems implicitly and updating the other 2k variables
explicitly at each time-step. The user can control the dissipation by setting parameters corresponding
to each set of equations. Following a similar argument, we also develop a class of explicit highorder generalized-α having a CFL condition similar to the second-order one and controlling numerical
dissipation as well [5].
Additionally, to deal with the computation cost, we develop preconditioners for the matrix systems
obtained by isogeometric discretization in space. The preconditioners are based on a fast diagonalization
method and are robust concerning both the spline degree and mesh size. We study the spectrum behaviour
of the amplification matrix by following the analysis in [1, 3] and establish that the method is not only
unconditionally stable but also A-stable.
Finally, we present numerical examples to show the performance of the overall methodology for multidimensional problems considering single and multi patch discretizations.
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Isogeometric analysis (IGA), was first introduced in 2005 as an alternative method for finite element
analysis (FEA) by integrating Computer Aided Design (CAD) and downstream analysis without the use
of an intermediate mesh model [1]. In IGA, parameterization of computational domain has great effects
as mesh generation in FEA [2]. In this study, we present a general formulation of an isogeometric collocation method (IGA-C) for the parameterization of computational domains for IGA using non-uniform
rational B-splines (NURBS) [3]. The final parameterization is produced based on the solution of a partial differential equation (PDE) that is solved using the IGA-C method with Dirichlet boundary condition
being the input boundary of the final desired computational domain for IGA, namely the IGA-C-PDE
method for domain parameterization. The theory of PDE guarantees that the mapping between physical
and transformed region will be one-to-one [4]. In addition, we also apply intuitive constraints while
solving the PDE to achieve desired properties of smoothness and uniformity of the resulting parameterization. While one may use any general PDE with any constraint, the PDEs and additional constraints
selected in our case are such that the resulting solution can be efficiently solved through a system of linear
equations with or without additional linear constraints. This approach is different from typical existing
parameterization methods in IGA that are often solved through an expensive nonlinear optimization processes. The results show that the proposed method can efficiently produce satisfactory analysis-suitable
parameterization.
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We introduce a novel scheme to integrate the geometric design and structural analysis of lattice-skin
structures. The mid-surface of the skin is represented with a subdivision surface [1], and the lattice
consists of periodic unit cells with each containing a small number of struts. The lattice-skin structure
is generated by projecting selected lattice nodes onto the surface after determining the intersection of
unit cell edges with the surface. The implicit matrix representation (MRep) of the spline surface is used
to compute the intersection which leads to the computation of a few small singular value decompositions, without resorting to Newton-Raphson iterations or successive refinements [2, 3]. It is shown that
the implicit MRep is effective to cope with degenerated cases including the tangential intersection. For
structural analysis, the skin is modelled as a Kirchhoff-Love thin-shell, and the lattice structure is modelled with pin-jointed truss elements. The lattice-skin coupling is considered with a Lagrange multiplier
approach [4]. A SIMP based method is proposed for lattice topology optimisation, in which the sensitivity analysis is based on lattice unit cells instead of individual struts. The freeform deformation technique
is applied for optimising the lattice-skin shape in order to consider the different geometric representations
in the lattice-skin structure and to guarantee the lattice-skin coupling in shape optimisation.
REFERENCES
[1] Cirak, F. and Ortiz, M. and Schröder, P. Subdivision surfaces: a new paradigm for thin-shell finiteelement analysis. International Journal for Numerical Methods in Engineering (2000) 47:2039–
2072.
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(2019) 120:382–390.
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Simulation is nowadays an important part of science and engineering. There is a multitude of software
available, ranging from proprietary via open-source to purely internally used in-house codes. In many
cases, the latter have been developed on a by-need basis over a long time. The usual consequence is a
code that (1) is highly specialized for a specific application and (2) contains a variety of different programming paradigms. Therefore, the implementation of new features may turn out to be quite tedious and
prone to errors; as the original software architecture was designed for efficiency and not for extensibility.
Especially older programming languages such as Fortran or C, which were over years the state-of-the-art
languages for scientific software, lack possibilities to design a modular and extensible architecture while
at the same time retaining competitive computational performance. To this end, the CATS institute of
RWTH Aachen and the ILSB institute of TU Vienna develop the novel C++17 continuum mechanics
simulation code CAMPIGA with the intention of solving structural and fluid mechanical problems using
IGA or FEM. A variety of modern programming techniques and data structures is applied, which allows to write code with a readable and clearly defined interface for users, while simultaneously ensuring
computational efficiency through the use of compiler optimization techniques.
This talk will present the key ideas of the novel code architecture. This includes for example the implementation of an algorithmic differentiation framework using operator overloading [1]; e.g., useful for
easily implementing a Newton-Raphson algorithm for nonlinear problems. In addition, we will demonstrate the implementation of solution strategies for coupled problems [2] and show some first results
obtained with the new simulation code. It is our intention to make the code available under an opensource license.
REFERENCES
[1] U. Naumann. The Art of Differentiating Computer Programs. Society for Industrial and Applied
Mathematics, Jan 2011.
[2] F. Verdugo and W. A. Wall. Unified computational framework for the efficient solution of n-field
coupled problems with monolithic schemes. Computer Methods in Applied Mechanics and Engineering 310 (2016) pp. 335-366.

2010

Non-Overlapping
Dimitrios
Tsapetis,Domain
GeorgeDecomposition
Stavroulakis and
forManolis
Isogeometric
Papadrakakis
Collocation Method

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

NON-OVERLAPPING DOMAIN DECOMPOSITION FOR
ISOGEOMETRIC COLLOCATION METHOD
D. Tsapetis1 , G. Stavroulakis1 and M. Papadrakakis1
1

MGroup, Engineering Simulations lab, Institute of Structural Analysis and Antiseismic Research,
National Technical University of Athens, 9 Iroon Polytechneiou str, 15780 Zografou

Key Words: Isogeometric Collocation, Domain Decomposition, P-FETI-DP, Linear Elasticity
Isogeometric collocation formulations are introduced as an alternative of isogeometric Galerkin methods,
as they exhibit significantly reduced computational cost for the assembly of the resulting matrices [1].
On the other hand, despite their attractive performance in alleviating the formulation cost, they tend to
shift the computational effort to the solution of the resulting linear systems, since the produced stiffness
matrices are non-symmetric, while their condition number grows rapidly in cases of mesh refinement
or polynomial degree elevation. Efficient solution schemes that address this issue seem to be a necessity for the establishment of collocation methods. To this extend, several methods have been proposed
ranging from overlapping Schwarz methods [2], multi-frontal solvers [3] and optimal multilevel preconditioners [4]. In this work, a more efficient iterative solver is proposed which is accelerated with the aid a
non-overlapping primal domain decomposition method. Specifically, by introducing an appropriate algebraic decomposition of the resulting collocation stiffness matrix, a robust and scalable preconditioner is
developed based on P-FETI-DP primal domain decomposition method [5]. Numerical examples demonstrate the efficiency of the proposed method when compared to existing isogeometric collocation solution
schemes, which make more affordable the solution of large scale isogeometric problems.
REFERENCES
[1] D. Schillinger, J, A. Evans, A. Reali and M. A. Scott and T. J.R. Hughes, Isogeometric collocation:
Cost comparison with Galerkin methods and extension to adaptive hierarchical NURBS discretizations Computer Methods in Applied Mechanics and Engineering. Vol. 267, (2013)
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Achieving a full CAD/CAE integration is our main motivation for using Isogeometric Analysis (IGA).
Isogeometric B-Rep Analysis (IBRA) [1] allows performing structural analysis directly on trimmed
NURBS-based B-Rep CAD models ubiquitous in industrial applications. This enables using the same
consistent data structure and the same modeling paradigm for both design and analysis. Through Explicit IBRA [2] in LS-DYNA [3] we recently extended IBRA to explicit dynamic analysis such as crash
or sheet metal forming simulations. In this contribution we first provide a brief overview on Explicit
IBRA [2] and show its effectiveness by means of nonlinear dynamic elasto-plastic benchmark problems
and BMW vehicle component models. We then discuss the importance of higher continuity for a feasible
time step size in explicit analysis of trimmed models. We furthermore propose trimming as measure to
increase the critical time step size of open knot vector NURBS patches by removing unfavorable elements on the patch boundaries. Trimming may also lead to small trimmed elements with control points
of very low stiffness and mass. Such control points tend to be unstable in explicit dynamic analysis.
We finally present a novel penalty-based stabilization method particularly suitable for explicit dynamic
isogeometric analysis.
REFERENCES
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Eigenanalyses are generally known as computationally expensive problems, especially when eigenpairs
of the entire or a large portion of the spectrum are sought in a large multidimensional system. Herein,
we propose the use of refined isogeometric analysis (rIGA) discretizations to solve generalized realsymmetric eigenproblem (Ku = λMu). rIGA conserves desirable properties of highly-continuous IGA
discretizations while it partitions the computational domain and decreases the interconnection between
degrees of freedom by reducing the continuity of the basis functions [1]. Computational costs of rIGA
and typical IGA are compared when the the so-called “shift-and-invert” algorithm [2] is used by the
eigensolver. When all eigenpairs (ui , λi ) within a given (large) interval [λs , λe ] are of interest, several
shifts σk ∈ [λs , λe ] should be selected through the spectrum slicing technique [3]. The total computational cost of the iterative eigensolution (determined by the number of FLOPs) will be driven by several
multiplications of a (Cholesky) factorized form of the spectral transformed (ST) matrix K − σk M by
vectors (for each shift σk ). The results of this research show that, when a fixed number of eigenvalues
in [λs , λe ] are computed by both IGA and rIGA discretizations, the total computational cost of rIGA is
remarkably lower than that of IGA (if an appropriate partitioning level is considered). This is due to the
fact that the factorized ST matrices has lower number of nonzero terms in rIGA and consequently the
cost of matrix–vector multiplication is reduced. Additionally, we can reach a better accuracy in eigenvalues with rIGA since continuity reduction of basis functions (obtained by knot repetitions) adds more
control variables modifying the approximation properties of the IGA approach.
REFERENCES
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Refined isogeometric analysis and fast direct solvers, Computer Methods in Applied Mechanics
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Isogeometric Kirchhoff-Love elements have received an increasing attention in geometrically nonlinear
analysis of thin walled structures. They make it possible to meet the C1 requirement in the interior of
surface patches, to avoid the use of finite rotations and to reduce the number of unknowns compared to
shear flexible models. Locking elimination, patch coupling and iterative solution are crucial points for a
robust and efficient nonlinear analysis and represent the main focus of this work.
Patch-wise reduced integrations are investigated to deal with locking in large deformation problems
discretized via a standard displacement-based formulation. An optimal integration scheme for third
order C2 NURBS, in terms of accuracy and efficiency, is identified. It makes it possible to avoid locking
without resorting to a mixed formulation and, then, without increasing the number of unknowns.
The Newton method with mixed integration points is used for the solution of the discrete nonlinear
equations with a great reduction of the iterative burden and a superior robustness with respect to the
standard Newton scheme.
A simple penalty approach for coupling adjacent patches, applicable to either smooth or non-smooth
interfaces, is proposed. An accurate coupling, also for a non-matching discretization, is obtained using
the iterative scheme based on mixed integration points, which allows for a robust and efficient solution
also with very high values of the penalty parameter.
REFERENCES
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This contribution is focused on application of isogemetric analysis (IgA) to incompressible turbulent
flow problems. The basic difficulties of the continuous Galerkin-based discretization methods as the
IgA are the interior and boundary layers in the solution of the convection dominated problems, where
the solution gradients are very large. These layers usually arise from the discontinuous, non-smooth
or rapidly changing data. The width of the sharp layers is usually smaller than the mesh size and thus
the layers cannot be resolved properly. It leads to unwanted spurious (nonphysical) oscillations in the
numerical solution, which causes loss of accuracy and stability. If the reaction term is also significant,
the problem becomes reaction dominated too, which is typical for the turbulent flow.
The stabilization techniques are investigated which improve the stability, however, without degrading accuracy. The approaches originally intended for the finite element method are employed for isogeometric
discretization including the streamline upwind/Petrov-Galerkin (SUPG) method and the spurious oscillations at layers diminishing (SOLD) method. The amount of added numerical diffusion is controlled
by a suitable choice of the stabilization parameter. However, the stabilization parameters are solution
dependent and hence the influence of various parameters is studied.
To obtain oscillation-free solutions we have to use genuinely non-linear schemes, e.g., FCT and AFC.
FCT/AFC techniques are mostly restricted to the linear finite elements. There exist extensions to higher
order finite elements, but its implementation is very hard due to negative function values of the bases.
It leads to negative entries of the mass matrix and hence the discrete maximum principle cannot be
guaranteed. IgA is not affected by this problem since B-splines are all non-negative and form the partition
of unity. It makes the IgA a perfect tool for extending the FCT framework to higher order functions.
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ABSTRACT
Isogeometric analysis aims at bridging the gap between computer-aided design and traditional finite
element analysis to achieve efficient design-through-analysis procedures. It directly utilizes in analysis
the spline basis that describes geometries in CAD systems, thus preserving the exact geometry in analysis.
The high-order smoothness of splines on simple geometries facilitates the development of more accurate,
stable and robust numerical schemes in various applications such as contact problems, fluid-structure
interaction, electromagnetism, and so forth.
However, there remain many challenging problems to be addressed in utilizing complex geometries in
isogeometric analysis. The purpose of this minisymposium is to bring together experts in computational
geometry and analysis to discuss the latest advancement on spline techniques that work for complex
geometries, specific topics including but not limited to: spline methods using unstructured quadrilateral
and/or hexahedral meshes, subdivision surfaces/volumes, smooth multi-patch methods, analysis-suitable
Boolean operations, immersed methods, spline manifolds, and local refinement on complex geometries.
In addition to theoretical study, the minisymposium also welcomes related presentations on industry
applications and software development.
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The standard representation of CAD (computer aided design) models is based on the boundary representation (B-reps) with trimmed and (topologically) stitched tensor-product NURBS patches. Due to
trimming, this leads to gaps and overlaps in the models. While these can be made arbitrarily small for
visualisation and manufacturing purposes, they still pose problems in downstream applications such as
analysis and 3D printing.
It is therefore worthwhile to investigate conversion methods which (necessarily approximately) convert
these models into water-tight or even smooth representations. After briefly surveying existing conversion
methods, we will focus on techniques that convert CAD models into triangular spline surfaces of various
levels of continuity.
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In recent years locally refinable spline spaces have been often employed in Isogeometric Analysis (IgA)
to obtain adaptive schemes for the solution of PDEs. In particular, it was proved that using hierarchical
splines leads to efficient methods with optimal convergence rates (see, e.g., [1] for a recent overview).
Since combining IGA with multi-patch geometries and C1 spline spaces defined on them is a natural way
to handle high-order problems, there is the need for spaces providing such continuity. Works addressing
this issue in the case of tensor-product spaces with two or more patches, e.g. [3, 4], have been recently
presented. We combine for the first time these techniques with the hierarchical framework: by proving
that the tensor-product spaces have certain key features (mainly nestedness, local linear independence of
the basis functions and refinement formulas), we show that we can obtain the desired locally refinable
C1 continuous spline spaces [2]. A selection of numerical examples, showing optimal convergence rates,
will be presented.
REFERENCES
[1] Bracco, C., Buffa, A., Giannelli, C., and Vázquez R., Adaptive isogeometric methods with hierarchical splines: an overview, Discret. Contin. Dyn. S. 39 (2019), 241–261.
[2] Bracco, C., Giannelli, C., Kapl, M. and Vázquez R., Isogeometric analysis with C1 hierarchical
functions on planar two-patch geometries, preprint available on arXiv (2019).
[3] Kapl, M., Vitrih, V., Jüttler, and Birner K., Isogeometric analysis with geometrically continuous
functions on two-patch geometries, Comput. Math. Appl. 70 (2015), 1518–1538.
[4] Kapl, M., Sangalli G. and Takacs, T., An isogeometric C1 subspace on unstructured multi-patch
planar domains, Comput. Aided Design 69 (2019), 55-75.
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We present a novel isogeometric method based on volume representations (V-reps) [1]. In contrast to
boundary representations (B-reps), the building blocks of V-reps are volumetric B-spline or NURBS
(Non-Uniform Rational B-Spline) patches. Combining such volume patches to form an entire
computational domain involves volumetric Boolean operations such as trimming and union. While
the related theories have been established in our precedent works [2, 3], in this work we focus on the
corresponding algorithms in the volume case, especially on generating quadrature meshes for trimmed
elements and union interfaces. For each trimmed element, the corresponding trimming surface is
reparameterized with a Bézier surface, or multiple Bézier surfaces when feature curves (across which
the surface is C0 -continuous) are involved. Next, based on how the trimming surface intersects the edges
of the element, we arrive at one of the 14 unique marching cube cases [4] after necessary subdivision.
We design templates for each case to split the trimmed element into a collection of hexahedral, wedge,
pyramid and/or tetrahedral cells, which serves as the quadrature mesh for the trimmed element. The
marching-cubes-based templates are developed to reduce the number of quadrature points and to improve
the algorithm robustness of the high-order triangulation method adopted in [2]. On the other hand,
dealing with union interfaces amounts to finding an intersection mesh restricted on the trimming surface,
which generally is a high-order polygonal mesh. We approximate it with a linear triangle mesh and
elevate the order when the approximation error exceeds a given tolerance. In the end, we present several
3D examples to show the robustness of the proposed methods.
REFERENCES
[1] Massarwi, F. and Elber, G. A B-spline based framework for volumetric object modeling. ComputerAided Design (2016) 78:36–47.
[2] Antolin, P., Buffa, A. and Martinelli, M. Isogeometric Analysis on V-reps: First results. Computer
Methods in Applied Mechanics and Engineering (2019) 355:976–1002.
[3] Antolin, P., Buffa, A., Puppi, R. and Wei, X. Overlapping multi-patch isogeometric method with
minimal stabilization. 2019, arXiv:1912.06400.
[4] Lorensen, W.E. and Cline, H.E. Marching Cubes: A high resolution 3D surface construction
algorithm. SIGGRAPH Comput Graph (1987) 21:163–169.
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Neurons exhibit remarkably complex geometry in their neurite networks. So far, how materials
are transported in the complex geometry for survival and function of neurons remains an
unanswered question. Answering this question is fundamental to understanding the physiology
and disease of neurons. In this talk, we present an isogeometric analysis (IGA) based platform
for material transport simulation in neurite networks. We model the transport process by
reaction-diffusion-transport equations and represent geometry of the networks using truncated
hierarchical tricubic B-splines. We solve the Navier-Stokes equations to obtain the velocity
field of material transport in the networks. We then solve the transport equations using the
streamline upwind/Petrov-Galerkin (SU/PG) method. Using our IGA solver, we simulate
material transport in three representative and complex neurite networks. The simulation has
been further speeded up significantly using machine learning techniques. Together, our
simulation provides key insights into how material transport in neurite networks is mediated by
their complex geometry.
REFERENCES
[1] A. Li, X. Chai, G. Yang and Y.J. Zhang. An Isogeometric Analysis Computational

Platform for Material Transport Simulations in Complex Neurite Networks. Molecular &
Cellular Biomechanics, 16(2):123-140, 2019.
[2] A. Li, R. Chen, A.B. Farimani, Y.J. Zhang. Reaction Diffusion System Prediction Based
on Convolutional Neural Network. Scientific Reports, under review, 2019.
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Rational geometric splines [1, 2] are a new family of spline spaces, that directly generalizes the classical
theory of bivariate polynomial splines on regular domains. The parametric domain is an unstructured
triangular mesh that is equipped with a C∞ -differentiable structure by means of appropriate transition
maps, namely rational linear functions used to specify the relationship between adjacent triangular parametric domains. The resulting spaces are suitable for representing surfaces of arbitrary topology by
means of piecewise-rational functions that can have arbitrary degree and order of continuity. Thus, on
the one hand, RAGS can be viewed as generalizations of the classical Non Uniform Rational B-Splines
(NURBS) to non-tensor product meshes and, on the other, they are generalizations of the classical bivariate splines (i.e. piecewise polynomial finite elements). An obvious benefit of the fact that RAGS spline
surfaces can be globally parametrized by the mesh is the possibility of adding an extra dimension (or dimensions) to the control points (i.e., considering the control points as being four- and higher dimensional
rather than three-dimensional). In this way one can represent scalar and vector fields (e.g., flow vector
fields) over the geometry, or in other words model the geometry in conjunction with a finite-element
analysis according to the paradigm of IGA.
In this talk we will discuss the construction of RAGS and the feasibility of the RAGS concept, in terms of
its attractiveness as a tool for both representing surfaces of arbitrary topology and spline spaces on such
surfaces. We will review how the construction of functions belonging to the aforementioned rational
spline spaces is possible by associating the starting mesh with one of the three standard homogeneous
geometries (spherical, affine or hyperbolic), depending on the topological genus, and see how existing
methods for generating smooth curves and surfaces [3] can be adapted to work with these spaces. We
will also address the actual use of RAGS as a tool for the numerical solution of PDEs on surfaces of
arbitrary topological genus and contemplate on some remaining challenges.
REFERENCES
[1] Beccari C.V., Gonsor D.E. and Neamtu M. RAGS: Rational geometric splines for surfaces of arbitrary topology, Comput. Aided Geom. Design, (2014) 31:97–110.
[2] Beccari C.V. and Neamtu M. On constructing RAGS via homogeneous splines. Comput. Aided
Geom. Design (2016) 43:109–122.
[3] Lai M.-J. and Schumaker L.L. Splines on Triangulations. Cambridge University Press, 2007.
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One key element of isogeometric analysis is that it allows high order smoothness within one patch.
However, for constructing and representing complex geometries, a multi-patch construction is needed.
In this case the global continuity for the basis functions is in general only C0 . Therefore, for C1 -smooth
isogeometric functions, a special construction for the basis is needed. Such spaces are of interest when
solving numerically fourth-order PDE problems, such as the biharmonic equation or Kirchhoff-Love
plate/shell formulations, using an isogeometric Galerkin method.
With the construction of so-called analysis-suitable G1 (in short, AS-G1 ) parameterizations it is possible, under certain additional assumptions, to have C1 isogeometric spaces with optimal approximation
properties [1, 2, 3]. These geometries satisfy certain constraints along the interfaces.
The problem is that most complex geometries are not AS-G1 geometries. Therefore we define basis
functions for isogeometric spaces by enforcing approximate C1 conditions. For this reason the defined
function spaces are not exactly C1 but only approximately.
We study the convergence behaviour and define function spaces that behave optimally under h-refinement,
by locally introducing functions of higher polynomial degree and/or lower regularity. For the numerical
tests we focus on the influence of the approximate C1 bases using complex multi-patches with non-trivial
interfaces and solving fourth order problems.
REFERENCES
[1] Collin, A., Sangalli, G., Takacs, T. Analysis-suitable G1 multi-patch parametrizations for C1 isogeometric spaces. Computer Aided Geometric Design (2016) 47: 93–113.
[2] Kapl, M., Sangalli, G., Takacs, T. Dimension and basis construction for analysis-suitable G1 twopatch parameterizations. Computer Aided Geometric Design (2017) 52: 75–89.
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In 2003, T-splines were introduced in the context of CAD as a new realization for B-splines on irregular
meshes that does not require the bookkeeping of a hierarchical basis, but nevertheless allows for local
mesh refinement in order to control small-scale geometry features. Shortly after, IGA was introduced,
and T-splines were applied with promising results, but were at the same time proven to lack local linear
independence in certain cases, and to generate non-nested spline spaces, which compromises the preservation of exact geometry data during refinement. These issues were solved by the concept of analysissuitability and a new refinement algorithm that preserves linear independence of the T-splines and generates nested spline spaces. In 2012, the more abstract concept of dual-compatibility was introduced and
proved equivalent to analysis-suitability, and in 2013, these concepts were generalized to T-splines of arbitrary polynomial degree, but still restricted to the two-dimensional case. Also at that time, techniques
were introduced for the construction of 3D T-spline meshes from boundary representations, motivating
the theoretical research on T-splines in three space dimensions, but in particular the linear independence
of higher-dimensional T-splines was only characterized through the dual-compatibility criterion, until in
2016 and 2017, the presenting author of this talk introduced a definition of T-junction extensions and
analysis-suitability in higher dimensions [1, 2].
This talk proposes a refinement strategy for T-splines on unstructured meshes with extraordinary nodes
of any valence and C0 continuity in the vicinity of extraordinary nodes and analysis-suitability away
from extraordinary nodes. We discuss the requirements for theoretical rate optimality according to [3],
including linear complexity of the refinement module, bounded mesh overlays, and nestedness of the
discrete spaces.
REFERENCES
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ABSTRACT
Mathematical Problems in Aerospace Science Symposium focuses on new results of aerospace science
researches carried out by using mathematical techniques. The aim of the Session is to collect relevant papers dealing with important approaches of applied mathematics, which have relevance to the engineering
in the field of Aerodynamics and Fluid dynamics, Propulsion, Materials and Structures, Aerospace Systems, Flight Mechanics and Control, Space Systems and Missions in order to create new collaborations
between mathematicians and aerospace engineers. Papers must be characterized by innovative models,
methods and approaches that can found practical application to the engineering field or by new useful
application of existing models to solve engineering problems. The Symposium will be characterized by
a multidisciplinary nature that, by means of a common need for mathematical and numerical models, can
invite authors involved in the implementation of mathematical and numerical approaches with applications in different engineering areas including but not limited to:
Flight Mechanics; Aircraft Design; Flight Tests; Aircraft flight control systems; Structures and Materials; Damage and Fracture Mechanics; Smart Structures and Materials; Computational Mechanics;
Fluid dynamics; Computational Fluid Dynamics; Aircraft Transportation; Air Traffic Management; Aircraft Guidance Navigation and Control; Aircraft Systems and Equipments; Sensors and Actuators; AllElectric Aircraft advancements; Aircraft Maintenance and Failure Analysis; Propulsion Systems; Flight
Simulation; Aviation Human Factor; Space Exploration and Missions; Space Engineering and Technology; Green Aviation; Noise control; Aeroelasticity; Avionics; Optimization; Control and Identification.
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The aerospike nozzle represents an interesting technology for Single-Stage-To-Orbit vehicles or for the
core engine of modern launchers which must work from sea-level to nearly vacuum conditions. In
particular, its self-adapting capability can lead to significantly better performances with respect to a conventional bell nozzle with fixed geometry [1]. The aerospike nozzle can be also exploited to get thrust
vectoring capabilities in different ways. The natural solution consists in applying differential throttling
to the combustion chambers in order to change the total pressure in the different chambers: this generates
a lateral force component which can be exploited for manoeuvring.
However, this solution is not always feasible since in some configurations a common combustion chamber is used and so all the jets are characterised by the same total pressure. In this case, an alternative
technology is represented by fluidic thrust vectoring. In particular, the shock vectoring approach can be
adopted by injecting a secondary flow in the diverging portion of the nozzle. The secondary flow, which
is injected perpendicularly to the primary flow, acts as an obstacle which generates a shock wave in the
primary supersonic flow. As a consequence, an unsymmetrical pressure distribution is generated on the
nozzle wall and this leads to a lateral force component.
In this work, the flow field in a linear aerospike nozzle is numerically investigated and both differential
throttling and shock vectoring are studied. The flow field is predicted by CFD simulations based on the
Unsteady Reynolds Averaged Navier-Stokes (URANS) equations. The closure is based on the SpalartAllmaras turbulence model and the equations are discretised by means of a second order accurate finite
volume scheme.
A parametric study is performed to evaluate the potential of the two technologies at different altitudes.
As far as differential throttling is concerned, several levels of pressure difference are considered. The
effects of secondary mass flow intensity and injection location are investigated for the shock vectoring
technology.

REFERENCES
[1] Hagemann, Gerald, et al. Advanced rocket nozzles. Journal of Propulsion and Power 14.5 (1998):
620-634.
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In the aeronautic field the request of lighter structures and higher speeds over the years has brought to
deal with the aeroelastic phenomenon. The flutter phenomenon is a self excited vibration which amplitude increases with time causing fatigue damage and in extreme cases structural failure [1]. Since
the free-stream velocity has a significant impact on the characteristics of flutter, the aim of this work is
to implement a controller that is adaptive in velocity, in order to make an active suppression of flutter
oscillations using a trailing edge flap. The aeroelastic model [2] of a three degrees of freedom (3DOF)
airfoil with non-linear stiffness in pitch, written in Augmented State-Space form for the time domain
analysis, is studied [3]. The Population decline Swarm Optimizer PD SO is used to tune the PD controller
[4]. The Integral of Time Absolute Error is chosen as the performance index to be minimized in order to
give greater attention to the divergence error that occurs far after the initial instant, and the stability constraint is introduced at the beginning of the algorithm in order to reduce the CPU time of the procedure.
Open loop results of the linear plant are discussed, focusing on the flutter boundary localization by the
study of the root locus of the system, and the closed loop results are shown for the critical speed value.
Optimization results are shown for the critical flutter speed, making a comparison of the precision and
convergence speed between the classic PSO and PD SO procedures. At last the Gain Scheduling method
is introduced and the robustness of the controller is investigated through numerical simulations where
the system is subject to ramp speed presenting different accelerations and a disturbing moment on the
hinge, or to a harmonic speed variation while a random pulse disturbance applies.
REFERENCES
[1] Fung, Y. C.: An introduction to the theory of aeroelasticity, Courier Dover Publications, 2008.
[2] Conner, M.D., Tang, D.M., Dowell, E.H., Virgin, L.N.: Nonlinear behavior of a typical airfoil
section with control surface freeplay: a numerical and experimental study, J. Fluids Struct., Vol.
11(1), pp. 89–109, 1997.
[3] Li, D., Guo, S., Xiang, J.: Aeroelastic dynamic response and control of an airfoil section with
control surface nonlinearities, J. Sound Vib., Vol 329(22), pp. 4756–4771, 2010.
[4] Orlando, C., Alaimo, A.: A robust active control system for shimmy damping in the presence of free
play and uncertainties, Mech. Syst. Signal Process., Vol. 84, pp. 551–569, 2017.

2031

A Simplified
Ahmer
Ali and
Blade
Raffaele
Model
Defor
Risi
Reliable Seismic Assessments of Wind Turbines
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

A simplified blade model for reliable seismic assessments of wind turbines
Ahmer Ali¹, Raffaele De Risi¹
1

University of Bristol, University Walk, Queen’s Building, BS8 1TR, Bristol, UK,

ahmer.ali@bristol.ac.uk, raffaele.derisi@bristol.ac.uk

Key Words: Genetic algorithm, optimization, dynamic analysis.
Wind energy is continuously growing with a rising contribution to the global energy mix. It is
one of the reliable sources for sustainable power generation, therefore, its expansion is planned
and observed in the seismic prone regions as well. Wind turbines are the mechanical structures
that harness the kinetic energy of the wind into the electricity. These structures entail complex
dynamics due to their slender towers, and flexible foundations if installed at offshore sites, that
support a heavier mass at the top, called as the rotor-nacelle-assembly (RNA). In the context of
seismic assessments, the RNA is often simplified into a point mass, lumped at the tower top,
mainly due to the complex shape of the blades or insufficient data. Since wind turbines are
higher-mode structures, such simplifications can suppress the modal contribution of blades
from their global dynamic response. This can also affect the reliability of their numerical
assessments which are precursors to understanding the dynamic behavior and probabilities of
structural failure under representative earthquakes. Extensive literature is available on the
design and numerical development of wind turbine blades as standalone FE models, that utilize
composite materials and high-fidelity shell and solid elements. Such methods add more
complexity to the whole wind turbine models and are computationally expensive for earthquake
engineering problems, particularly when a large bin of earthquakes are numerically analyzed.
Thus, there is a need for an intermediate solution that allows the realistic consideration of blades
with reasonable computational efficiency in the seismic assessment of wind turbines. This study
presents a meta-heuristic, problem-independent optimization method, known as the genetic
algorithm (GA), to identify simplified material and cross-sectional properties of a typical wind
turbine blade that can be used to sophisticate the numerical development of rotor-integrated
wind turbines for their reliable seismic vulnerability assessment. The optimized blade
properties are used to develop a finite element model of a utility-scale 5MW inland wind turbine
and acquire a target modal response. The accuracy of the modal behavior validates the presented
approach and signifies the potential of its application in the seismic assessments of wind
turbines.
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The predominant use of layered structures in aerospace vehicles leads to completely redefine the design
process. In the last decades, in order to give variable stiffness properties to laminated structures, different
layup configurations were typically built, starting from uni-directional layers, assembling various singleplies using different lamination angles. In recent years, new advanced technologies have permitted to
increase the freedom in the design and production process of variable stiffness composite structures. In
this framework the attention is focused on the Variable Angle Tow (VAT) composites where the fibers
can follow curvilinear trajectories [1, 2]. This concept of composite permits to control the dynamic
response and the stress distribution of advanced and complex structures such as aerospace structures.
Despite of the fiber orientation rules, the damping of structural vibration is always to be needed. The
use of viscoelastic damping layers is among the established literature solution [3]. In this work, the
damped free-vibration and frequency response solutions are obtained for the analysis of VAT composite
shells embedding viscoelastic layers with frequency-dependent properties. The governing equations are
derived from the Principle of Virtual Displacements and higher-order Layer-Wise models are used for
the unknown variables description in the thickness direction. Numerical solutions are presented for the
analysis of Variable-Angle-Tow composite with different boundary-conditions and various mechanical
loads.
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Experimental results for a novel microwave resonant cavity thruster was published in recent years [1].
Physical processes within the thruster are yet to be explained mathematically. We presume that the thrust
generated by the device is a corollary of the mechanical effects of the fields within the cavity. This
assumption motivates our analytical study of mechanical properties of waveguide fields in time domain.
Our novel format of Maxwell’s equations were proposed in [2] and published in [3]:
∇ × H (r,t) =

1 ∂
c ∂t E (r,t) + J (r,t) ,

∇ · E (r,t) = ρ (r,t) ,

∇ × E (r,t) = − 1c ∂t∂ H (r,t)

∇ · H (r,t) = 0.

(1a)
(1b)

It is of interest that the Eqs. (1a)-(1b) possess only one physical constant, c, and the novel field vectors
E and H have the common physical dimension of inverse meter, m−1 .

Energetic properties of the waveguide fields; energy density, W, Poynting vector, S, and velocity of
transportation of modal fields energy, V, are expressible via the new vector fields [3]. As the mechanical
properties of the waveguide fields; measure of electromagnetic inertia: electromagnetic mass, mEM , and
electromagnetic momentum, pEM , can be expressed via the novel field vectors [3]:





mEM = 2c12 E2 − H2  kg/m3 and pEM = c10 |E| |H| kg ms /m3 .
(2)
0

To study the resonant cavity thrusters, Eqs. (1a)-(1b) must be re-solved in spherical coordinates due to
the geometry of the thruster [4]. Then, the equations for the mass and momentum (2) must be re-derived
via the same field vectors with the physical dimension of inverse meter. Graphical results in this aspect
will be presented at the Congress.
REFERENCES
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The dynamic behaviour of an aircraft exposes the passengers to mechanical vibrations that can lead to
different perception of comfort. The term Whole Body Vibration (WBV) is referred to the mechanical
vibration on the human body, as for example when it interacts with transport means. When the WBV
comes from job activities, it is recognized as an occupational risk, especially when the subjects are
exposed to vibration for long periods [1]. Human being is sensitive to mechanical vibrations ranging from
values below 1Hz up to frequencies of 100Hz [2]. In particular, the range 0.5-20 Hz characterizes the
vibration of the most types of vehicles, operating on the ground, air or water. According to the standard
ISO 2631-1, this range should be mainly investigated for the evaluation of WBV [3]. In details, long
exposures to low-frequencies vibration can cause motion sickness or air sickness while high-frequency
vibrations can engender great discomfort and possible effects on health [3]. The reduction of vibration
intensity is thus a primary objective for the design of seats, and in general of the cabin interiors, in order
to limit the effect of the dynamic behaviour of a vehicle on the WBV. In order to design suitable devices
for vibration reduction it is necessary to develop predictive models that could adequately describe the
WBV phenomenon. However, the development of these models requires knowledge and characterization
of the body’s biodynamic response to vibrations. The goal of this work is to use a probabilistic method
to predict the behaviour of several 4-DOF models widely used in literature for WBV. This is obtained by
means of the uncertain-but-bounded parameters modelled with the Improved Interval Analysis technique
[4]. The results acquired by an experimental campaign, carried out through a full flights simulator at the
M.A.R.T.A. Centre of the Kore University of Enna, have been compared with the results obtained from
the 4-DOF uncertain models, opportunely implemented using numerical software. Moreover, the seat to
head transmissibility functions have been computed and compared with the experimental ones.
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The focus of this talk will be induced drag, which is a component of total drag and is
associated with the production of lift. This component of total drag is around 40% for an
aircraft during cruise and can be as large as 90% during take-off [1]. Classical formulae for
the prediction of induced drag are generally derived using assumptions that are violated at the
cruise conditions of most commercial aircraft, which leads to the requirement of a new
formulation that accounts for these assumptions. We aim to present results obtained from
Reynolds Averaged Navier-Stokes (RANS) simulations on unstructured grids for flow around
an elliptical NACA-0012 wing. We will compare and assess the relative performance of the
different theoretical approaches, including a newly derived equation, for estimating induced
drag over a range of Mach numbers and angles of attack.

Figure 1: Iso-surfaces of Q-Criterion of values larger than 2.0 highlighting the resolved wingtip
vortex for M=0.01.
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ABSTRACT
Morphing wing technology has gained a great deal of attention in the scientific area due to its
capability to perform multi-role missions. The telescopic span morphing mechanism has ability
to change the span in order to achieve better aircraft performance, enlarge the flight envelope
and accomplish multiple mission roles at different phases of flight. Aeroelastic behavior of span
morphing wings is more crucial than conventional wings. Increasing wing span may cause some
dynamic instability problems such as flutter. This study focuses on the dynamic behavior of
variable-span morphing wing oscillating in pitch and plunge motions under subsonic flight
conditions. The unswept cantilevered wing is modeled as a three-stepped Euler-Bernoulli beam.
The aerodynamic loads acting on the wing are represented by Theodorsen’s unsteady
aerodynamic theory. The equations of motion that describes the behavior of the dynamics of
the Euler-Bernoulli beam are derived through the Hamilton’s principle. The differential
transformation method (DTM) is implemented to differential equations and associated
boundary conditions to obtain natural frequencies, flutter speed and flutter frequency. The
solution of the aeroelastic system is obtained by the classical frequency domain solution, kmethod. Goland wing and High-Altitude Long-Endurance (HALE) wing are used as the basis
for this study. Prior to analyzing the flutter characteristics of span morphing wings, several
validation cases are conducted to ensure that the stepped beam model works well. Then, free
vibration and flutter behavior are analyzed for different elongation ratios of wing. There is a
significant difference in natural frequencies and flutter values of fully retracted and fully
extended wing configurations. It can be concluded that natural frequencies, flutter speed and
flutter frequency decrease dramatically as wing span extends. Another important finding is that
reduction in these values is relatively high at the initial stages of the wing span extension
REFERENCES
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In the last decades, the continuous development of composite and new advanced materials and their
relevant applications in the aerospace structures lead, in parallel, to the study of more sophisticated
structural health monitoring techniques. Fibre Bragg gratings are of interest as sensors for structural
health monitoring of composite materials as they are able to perform measurements of several parameters
inside the material in an elegant and low intrusiveness way. Fibre Bragg gratings (FBGs) are obtained
through a permanent and periodic refractive index modulation in the core of the single-mode optical fibre.
Fibre optics usage for structural health monitoring sensors is continuing to grow in recent years due to
their inherent insensitivity to external electromagnetic fields and comparable mechanical properties and
dimensions to carbon fibres. Recent research has particularly focused on the FBG as a point sensor to
detect the complex state of strain [1]. FBG sensors consist of a local modulation of refractive index
in the fibre core, which serves as a spectral filter for guided light. The grating period and refractive
index are sensitive to external and internal strains/stresses and temperature perturbations of the structure
in which they are embedded to. In order to describe well the sensitivity response of the FBG, a fullycoupled thermo-mechanical model has been developed using advanced plate theories based on LayerWise kinematics [2]. The governing equations are derived from the Principle of Virtual Displacements
and analytical approaches are used to solve them [3]. The composite panels analysis results will be
related with the FBG grating period for different thermal loads and the numerical models accuracy will
be compared with the developed analytical solutions.
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Hybrid Rocker Engines (HREs) represent a potential solution for the development of future launchers
for a wide range of mission profiles. In particular, their throttling and reignition capabilities make this
technology very flexible. Furthermore, the possibility of using green propellants makes them interesting
from an environmental perspective, which has recently obtained more attention due to the current trend
of limiting the use of toxic propellants.
However, the physical phenomena which govern the combustion in HREs are quite complex: heat conduction, radiation, multiphase flows, entrapment, diffusion, chemical reactions. If the problem is studied
from an engineering perspective, it is fundamental to identify some critical behaviours which can strongly
affect the engine. Among them, the so called ”DC shift” represents one of the most critical issues. It
consists in a combustion instability which leads to a significant increment of the average chamber pressure: this phenomenon, if uncontrolled, could lead to catastrophic failures or unpredicted thrust profiles.
Karabeyoglu and Altman [1] showed that the DC shift is triggered by the presence of a delay in the
boundary layer response which determines the wall heat flux and so the regression rate.
In order to study these phenomena, a multiphysics approach is required. In this work, different submodels are developed and linked together. In particular, a thermal model for the grain and a fluid mechanics model for the chamber are considered. The thermal model is based on a radial discretisation of
the unsteady heat equation in a frame of reference which follows the burning front. The fluid mechanics
model is based on the quasi-1D Euler equations for reactive flows. Since the characteristic time scale
of chemical kinetics is significantly smaller then acoustic scales, the chemical equilibrium assumption is
adopted.
After a first step of verification and validation, the different sub-models are linked together by means
of a two-way coupling. The governing equations are able to represent the DC shift phenomenon which
appears to be strongly influenced by the boundary layer delay. A parametric study is performed in order
to identify the influence of the different parameters and to compare the results of the quasi-1D Euler
simulations with previous simplified 0D models.
REFERENCES
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The congestion in the Terminal Maneuvering Areas (TMA’s) of larger airports and their
surrounding airspace impacts in all aspects of air traffic flow and induce arrival delays in a
national and international level. So, the industry needs to monitor the air traffic flow in TMA’s
to make efficient decisions to manage their occupancy rates. It would be desirable to physically
increase the existing airspace to accommodate all existing demands, but this question is entirely
utopian. The main objective is to propose concepts to manage and reduce the air traffic
operations uncertainty, maximizing the interest of all involved, ensuring a balance between
demand and supply, and developing and/or adapting resources that enable a rapid and effective
adaptation of measures to the current context and the consequent changes perceived in aviation.
A central task is to emphasize the increase in air traffic flow management capacity to the present
day, considering not only a wide range of methodologies but also equipment and/or tools
already available in the aeronautical industry. The methodology used to answer and/or develop
the issues listed above is based on the advantages promoted by the application of Markov Chain
principles that enable the construction of a simplified model of a dynamic network that
describes the air traffic flow behaviour anticipating their changes and eventual measures that
could better address the impact of increased demand. The model will have a small number of
states that will represent the TMA’s occupancy rate and it will be possible to predict the need
for preventive measures, optimizing resources and assisting in the air traffic flow management.
Through this model, the proposed concepts are shown to have potentials to optimize the air
traffic flow management combined with the operation of the existing resources at each moment
and the circumstances found in each TMA, using historical data from the air traffic operations
and specificities found in the aeronautical industry, namely in the Portuguese context. The
definition of a small set of variables will make it possible to verify the feasibility of this model
implementation in the Portuguese context and, depending on the results’ quality and
importance, it will be intended, in the near future, to increase the complexity of the model and/or
the number of variables used in order to meet the existing reality. This model should be
simultaneously specific to address the set of unpredictable situations that have a substantially
negative impact on air traffic operations, as well as general, making airspace increasingly
“unique” and uniform, facilitating the growing involvement of agents. and their management.
REFERENCES
[1] Sridhar, B., Soni, T., Sheth, K., Chatterji, G, “An Aggregate Flow Model for Air Traffic

Management”.
[2] Sridhar, B., “Modeling and Optimization in Traffic Flow Management”.
[3] Bertsekas, D., Tsitsiklis, J., “Introduction to Probability”.

2041

2042

MS Organizer(s):
Mathematics
and Daisuke
numerical
Tagami,
techniques
Amane
related
Takei to
and
computational
Hajime Igarashi
electromagnetism

Mathematics and numerical techniques related to
computational electromagnetism
MS Organizer(s): Daisuke Tagami, Amane Takei and Hajime Igarashi

2043

2044

MS464 - Tagami,
Daisuke
Mathematics
Amane
andTakei
Numerical
and Hajime
Techniques
Igarashi
Related to Computational Electromagnetism

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19–24, 2019, Paris, France

MATHEMATICS AND NUMERICAL TECHNIQUES
RELATED TO COMPUTATIONAL ELECTROMAGNETISM
TAGAMI, Daisuke∗ , TAKEI, Amane† , IGARASHI, Hajime‡
∗

Institute of Mathematics for Industry, Kyushu University
Motooka 744, Nishi-ku, Fukuoka, 819-0395 JAPAN
tagami@imi.kyushu-u.ac.jp

†

Department of Electrical and Systems Engineering, The University of Miyazaki
Gakuen-kibanadai-nishi 1-1, Miyazaki, 889-2192 JAPAN
takei@cc.miyazaki-u.ac.jp

‡

Graduate School of Information Science and Technology, Hokkaido University
Kita 14, Nishi 9, Kita-ku, Sapporo, 060-0814 JAPAN
igarashi@ssi.ist.hokudai.ac.jp

Key words: Computational Electromagnetism, Numerical Analysis, Novel Numerical Scheme
ABSTRACT
Computational electromagnetism plays important roles to design the electric facilities and to assess the
influence of electromagnetic fields; for example, transformer, motor, and hyperthermic potentiation.
However, as the ability of computers progresses and the demand of more precise approximation, the
number of Degrees Of Freedom (DOF) of computational models derived from conventional discretizations becomes larger even in case of adaptive mesh. In this minisymposium, we make discussion on
the development, accuracy, and efficiency of novel numerical schemes of electromagnetic field problems
from both mathematical and engineering points of view.
We have some possibilities of novel numerical schemes, which are discussed in this minisymposium.
First, we discuss efficient numerical schemes to compute directly such large scale computational models
within the required computational costs, for example, based on Domain Decomposition Methods (DDM)
with parallel computations; see [1]. Second, we discuss efficient numerical schemes reducing the problem size without deteriorating accuracy, which can be, for example, realized by Model Order Reduction
(MOR) methods; see [2]. Third, we welcome to discuss novel schemes based on other strategies not
mentioned above.
REFERENCES
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method using anatomical human body models, IEEE Trans. Magn., 54 (2018).
[2] Sato, Y. and Igarashi, H.: Generation of equivalent circuit from finite-element model using model
order reduction, IEEE Trans. Magn., 52 (2016).
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When an electric field applied to an insulator exceeds some threshold, the insulator loses its
insulation and becomes electrically conductive. This phenomenon is known as dielectric
breakdown. Dielectric breakdown leads to electric discharge, for example lightning and
Lichtenberg figures. The global structures of the electric discharge patterns caused by dielectric
breakdown show a close similarity regardless of the medium; solids, liquids, and gases. This
similarity implies the existence of the common governing mechanism behind the formation of
discharge patterns.
The existing methods for analysis of discharge phenomena do not consider the electromagnetic
field. Instead, their models can be regarded as the cellular automata with stochastic threshold
for branching discharge propagation. The existing models and methods for the formation of
discharge patterns have nothing to do with the fundamental electromagnetism. Thus, the
quantitative discussion regarding the field variables in electromagnetics (i.e., electric current,
electric field, and magnetic field) is impossible for the existing models and methods.
The pattern formation of the branching discharge structures is the result of the energy cascade
starting from the tiny nuclei of the dielectric breakdown in the homogeneous electromagnetic
field. In this sense, the time evolution of the electromagnetic field plays the significant role in
the formation of branching discharge structures. We constructed an analysis method for
dielectric breakdown based on Maxwell’s equations. The obtained model can be regarded as
the equivalent circuit model in which resistors representing local property are arranged. The
principal advantage is easy treatment of dielectric breakdown as the replacement of resistors.
These features are discussed in the presentation with the result of numerical simulations.
REFERENCES
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Methods for numerical analysis of electromagnetic fields are based on Maxwell’s equations.
FEM (Finite Element Method), for example, is mainly adopted to static problems, while
FDTD (Finite Difference Time Domain) method is well adopted to problems in time domain.
However, a method to analyze general electromagnetic phenomena with temporal change in
charge density based on Maxwell’s equations is still not well developed.
In this presentation, we discuss the computational electromagnetism from the viewpoint that
electromagnetic phenomena can be understood as the coupling phenomena among electric
fields, magnetic fields, and electric charges (and currents). From this viewpoint, the existing
methods can be categorized as the simplified coupling analysis by focusing on an interaction
between a pair of field variables and neglecting the other interactions: in FEM, only the
interaction between electric (or magnetic) fields and electric charges (or currents) is
considered, and in FDTD, only the interaction between electric and magnetic fields is taken
into account. We propose a generalized (strongly coupling) numerical analysis method for
electromagnetism in which all interactions and coupling are simultaneously taken care of.
In addition, we show Maxwell’s equations in terms of differential form instead of vector
fields which gives us the geometric interpretation of the structure of electromagnetic fields.
Also, we explain a numerical method based on this geometric perspective. The obtained
method can be regarded as either the generalized FDTD which can treat the interaction
between electromagnetic fields and electric charges (and currents) or the generalized FEM
which can treat the interaction between electric and magnetic fields. In this sense, the
proposed method can be understood as the generalized method including FEM and FDTD. As
a result, dynamical analysis of the electromagnetic phenomena with temporal change in
electric charge density is achieved.
REFERENCES
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A numerical library called AutoMT, as a “mathematical toolkit” (originally, “matrix and
tensor” operations used in the solid / continuum mechanics field), is now under development.
It can handle various kinds of abstract types of relatively small-sized, which appear often in
numerical simulation. It is based on High Performance Design Pattern (HPDP). For example,
it handles tensor quantities in the three dimensional space, such as scalar, vector, 2nd order
tensor and 4th order tensor. It can also support the corresponding matrix and vectors of very
small size, such as 3x3 and 6x6. These tensor and matrix operations appear often in
element-wise, cell-wise or particle-wise calculation in a continuum mechanics-based
simulation code. Recently, this library has been extended to other types of small-sized abstract
data types, such as complex numbers, and quad-precision floating point operations, like
double-double.
Implementations of the library for various kinds of high performance computing platforms,
such as Intel x86, Xeon Phi (Knights Landing) and K Computer/Fujitsu PRIMEHPC FX-100,
as well as Fugaku, are available. Each of them is highly tuned for the underlying hardware
architecture.
References
[1] ANDVENTURE project, http://adventure.sys.t.u-tokyo.ac.jp.
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Precise methods for calculating the current on wire structures are essential in EMC simulations to assess systems struck by lightning. At present, Yee’s method is the most popular scheme used to solve
Maxwell’s equations in the time domain to calculate EM fields while Holland’s wire model [1] is used
to calculate currents.
The fact that the Yee’s scheme computes the fields on a Cartesian grid becomes problematic when dealing
with curved geometries. Indeed, wires can have an oblique shape [2] in this scheme, however curved
structures are always represented by a staircase mesh which can induce errors in the EM fields calculated
in the vicinity of the materials’ boundaries. In order to overcome this problem, an unstructured mesh
is proposed to represent these structures. A few other selected techniques were designed to resolve this
matter. These would include : the conformal FDTD method, the finite integral method (FIT), the finite
volume scheme (FV) and the discontinuous Galerkin method (DG). The latter two have yet to be coupled
with Holland’s model.
At Onera, various strategies have been tried to solve our EMC problem. The coupling of the DG method
with the thin wire model was attempted but the latter encountered computational difficulties that are
yet to be handled efficiently. As a result, the finite volume scheme (FV) was chosen with the aim of
simplifying the task. Until now, the scheme has been coupled with the thin wire model only for wires
located along the edges of the mesh [3]. This model has a considerable constraint.
This paper proposes an oblique thin wire model that will be independent of the edges of any unstructured
mesh for a FV scheme. The principles of the model will be given as the quality of it’s performance when
comparing it’s results within various configurations with the FEM and FDTD approaches.
REFERENCES
[1] R. Holland, L. Simpson, Finite-Difference Analysis of EMP Coupling to Thin Struts and Wires.
IEEE Transactions on Electromagnetic Compatibility,volume EMC-23, issue 2 (1981).
[2] C. Guiffaut, A. Reineix, B. Pecqueux, New Oblique Thin Wire Formalism in the FDTD Method
With Multiwire Junctions. IEEE Transactions on Antennas and Propagation, vol 60, issue 3 (2012).
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In this talk, we introduce a Balancing Domain Decomposition (BDD) method, which is considered as
the preconditioner of an iterative Domain Decomposition Method (DDM) for perturbed magnetostatic
problems.
BDD is originally introduced in Mandel [2], and its efficiency in case of huge scale computational models
of structural problems; see, for example, Ogino–Shioya–Kawai [3].
In BDD methods, the kernel of the resultant linear system plays an important role. However, our iterative DDM for magnetostatic problems approximates the electric vector potential by the Nedelec curl
conforming finite element. Therefore, in each subdomain, the number of the degrees of freedom (DOF)
of the kernel becomes the number of DOF of P1 elements, and the number of DOF of the coarse grid
problem becomes the number of subdomains times the number of DOF of P1 elements in each subdomain. This is the reason why BDD methods for magnetostatic problems are not efficient from the view
point of the computational costs.
In this talk, to overcome such difficulties, Virtual Element Methods (VEMs; see, for example, Beirão da
Veiga et al. [1]) are introduced into BDD methods. VEMs approximate the kernel of the resultant linear
system derived from iterative DDMs. Therefore, the number of DOF of coarse grid problems can be
reduced, and computational costs of BDD method can be reduced. Moreover, a BDD has also another
strong points. VEM can approximate the kernel of the resultant linear system in each subdomain, then a
BDD can be applied into iterative DDM, which have more general polyhedral subdomains.
REFERENCES
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With the expansion of electromagnetic field analysis using computers, large spaces that include
complex shapes have also become an analysis target, and the development of a high-accuracy
analysis is required for these problems. Therefore, in the present study, Berenger’s PML, which
is currently the most effective absorbing boundary condition, is applied to the parallel finite
element method based on the domain decomposition method, which is an effective analysis
method for the microwave band [1]. As a basic study, we developed an analysis code:
ADVENTURE_FullWave [2] using a parallel finite element method based on the iterative
domain decomposition method. In verifying the accuracy of the analysis code, we analyzed
TEAM Workshop Problem 29, which is a benchmark problem, and confirmed that a highly
accurate solution is obtained. Next, a model with Berenger’s PML added to the dipole antenna
model is used as an analysis object, and the absorption performance of the PML is evaluated
using a reflection coefficient based on the S parameter. Moreover, the accuracy of the antenna
analysis is evaluated by comparing the directivity of the dipole antenna with the theoretical
solution.
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semi-analytical studies, viz. on an infinite body subject
to isochoric deformation and a finite membrane under both tensile and transverse loading,
considering piezoelectricity and piezomagnetism. Our results show that under specific loading
frequencies and tension, electric and magnetic potentials increase rapidly in some regions of
the membrane. This may have significance in future studies on efficient energy harvesting.
REFERENCES
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ABSTRACT
Numerical simulation is nowadays an essential part of many branches of engineering. However, the
incredible changes in computing resources over the past decade have struggled to compensate for the
increasing complexity of the models that engineers would like to be able to handle in their design and
optimization process. The resolution of problems with a very large number of degrees of freedom,
nonlinearities, with the presence of several scales or interactions between several physics, or the desire
to take into account uncertainties or variations in parameters, are nowadays very rich research topics.
In this context, model reduction techniques offer enormous potential for developing innovative tools for
high-performance computing. The purpose of this Mini-Sympoisium is to focus on recent developments
in Reduced Basis (RB) approaches, Proper Orthogonal Decomposition (POD) and Proper Generalized
Decomposition (PGD) methods for the numerical solution of models involving partial differential equations. Other model reduction strategies and data-based methods are also welcome, in order to foster
cross-fertilization of ideas and their synergy.
This Mini-Symposium will discuss the latest advances in model reduction techniques dedicated to nonlinear, time and/or space multiscale, or parametrized problems, especially (but non only) in the context
of solid mechanics. Particular attention will be paid to works that present applications of methods in
relation to industrial challenges.
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ABSTRACT
Several paths are being investigated to bring data-driven methods into the world of computational
mechanics. Here, we focus on one vision suitable for history dependent materials defined by the
Experimental Constitutive Manifold (ECM), which involves internal state variables. This ECM replaces
the traditional analytical material model during computation. The core problem is baptised “the central
problem” and lies in the calculation of the ECM, especially the unknown hidden internal variables, from
experimental data.
This work is focused on the computation of the central problem which is not a classical optimisation
problem. The performances of the proposed numerical method are illustrated through an academic
example. Finally, the ECM is computed for a viscoplastic material from experimental data.

REFERENCES
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Virtual design of complex systems that incorporate high fidelity physics-based models are
extremely economical compared to experimental setups. Incorporating more realistic component
models requires advanced computational tools and is computationally more expensive. Therefore,
keeping a proper level of fidelity of the models, and simultaneously, computational cost of
simulations, has a key role in the virtual design of dynamic systems. Reducing the order of physicsbased models while keeping the fundamental principles in the dynamic behaviour of the system can
be an efficient treatment. The key issue with nearly all reduction schemes is their robustness when
an arbitrary input, which is not the same or even close to the training input on which the reducedorder model has been constructed, is applied to the system. As a matter of fact, the component
models that contribute dominantly to the dynamic behaviour of a nonlinear system might vary
according to the applied input.
The role of batteries in electrification of vehicles is eminent; thus, a proper dynamic model that
represents the physics-based phenomena of the battery system at a minimum computational cost is
essential in the design of electrified vehicles. Furthermore, robustness of the reduced-order battery
model when maintaining the dominant physics-based phenomena governing the dynamic behaviour
of the battery system would be crucial. Characterization of the power signal applied to the lithiumion battery in a power management controller of a plug-in hybrid electric vehicle [1] shows that
there is a dominant frequency range in the input signal to the battery. The input signal activates
individual components of the battery model that contribute to the overall dynamic response of the
system with highly-nonlinear multiscale differential-algebraic equations. This key feature can be
considered as a basis to construct a reduced-order model in which the training input is different
from the original power signal. The original idea is to generate the training input by applying a lowpass filter to the white-noise random signal to maintain the same dominant frequency range
observed in the original power signal. Then the reduced-order model of the battery system is
constructed using the proper orthogonal decomposition [2]. Response of the reduced-order model
compared to the high-fidelity battery model when the original power signal is applied shows
promising results, which confirms the robustness and efficacy of the reduced-order model.

REFERENCES
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Estimation Application to a Model-based PHEV Power Management System. Optimal Control
Applications and Methods. (2017) 38(6):1148−1167.
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Model order reduction methods, such as proper orthogonal decomposition (POD), proper generalized
decomposition (PGD), hyper-reduction (HR) techniques and many more, have been explored to a great
extent in the last years. They are considered to be a suitable approach to save processing time during
numerical simulations as well as computational resources. In the context of material nonlinearities,
useful methods were developed, see e.g. [1] for elasto-plastic material behavior. There, the authors
apply a POD to subdomains which show an approximately elastic behavior. In [2], it is suggested to
introduce virtual inclusions in order to perform a HR prediction. Also, in [3] a hyperelastic law which
imitates plasticity is used besides classical reduced order methods.
The presented contribution deals with an adaptive model order reduction strategy for small strain elastoplastic material behavior based on the method presented in [4]. It is focused on the online update of the
projection operator gained by an initial POD. This update considers a strategy applied within the Newton
iteration in one load step as well as on the level of one load increment. Suitable convergence criteria
therein remove or add snapshots from the projection operator. This approach ensures a good control over
the size of the reduced system of equations while ensuring a low error compared to the solution of the
unreduced system. Additionally, a modiÞed Newton method applied to the reduced system lowers the
computation time for the presented model reduction scheme. Suitable numerical examples to illustrate
the performance of the method will be discussed in the presentation.
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Given the recent improvements in big data treatment capabilities and the emerging added
manufacturing optimization processes, it becomes possible to design a new generation of smart
mechanical systems enhanced by data [1][2]. The principle consists in incorporating numerical
twins into real systems to make them fitted by in-situ and real-time information and able to
react, adjust and improve their behavior (Figure 1).
The present work proposes algorithms involving statistical treatment, model reduction,
optimization and data assimilation methods to create those twins. Each system is interacting
with its twin involving sensors, actuators, simulators, analyzers and error controllers (Figure
2). Examples will be illustrated numerically and experimentally using elementary prototypes
and appropriate hybrid materials [3][4].

Figure 1: Adaptive system
behaviour sketch.
Figure 2: Numerical twin components.
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In computational solid mechanics, we focus on projection-based model reduction for hyper-elastic and
contact model based on finite element discretisation. At the state of art on this subject, the main challenges are multi-dimensional parameter space (e.g. material, loading parameter and contact penetration)
and the treatment of nonlinear and non affine system, which reduce the online-efficiency of naive projection based model reduction [1, 2, 3]. For this reason, we adopt a hyper-reduction proper orthogonal
decomposition method. The hyper-reduction approach presented [4] is based on adaptivity mesh criteria.
Additionally, we present a preliminary extension of this work on Signorini contact. The numerical results are provide for a parametrised hyper-elastic beam and Signorini friction-less contact, in term of the
approximation error between hyper reduction POD and finite element approximation, and comparison
on CPU computational time.
REFERENCES
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Mechanics,(2017) Vol 59,5: 753-778.
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In civil engineering, concrete structures as wharves must perform their mechanical function in a marine environment and are thus prone to corrosion. In a structural health monitoring framework, it is important to detect
corrosion in the structure during its service life. To that aim, the Saint-Nazaire port wharf is monitored with a
system of several sensors, among which an electrical Wenner device [1]. The principle of this device is to inject
electric current at different points of the medium and to measure a limited number of potentiel differences in
order to assess the resistivity of the medium, indeed the resistivity value can be used as a good indicator of
corrosion. The resistivity is identified with an inverse problem of the electrical resistivity problem. The technique is widely used for semi-infinite media in geophysics to define the resistivity of the ground and it is based
on the analytical gradient of the minimization functional [2, 3]. For our on site case, we propose to model the
resistivity with d piecewise constant values in the domain which leads to a d-dimensional problem [4]. The
adaptation of the deterministic inverse problem involves a change of boundary condition resulting in the loss of
the analytical gradient and to a generally costly inverse problem especially for high dimensional problems.
In order to reduce the cost of the problem, we propose on the one-hand to adapt the piece-wise constant modeling of the resistivity based on sensitivity analysis and on the other hand to replace the direct model with an
approximation in tree-based tensor formats. This format is identified to a multi-linear approximation format and
allows the problem to evolve only linearly with the dimension d. As the approximation is explicitely known,
we can compute the analytical gradient very fastly. We highlight the benefits and cons of using a meta-model
[5] for the resolution of an identification problem in terms of rapidity and accuracy. To show the contribution
of this implementation, we compare it with a classical Gauss-Newton method in several numerical cases.
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517.
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49(4) :483–497, 7 2001.
[4] Johann Priou, Yann Lecieux, Mathilde Chevreuil, Virginie Gaillard, Cyril Lupi, Dominique Leduc, Emmanuel Rozière, Romain Guyard, and Franck Schoefs. In situ dc electrical resistivity mapping performed in
a reinforced concrete wharf using embedded sensors. Construction and Building Materials, 211 :244–260,
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The increasing complexity of numerical models used to predict complex nonlinear fatigue behaviour in
structures mechanics impose large computation time for their resolution. To reduce the computational
cost, dedicated strategies referred to as ’model reduction techniques’, are usually considered. Among the
most effective, the LATIN/PGD method has proved particularly efficient in solving nonlinear problems
such as large parametric study of elastic-visco-plastic materials [1], quasi-static response of reinforced
concrete structures [2], fatigue problems [3] [4] and many others.
The pionering work using the LATIN/PGD for the treatment of mono periodic fatigue problems was
first introduced in [3]. The main idea consists in the approximation of the temporal PGD decomposition
function by the interpolation between differents selected cycles called “nodal cycles”. Recent work on
fatigue have been adapted [3] for damageable visco-plastic structures to drastically reduce the computational burden [4]. In order to treat general multi-periodic input excitations and to benefit from the ideas of
[3] and [4] an original signal processing is proposed, this processing method allows the approximation of
the complex input as a sum of simple sinusoidal contributions. By using the new approximated external
excitation the temporal function of the LATIN/PGD decomposition is approximated over the entire time
domain by a sum of interpolated cyclic contributions whose calculation is inexpensive.
REFERENCES
[1] D. Néron, P.-A. Boucard, and N. Relun. Time-space pgd for the rapid solution of 3d nonlinear
parametrized problems in the many-query context. International Journal for Numerical Methods
in Engineering, 103(4):275–292, July 2015.
[2] Vitse, Matthieu. Model-order reduction for the parametric analysis of damage in reinforced concrete structures, Université Paris-Saclay, 2016.
[3] Cognard, J-Y and Ladevèze, P, A large time increment approach for cyclic viscoplasticity, International Journal of plasticity, 9, 141–157 (1993).
[4] Mainak Bhattacharyya, Amélie Fau, Udo Nackenhorst, David Néron, and Pierre Ladevèze. A multitemporal scale model reduction approach for the computation of fatigue damage. Computer Methods in Applied Mechanics and Engineering, 2018.
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Heat transfer in liquid metals and molten salts, so-called low-Prandtl number fluids, are of interest of
many industries, among which nuclear, that use those type of fluids as a coolant.
A Finite-Volume based POD-Galerkin model order reduction strategy for steady-state Reynolds averaged
Navier–Stokes simulations [1] is extended for modeling low-Prandtl number fluid. The reduced order
model is based on a full order model for which a linear eddy viscosity model, namely the low-Reynolds
model of Launder and Sharma, is used to compute the Reynolds stresses. The turbulent heat fluxes are
modeled with a single gradient diffusion hypothesis using a local correlation to evaluate the turbulent
Prandtl number [2]. The eddy viscosity- and turbulent thermal diffusivity fields are incorporated into the
reduced order model with an interpolation procedure using Radial Basis Functions [1].
The reduced order model is developed and tested for buoyancy-aided turbulent flow of low-Prandtl number fluid over a backward-facing step with a uniform heat flux applied on the horizontal wall directly
downstream of the step [2]. The problem is characterized by varying Richardson numbers and therefore
the wall heat flux is used as a physical parameter. The RANS simulations are performed for ten different
values of the wall heat flux. Velocity and temperature fields are computed with the reduced order model
for the same and new parameter values inside the range of corresponding Richardson numbers.
The velocity and temperature profiles predicted by the reduced order model are in good agreement with
the full order results. Also the local Stanton number- and the skin friction distribution at the heated wall
are qualitatively well captured. Finally, the reduced order simulations are of the order 105 times faster
than the full order simulations.
REFERENCES
[1] S. H IJAZI , G. S TABILE , A. M OLA , AND G. ROZZA, Data-driven POD-Galerkin reduced order
model for turbulent flows, (2019).
[2] T. S CHUMM , B. F ROHNAPFEL , AND L. M AROCCO, Investigation of a turbulent convective buoyant
flow of sodium over a backward-facing step, Heat and Mass Transfer, 54 (2018), pp. 2533–2543.
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Reliable active structure design preserving the environment is a major issue in many industrial
domains including biomechanics, aeronautics, civil engineering and energy. Mechanical
property optimization is considered here in the context of automatic manufacturing processes
taking into account the way the constitutive material is built and vice versa. The objective is to
enable structures to react in real time to external forces by using embedded data processing
systems incorporating fast time signal analysis methods.
In the present work, one considers a multi-scale multi-phase formulation of a reduced-order
model describing a dynamical system behaviour by combining heuristic synthetic numerical
hybrid data through a multigrid process in order to deal with medium heterogeneity and
unsteadiness issues.
The formulation of an ODE system for the space-time-dependent problem is first proposed [1]
(Figures 1, 2). The method is then applied to a singularity detection problem using material
properties, loads and geometry reproducing configurations from the literature [2]. Finally, error
quantifications and performance estimates are given [3], [4].
The proposed method will be
incorporated into digital twins
of
mechanical
systems
incorporating sensors actuators
and able to react in real time to
their environment and optimize
their performances according
to specified requirements.

Figure 1: Sketch for system
evolution modelling.

Figure 2: Crack
propagation [2].
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We propose a novel non-intrusive Space-Time Proper Orthogonal Decomposition (POD)
basis interpolation for which we define Reduced Order Model (ROM) spatial and time basis
curves on compact Stiefel manifolds. In our applications, parametric simulations of
thermomechanical metal forming are considered.
It is well known that FEM simulations of metal forming are complex computational problems
involving challenging numerical issues due to multiple sources of strong nonlinearities and
high computational times. Thereby, design analysis of manufacturing processes often turns
out to be prohibitively expensive despite the rapid growth of high performance computing.
This is due to the high number of virtual designs and parametric problems that have to be
solved within an acceptable amount of time. To combat the computational burden, ROMs are
used to reduce the problem dimensionality and solve parametrized problems while
maintaining solution accuracy. One popular method is the Proper Orthogonal Decomposition
(POD) [1], also known as Kharhunen-Loève Decomposition (KLD), Singular Value
Decomposition (SVD) or Principal Component Analysis (PCA). In case of solving a
parametric problem, the method starts by an offline training stage during which the high
nonlinear FEM model is solved for some rather small set of points in a given parametric
range. Then, from the FEM solution, the full-order field ‘snapshots’ are compressed using the
POD to generate a ROM that is expected to reproduce the most characteristic dynamics of its
high-fidelity counterpart solution. Nevertheless, since the POD bases are generated for a set of
training points, they are only optimal to those parameter values. A main drawback of POD is
the sensitivity to parameter changes and the lack of robustness over the entire parameter
space.
Thus, for a new parameter value, interpolation methods have to be defined from the
underlying spanned subspaces of the POD basis [2]. For instance, a POD basis interpolation
can be performed using normal coordinates on Grassmann manifolds by evaluating the
geodesic paths between the subspaces on this manifold, all this being done in the framework
of Riemannian geometry, which is a specific matter of differential geometry. Concerning the
standard POD methodology, the interpolated spatial ROM basis is used to generate a ROM
FEM model which is simpler to solve than the original high fidelity model. Here, we
developed a Space-Time POD basis interpolation where the reduced spatial and time basis are
treated independently, so as to define specific curves on the associated compact Stiefel
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manifold, and not the Grassmanian manifold, as it is classically done. We then introduce a
mixed part defined from a square matrix directly deduced using the space part, the singular
values and the time part, to obtain an interpolated snapshot matrix, keeping track of accurate
space and time eigenvectors. Note that in order to establish a well defined interpolation on
compact Stiefel manifold, we had to introduce a new SVD procedure, called the oriented
compact SVD. Such an oriented SVD produces unique right and left eigenvectors for generic
matrices, for which singular values are all distinct. What is important to notice, is that the
Space-Time POD basis interpolation doesn’t require the construction and subsequent solution
of a reduced FEM model, therefore avoids the bottleneck of standard POD interpolation
associated with the evaluation of the nonlinear terms of the Galerkin projection on the
governing equations.
The method is illustrated with the adaptation of coupled thermomechanical rigid-viscoplastic
finite element ROMs of a benchmark metal forming process. Good correlations of the SpaceTime POD models with respect to their associated high-fidelity FEM counterpart solutions are
reported, highlighting its potential use for near real-time parametric simulations using off-line
computed ROM POD databases to help manufactures accelerate design-to-production
timelines, reducing costs while facilitating design of superior processes.
REFERENCES
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Dealing with dimensional stability in nuclear industry often leads to consider irradiation
creeping as well as contact and friction. However, large detailed models require extended
memory and computational time. On the opposite, simplified finite element models provide the
useful first order response of the structure [1]. To obtain better precision, while keeping a
reasonable computing cost, then leads us to model reduction techniques.
We propose a model reduction methodology largely inspired by the homogenisation technique
called NTFA [2], specially designed for non-linear materials. A first level of model order
reduction is achieved by representing all the useful fields by shape modes, either arbitrary or
obtained by an a posteriori POD or NMF analysis [3,4]. Then, the stress fields induced by each
unique transformation mode can be superposed using the linearity of the elastic operator. A
second reduction level arises from the derivation of a modal evolution law for plasticity or
creep. This projection step usually requires a coupling hypothesis between the thermodynamic
forces associated to each internal variable mode. Concerning the contact conditions, we propose
to reduce them through the building of Lagrange multiplier modes [5] and a specifically built
basis of opening modes. Once this reduced contact problem is solved, it enables to formulate a
regularised modal friction criterion to be applied onto a orthogonal basis of sliding modes. A
classical implicit integration scheme is then applied and two simple example are given, which
show the drastic shortening obtained with this reduction method.
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Reduced-order modeling (ROM) methods increasingly tend to intervene in the design or optimization
processes to be able to produce new tools, like digital twin for instance, and ostensibly reduce computation times [4]. However, the development of ROM methods in the industrial world is currently
hampered by the difficulty of introducing them into commercial finite element softwares, mainly due to
the strong intrusiveness of the associated algorithms. Compared to other ROM technics, Proper Generalized Decomposition (PGD) [1] conveniently provides a reduced basis without any a priori knowledge of
the problem but requires significantly much stronger interactions with core routines of standard solvers.
This work introduces a non-intrusive reformulation of the LATIN-PGD method [2, 3], in the form of generalized quantities, which is intended to be directly integrated in finite element analysis softwares. The
main idea remains to reuse all facilities already included in an industrial solver (all non-linearities, element types, capabilities,...), but by only changing the non-linear solver algorithm. The non-incremental
strategy provided by LATIN solver intrinsically embeds an effective tool for setting up ROM methods by
PGD, including building of reduced basis for non-linear problems. As part of this work, this approach
R
is carried out in the non-linear finite element analysis software S AMCEF
developed by Siemens. Although this general approach adresses all complex time-dependent non-linear problems, the feasibility
of the method is first highlighted by means of a prototype algorithm for an elasto-visco-plastic material.
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Reduced-order models are powerful engineering tools that allow to reduce drastically
computational time for complex problems and build “virtual charts” by solving parametrized
problems once for all. However, their calculation remains problematic for problems involving
many parameters and classical algorithms are limited to about twenty parameters. A new
algorithm, in solid mechanics, was proposed in [1]: the so-called “parameter-multiscale PGD”.
This method is based on the classical PGD, a model reduction technique using separated
variable representations to approximate high dimensional spaces, but the physics of the problem
is used to build a more structured representation. Saint-Venant's Principle, which highlights two
different levels of parametric influence, allows to introduce a multiscale description of the
parameters to separate a macro- and a micro-scale. First introduced in [1] using a Weak-Trefftz
Discontinuous Method in space, [2] presented an adaptation of the algorithm compatible with
classical finite element solvers. In this presentation, the procedure is described and 3D
numerical examples with up to one thousand parameters are discussed.
REFERENCES
[1] P. Ladevèze, Ch. Paillet, D. Néron. Extended-PGD Model Reduction for Nonlinear Solid
Mechanics Problems Involving Many Parameters, Computational Methods in Applied
Sciences, vol. 46, 201-220, 2018.
[2] Ch. Paillet, D. Néron, P. Ladevèze. A door to model reduction in high-dimensional
parameter space, Comptes Rendus de l’Académie des Sciences, Mécanique, Volume 346,
Issue 7, 524-531, 2018.
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ABSTRACT
For many-query and real-time applications arising in design, control and optimization, it is crucial to
reduce the marginal cost associated with the approximation of the solution to the physical system of
interest. Model Order Reduction (MOR) techniques aim at developing efficient and reliable Reduced
Order Models of engineering systems, which can be advantageously used in the above-mentioned practices. Examples comprise the Reduced Basis method, the Proper Orthogonal Decomposition and tensorbased/hierarchical approaches. Goal of this Mini-Symposium is to present recent contributions to MOR
techniques for computational mechanics, with a special emphasis on (but not limited to) Computational
Fluid Dynamics problems.
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In this work, we propose a least-order mean-field model for a flow system undergoing two successive
supercritical bifurcations. The ”fluidic pinball” – an incompressible two-dimensional flow crossing three
equidistantly spaced cylinders – is numerically investigated using Direct Numerical Simulation. Two
generic bifurcations in fluid mechanics are observed: the primary Hopf bifurcation leads to a statistically symmetric vortex shedding and the following pitchfork bifurcation breaks the symmetry at higher
Reynolds number. Interestingly, this symmetry-breaking instability also works on the steady solution simultaneously, illustrated by the global stability analysis and Floquet analysis [1]. The elementary degrees
of freedom can be identified based on the mean-field considerations exploiting the symmetry/asymmetry
of the base flow and the fluctuation. Proper Orthogonal Decomposition is used to get the leading modes
of fluctuation [2], whose growth rates are determined from the linear stability analysis. Besides, two shift
modes slaving to the fluctuations are introduced to describe the distortion of baseflow from the steady
solution to the mean-field. Finally, an easily interpretable five-dimensional Galerkin model compatible
with the quadratic non-linearities of the Navier-Stokes equations is derived, which can reproduce the
main features of bifurcating dynamics and the transient behavior to the asymptotic regime. This generalized mean-field Galerkin methodology is considered to be applicable to other transition scenarios and
the resulting least-order model can be used for nonlinear model-based control [3].
REFERENCES
[1] Deng, N., Noack, B. R., Morzynski, M., Pastur, L.R. Low-order model for successive bifurcations
of the fluidic pinball. J. Fluid. Mech. (2020) 884, A37.
[2] Taira, K., Brunton, S. L., Dawson, S. T., Rowley, C. W., Colonius, T., McKeon, B. J., et al. Modal
analysis of fluid flows: An overview. Aiaa Journal (2017) 4013–4041.
[3] Brunton, S. L. and Noack, B. R. Closed-loop turbulence control: progress and challenges. Applied
Mechanics Reviews (2015) 67, 050801:01–48.
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MODEL ORDER REDUCTION APPROACH FOR PROBLEMS WITH
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The motivation of this work is to enable the usage of multi-phase hydraulic models, such as the Drift Flux
Model (DFM) [1], in developing automation strategies for real-time down-hole pressure management in
drilling systems. The DFM is a system of multi-scale non-linear hyperbolic Partial Differential Equations
(PDEs) and its response is dominated by wave propagation characteristics. The central aim of this work
is to accurately capture wave-front propagation (and wave interaction) phenomena (induced by slow or
fast transients) in a reduced-order modeling framework.
Moving discontinuities (shock-fronts) are representative features of the models governed by hyperbolic
PDEs. Such features pose a major hindrance to obtain effective reduced-order model representations
[2]. This motivates us to investigate and propose efficient, advanced and automated approaches to obtain
reduced models, while still guaranteeing the accurate approximation of wave propagation phenomena.
We propose a new model order reduction (MOR) approach to obtain effective reduction for transportdominated problems or hyperbolic PDEs. The main ingredient is a novel decomposition of the solution
into a function that tracks the evolving discontinuity and a residual part that is devoid of shock features. This decomposition ansatz is then combined with Proper Orthogonal Decomposition applied to
the residual part only to develop an efficient reduced-order model representation for problems with multiple moving and possibly merging discontinuous features. Numerical case-studies show the potential of
the approach in terms of computational accuracy compared with standard MOR techniques.
REFERENCES
[1] S. Evje and K. K. Fjelde. Hybrid Flux-Splitting Schemes for a Two-Phase Flow Model. Journal of
Computational Physics, 175(2):674–701, 2002.
[2] M. Ohlberger and S. Rave, Reduced basis methods: Success, limitations and future challenges,
Proceedings of the Conference Algoritmy, 2016.
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In the context manufacturing of engineering structures, unavoidable process variations can cause deviations in a manufactured structural part, resulting in “non-conformance” to the tolerance specifications.
Prior to assembly, numerical simulations are often used to determine the effect of the non-conformances
on the assembly. Based on the analysis, parts with non-conformances are either accepted, rejected or reworked. However, the computational complexity of these numerical simulations delay the manufacturing
schedule significantly. A real-time simulation tool, capable of evaluating the effect of non-conformances,
is necessary to eliminate the bottleneck in the decision-making process.
We propose to gather two elements, Co-simulation and Model Order Reduction (MOR), as building
blocks of the proposed real-time simulation tool. MOR methods will be used to create a dictionary of
real-time models of structural parts which constitute a structure. Each part model must account for the
variations that can occur during the manufacturing process. Important features of each part model will
be parameterized, to enable real-time resolution of the physics of the non-conforming part. The real-time
part models will be virtually assembled to create a co-simulation, by modeling the interaction between
the part models. One of primary challenges in the proposed method is the complexity reduction of the
contact mechanics problem at the interfaces.
In this work, a non-intrusive MOR approach based solver is built for mechanical problems involving
possible contact surfaces. Using a high-fidelity solver, several snapshots of the problem are generated,
for different values of geometric parameters. With a non-intrusive MOR approach, namely Non-intrusive
Sparse Subspace Learning [2], the reduced model can be built directly from the snapshots, without
accessing the source code of the high-fidelity solver.
REFERENCES
[1] Wriggers, P. Computational Contact Mechanics. Springer, (2006),
[2] Borzacchiello, D., Aguado, J. V., and Chinesta, F. Non-intrusive Sparse Subspace Learning for
Parametrized Problems. Arch Computat Methods Eng. 26, 303326 (2019)
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MODEL REDUCTION OF PARAMETRIC BILINEAR MECHANICAL
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The optimization of design and control processes often involves the simulation of systems describing the
underlying dynamics. For the reduction of related computational resources as time and memory, model
reduction methods are an essential tool. An important class of systems, considering nonlinear processes,
are parametric bilinear time-invariant systems, e.g.,
k

E(µ)ẋ(t; µ) = A(µ)x(t; µ) + ∑ N j (µ)x(t; µ)u j (t) + B(µ)u(t),
j=1

(1)

y(t; µ) = C(µ)x(t; µ),
with E, A, N j ∈ Rn×n , B ∈ Rn×m , C ∈ R p×n and parameters µ ∈ M ⊂ Rd . Here, model reduction methods
aim for the approximation of the input-to-output behavior of (1), while reducing the number of internal
states n and, therefore, the complexity of the system.
Thinking about underlying applications, bilinear systems (1) can have special structures that one wants
to preserve in the reduced-order model as, e.g., in case of parametric bilinear mechanical systems
M(µ)q̈(t; µ) + D(µ)q̇(t; µ) + K(µ)q(t; µ) =

m

m

j=1

j=1

∑ Np, j (µ)q(t; µ)u j (t) + ∑ Nv, j (µ)q̇(t; µ)u j (t) + Bu (µ)u(t),

y(t; µ) = Cp (µ)q(t; µ) +Cv (µ)q̇(t; µ).
For linear systems, rational interpolation of the underlying parametric transfer function in the frequency
domain can be used to efficiently construct reduced-order models with the same structure as the original
system [1]. We present an extension of the rational interpolation framework to the parametric bilinear
system case, aiming, as in the linear case, for an efficient construction of reduced-order models, while
preserving the system’s structure.
REFERENCES
[1] C. A. Beattie and S. Gugercin. Interpolatory projection methods for structure-preserving model
reduction. Syst. Control Lett., 58(3):225–232, 2009.
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POD-GALERKIN REDUCTION FOR NONLINEAR TIME DEPENDENT
OPTIMAL FLOW CONTROL PROBLEMS WITH APPLICATIONS IN
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Reduced order methods are an efficient technique that allows solving parametrized systems in an accurate surrogate low dimensional framework. In this talk, we rely on POD-Galerkin reduction in order to
deal with parametrized optimal flow control problems governed by nonlinear and time dependent partial
differential equations with applications in environmental sciences. In this field, the leading motivation
behind the employment of reduced strategies is to provide a reliable tool capable to analyze several
physical and/or geometrical configurations in a small amount of time. Indeed, coastal management is
characterized by very time consuming simulations that can be unbearable in a real-time marine environmental monitoring plan. Moreover, if on one side, parametrized nonlinear time dependent optimal control problems are suited for forecasting and previsions, on the other, their computational costs drastically
limit their applicability. We aim at showing how reduced order modelling can help in studying several
configurations and phenomena in a faster way. The proposed methodology is tested with two numerical
experiments: a boundary control for riverbed current represented by time dependent Stokes equations,
and a nonlinear time dependent tracking for velocity-height solutions of shallow water equations.
REFERENCES
[1] Strazzullo M., Ballarin F. and Rozza G., POD-Galerkin Model Order Reduction for Parametrized
Time Dependent Linear Quadratic Optimal Control Problems in Saddle Point Formulation. Submitted, 2019.
[2] Strazzullo M., Ballarin F. and Rozza G., POD-Galerkin Model Order Reduction for Parametrized
Nonlinear Time Dependent Optimal Flow Control: an Application to Shallow Water Equations. In
preparation.
[3] Strazzullo M., Zainib Z., Ballarin F. and Rozza G., Reduced order methods for parametrized nonlinear and time dependent optimal flow control problems, towards applications in biomedical and
environmental sciences. Submitted, 2019.
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Reduced-order techniques aim at a decrease of computational complexity, while at the same time typically not the true solution, but only an approximation of the solution is achieved. Frequently, the deviation between true solution and approximation yields a violation of intrinsic properties of the full-order
model (FOM). In practice however, the fulfillment of certain FOM properties might be a requirement
even for the reduced-order model (ROM) on the one hand, on the other hand ROMs that resemble FOM
behavior (in terms of a meaningful measure of goodness) typically show better robustness and stability. Therefore, this problem statement repeatedly has been addressed in the past. Examples are the
preservation of conservation [1], the preservation of Lagrangian structure [2] or bound constraints on the
approximated solution [3].
The purpose of this work is to present a novel formulation for dimensional reduction of dynamical systems with general constraints on the reduced manifold. Thereby, the ROM is interpreted as an optimization problem such that the resulting equations can be solved by means of constrained optimization.
Applied constraints might be of equality or inequality type and the formulation is stated for the Galerkin
as well as the least-squares Petrov-Galerkin projection.
REFERENCES
[1] Carlberg, K. Choi, Y. Sargsyan, S. Conservative model reduction for finite-volume models. Journal
of Computational Physics (2018) 371:280-314.
[2] Lall, S. Krysl, P. and Marsden, J. Structure-preserving model reduction for mechanical systems.
Physica D: Nonlinear Phenomena (2003) 37:304-318.
[3] Fick, L. Maday, Y. Patera, A. Taddei, T. A stabilized POD model for turbulent flows over a range
of Reynolds numbers: Optimal parameter sampling and constrained projection. Journal of Computational Physics (2018) 371:214-243.
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In order to approximate the state of a physical system, data from physical measurements can be incorporated into a mathematical model to improve the state prediction. Discrepancies between data and models
arise, since on the one hand, measurements are subject to errors and, on the other hand, a model can only
approximate the actual physical phenomenon. In this talk, we show how the reduced basis method can be
gainfully used in data assimilation for parametrized partial differential equations. Classical variational
data assimilation methods make informed perturbations in order to find a state closer to the observations
while main physical laws described by the model are maintained. We take inspiration from recent developments in state and parameter estimation and analyse the influence of the measurement space on
the amplification of noise, and show how the reduced basis method can be used to aid in the selection
of measurements. We develop a methodology for the identification and correction of model bias, while
maintaining the consistency of estimations made. We show how the proposed approach extends to the
Bayesian setting, and demonstrate how an observability coefficient describes the connection between
sensor positions and the sensitivity to noise of the posterior mean. We also show how this stability coefficient relates to the trace and determinant of the posterior covariance matrix, which are minimised in Aand D-optimal experimental design.
Acknowledgments: This work was supported by the Excellence Initiative of the German federal andstate
governments and the German Research Foundation through Grants GSC 111 and 33849990/GRK2379
(IRTG Modern Inverse Problems), and by the European Research Council (ERC) under the EuropeanUnion?s Horizon 2020 research and innovation programme (ERC Grant agreement No. 818473).
REFERENCES
[1] N. Aretz-Nellesen, M. A. Grepl, and K. Veroy. 3D-VAR for parameterized partial differential equations: A certified reduced basis approach. Advances in Computational Mathematics, 2019.
[2] Binev, A. Cohen, O. Mula, and J. Nichols. Greedy algorithms for optimal measurements selectionin
state estimation using reduced models. SIAM/ASA J. Uncertain. Quantif., 6(3):1101–1126, 2018.
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Nuclear power plants for electricity generation produce byproducts including wastes that remain radioactive for thousands of years. The disposal and storage of high-level radioactive wastes are extremely
complex problems that currently remain unresolved. One the proposal for long term storage is the use
of deep underground repositories where wastes are isolated and avoid interaction with the environment.
There is, therefore, a high interest in the study of the long-term behavior of such underground repositories. Several efforts have been made in the construction and monitorization of such repositories and
also in its numerical simulation "[1]. The problem under consideration is of transient nature and requires
the solution of three coupled physics [2]: i) a thermal part including the heat released by the wastes; ii)
the mechanical behavior of the canister holding the wastes, the isolation system and the underground
host rock; and, iii) the flow of natural water present in any underground porous media. THM problems
are usually solved for parametric studies, parameter identification or repository-related design decisions
and, therefore, the availability of explicit parametric solutions could be a large advantage in term of the
computational effort required.
In this work, we will present generalized parametric solutions of the steady state THM problems and
transient Thermal problems obtained via PGD. We will show how to state the discrete problem in order
to use the encapsulated version of PGD [3]. We will also explain a novel time integration scheme for
parametric parabolic problems.
REFERENCES
[1] Toprak, E.; Mokni, N.; Olivella, S.; Pintado, X.: Thermo-Hydro-Mechanical Modelling of Buffer
Synthesis Report. August 2013.
[2] Selvadurai, A.P.S; Sovorov, A.P.: Thermo-Poroelasticity and Geomechanics.CAMBRIDGE UNIVERSITY PRESS, 2017.
[3] Diez, P.; Zlotnik, S.; Garcia-Gonzalez, A.; Huerta, A.: Encapsulated PGD algebraic toolbox operating with high-dimensional data. Accepted In Archives of Computational Methods in Engineering,
2019.
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A time-continuous residual minimization approach [1] for reduced-order models of dynamical systems
is presented. The proposed approach sequentially minimizes the time-continuous full-order model residual within a low-dimensional trial space over a series of time slabs and addresses key deficiencies in
existing model-reduction approaches; e.g., the time step and time scheme dependence of least-squares
Petrov–Galerkin (LSPG), the exponentially growing error bounds present in Galerkin and LSPG, and
the offline cost of space–time LSPG. In this talk, we consider trial subspaces that reduces the spatial dimensions of the full-order model. We consider two differing solution techniques: direct (i.e.,
discretize-then-optimize) and indirect (i.e., optimize-then-discretize). Of particular interest, the direct
approach involves deriving the Euler–Lagrange equations, which comprise a coupled two-point Hamiltonian boundary value problem containing a forward and backward system. Finally, we show that various
instances of this framework yield existing model-reduction approaches, namely Galerkin, Least-Squares
Petrov–Galerkin, and Space–Time Least-Squares Petrov–Galerkin. Numerical experiments on the compressible Euler and Navier–Stokes equations demonstrate that, at an increased computational cost, the
proposed formulation can yield more accurate and physically relevant solutions than the Galerkin and
Least-Squares Petrov–Galerkin approaches.
REFERENCES
[1] Parish, E.J., and Carlberg, K.T. “Windowed least-squares model reduction for dynamical systems”
preprint (2020) arXiv:1910.11388.
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Nonlinear parameterized unsteady dynamical systems such as chaotic flows, which require
long simulation times in order to obtain accurate and useful statistics, are complicated and
expensive to solve. To reduce the computational cost of these types of simulations, model
reduction principles are investigated. However, accuracy and stability of the reduced-order
modeling is dependent on the discretization aspects of the forward order model, such as the
magnitude of the time steps and the order of the temporal discretization method.
To overcome the computational costs associated with these unsteady dynamical systems, the
space-time least-squares Petrov-Galerkin projection method (ST-LSPG) is used to project the
full-order model to an affine space-time subspace. ST-LSPG performs aggressive reduction of
the time domain and provides a priori error bounds in terms of the best space-time
approximation error. However, ST-LSPG incurs large computational cost by modifying the
natural block lower triangular structure of the original model reduction problem. Hence, the
approach requires a dense space-time solver whose complexity is linear in the number of time
steps and cubic in the time dimension making it impractical for larger applications.
To address this, we present the windowed space-time least-squares Petrov-Galerkin method
(WST-LSPG). Instead of using a global space-time basis, WST-LSPG divides the time
domain into time windows and calculates each window’s corresponding low-dimensional
space-time trial subspace. As a result, the solver is fully space-time coupled within a window,
but is sequential across the windows. Thus, the complexity is linear in the number of time
windows, and cubic in the time dimension within the windows. Additionally, WST-LSPG
allows the time interval for the residual minimization to be chosen independently of the time
window. For each time window, we propose methods for constructing the space-time basis
using tensor decompositions.
We will present results for the WST-LSPG method for the one-dimensional Burgers’ equation
and the two-dimensional compressible Navier-Stokes equations for a NACA 0012 airfoil.
These results will show that the WST-LSPG method outperforms the ST-LSPG method.
REFERENCES
[1] C. Youngsoo and K. Carlberg, Space-time least-squares Petrov-Galerkin projection for

nonlinear model reduction. SIAM J. Sci., 41(1), pp. A26-A58, 2019.
[2] K. Carlberg, C. Bou-Mosleh and C. Farhat, Efficient non-linear model reduction via a leastsquares Petrov-Galerkin projection and compressive tensor approximations. International
Journal for Numerical Methods in Engineering, 86(2), pp.155-181, 2011.
[3] T. Bui-Thanh, K.Willcox and O. Ghattas, Model Reduced for Large-Scale Systems with
High-Dimensional Parametric Input Space. SIAM J. Sci., 30(6), pp. 3270-3288, 2008.
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ABSTRACT
This mini-symposium will focus on recent advances in the simulation of complex flows.
It aims at bringing together modelists and numerical analysists from universities and industrial laboratories to exchange on recent advances with regards to complex flows, including fluid structure interaction,
thermal conductivity, surface forces, multi-constituent flows,...
Presentations will discuss mathematical modeling aspects as well as numerical methods and their analysis. The covered field will include linear and non-linear systems of Partial Differential Equations, model
coupling and numerical methods including Galerkin methods as well as Finite Volumes schemes.
A special interest will be paid to problems arising from industrial applications.
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With the improvements of computing infrastructures, deterministic transport solvers become more and
more competitives for photonic applications. Among them, spherical harmonics (PN ) and discrete ordinates (SN ) based solvers constitute serious alternatives to Monte-Carlo methods as they can be arbitrarily
accurate with respect to the angular variable. We present and study a method to solve the PN approximation of the time-dependent, grey, nonlinear thermal transport equations. In this method, the space
variable is discretized with a linear discontinuous finite element method and the time variable by a fully
implicit Euler scheme. We obtain a discretization that is, on regular cartesian meshes, the PN equivalent
of the discrete-ordinates SCB (subcell balance) method described in [1]. The method is, for arbitrary
N > 0, unconditionnally stable, second-order accurate in space, one-order accurate in time and energy
conservative. Moreover it does not suffer from the well-known ray effect inherent to SN based methods.
We perform an asymptotic analysis of the scheme in the equilibrium diffusion limit and find that the discrete solutions satisfy a robust discretization of the expected equilibrium diffusion equation with correct
initial and boundary conditions (asymptotic preserving property). This analysis predicts that the method
performs well on transport/diffusion problems even if the space-time grid does not resolve initial and
boundary layers. Finally, we present numerical results on 1D and 2D test-cases and make comparisons
with recent advanced PN methods [2], [3].
REFERENCES
[1] Adams, M. L. and Nowak, P. F. Asymptotic Analysis of a Computational Method for Time- and
Frequency-Dependent Radiative Transfer. Journal of Computational Physics (1998) 146:366–403.
[2] Hermeline, F. A discretization of the multigroup PN radiative transfer equation on general meshes.
Journal of Computational Physics (2016) 313:549–582.
[3] Seibold, B. and Martin, F. StaRMAP – A Second Order Staggered Grid Method for Spherical
Harmonics Moment Equations of Radiative Transfer. ACM Transactions on Mathematical Software
(2012) 41.
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More and more applications require taking into consideration compressible phenomena even at low Mach
number. For instance, the hypothetical core disruptive accident of a fast breeder reactor can be modelled
considering the high-pressure bubble expansion of vaporized materials in the liquid sodium; the flow thus
involves (first stage) shock waves propagating in the liquid phase which generate the low Mach motion
of the liquid itself, the impact of which (second stage) can damage the containment and the mechanical
devices therein.
It is well known that conservative finite volume methods using Godunov-type schemes on (collocated)
2D quadrangular/3D cubic meshes are robust enough to compute shock waves but not accurate in computing low Mach number flows; in particular the excessive numerical dissipation of kinetic energy could
artificially underestimate the fluid impact over the structure. Consequently, this work concentrates on
the accuracy/robustness of some classical compressible solvers (with or without a low Mach number
correction [1]) in computing low Mach number flows with shock waves, on 2D quadrangular/triangular
meshes (the latter do not present low Mach number problems according to [2]). Recently proposed low
Mach/acoustic solvers [3] [4] are also assessed.
Due to the targeted application, both gases and liquids are considered and modeled using the stiffened
gas EOS. The first stage of the core disruptive accident is modeled by the low-Mach expansion of a 2D
cylindrical piston in water, using the Arbitrary Lagrangian Eulerian (ALE) approach. Solution accuracy
is investigated in particular through the estimate of the loads applied on the boundary wall. Another
model problem solved to assess accuracy/efficiency of the solvers is a shockwave/low-Mach Gresho
vortex interaction, already investigated for ideal gas in [3] [4] and here extended to the stiffened gas
EOS. The solution accuracy is assessed in particular through the monitoring of kinetic energy. From
both testcases, conclusions are drawn and recommendations made regarding the combination of grid
topology and low-Mach correction allowing to achieve optimal accuracy and efficiency performance.
REFERENCES
[1] S. Dellacherie, J. Comput. Phys., 229 (4), 2010.
[2] F. Rieper, G. Bader, J. Comput. Phys., 228 (8), 2009.
[3] W. Barsukow et al., J. Sci. Comput. 72, 2017.
[4] P. Bruel et al., J. Comput. Phys 378, 2019.
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DNS MODELLING OF HYDROGEN TURBULENT BUOYANT JET IN
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We present numerical results from direct numerical simulations (DNS) of an air-hydrogen
turbulent buoyant jet in a two-vented cavity, configuration dedicated to analysis of hydrogen
distribution in accidental situations for highly confined environments (garage, containment
building …). In the retained configuration, the injection of the light fluid in the floor center leads
to the development of a buoyant jet flowing up across a tri-layer concentration structuration, with
accumulation of a homogeneous light mixture at the top of the cavity. Most of the studies of
literature use helium as injected fluid instead of hydrogen, when experiments are involved for
security reason.
This study aims at determining how the nature of the injected fluid modifies the flow structure,
and its turbulent mixing properties which are crucial for the species distribution within the
cavity. Indeed, despite a similar Schmidt number, the density of hydrogen is more than twice as light
as that of helium. Two main numerical difficulties are identified: the large density ratio between
the injected and the ambient fluids, the numerical modelling of the two vents where the mass
flow rate and the mixture properties are not prescribed [1]. The code TrioCFD in the platform
TRUST, developed by CEA [2] is used to carry out parallel computations on several hundred
processors. By comparing results obtained with air, helium and hydrogen as injected fluid, we
investigate how the turbulent flow properties are altered by the change of the buoyant flux at
the injection source, and in particular the buoyancy production term of turbulence. Macroscopic
quantities are derived from DNS results and used to confront existing different 1D models
describing the light gas distribution inside the cavity, such as [3]. Shortcomings are identified,
and a new model accounting for large density differences in an inhomogeneous environment is
proposed.
REFERENCES
[1] E. Saikali, G. Bernard-Michel, A. Sergent, C. Tenaud, and R. Salem. Highly resolved large

eddy simulations of a binary mixture flow in a cavity with two vents: Influence of the
computational domain. International Journal of Hydrogen Energy, 44(17):8856 – 8873,
2019.
[2] CEA TRUST-TrioCFD code. http://www-trio-u.cea.fr
[3] P.F. Linden, The fluid mechanics of natural ventilation. Annual Review Fluid Mechanics,
Vol. 31, pp. 201-238, 1999.
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Presented conceptual development is a continuation for the work performed within a EU project
(ATLLAS-II) aimed for advanced technologies for a new generation SST - supersonic transport
aircraft [1]. The demand of high performance characteristics for SST has led to aerodynamically
unstable aircraft configuration as a starting reference. Initially the focus was on the assessment
of the tailless configuration concept, where significant advantages may be envisaged if this
approach is to be combined with a flight dynamics unconventional strategy. In this context, a
tailless supersonic aircraft is by definition an unstable aircraft that can be flown only with the
aid of a flight controller (i.e. in a closed loop) and a revolutionary mass allocation/dynamics
system. Increased maturity of key technologies for the dynamics of sustainable supersonic flight
makes possible development of a new generation of supersonic aircraft where disruptive
technologies will play a key role.
In this paper we continue to assess the benefit of the tailless configuration in terms of weight
savings (in the order of 17%) and we introduce the concept of dynamic configuration control
for the new SST design (tailless) where we achieve control using dynamic allocation of mass
and overall optimization [2]. This is highlighted mainly for spin recovery control, with
extensions towards more complex dynamics. From direct analysis using 6 DOF model for the
coupled motions, we define the strategy to control a new design (tailless configuration) able to
achieve antispin from combined morphing (forcing the inner wing down relative to the spin
axis and avoid tilting the outer wing down) and generating gyroscopic “cross-couple” inertia
effect to terminate the spinning motion using real time mass dynamics allocations. A reference
configuration is used as starting point, so that a derived optimized tailless configuration is
finally generated.
Some preliminary wind tunnel tests results are also presented for our reference configuration in
order to justify the potential benefits, together with development strategy including fluidic
controls for a tailless SST. Finally, based on a preliminary set of data obtained on this dedicated
model for a new generation SST, a global optimization strategy is proposed that includes a very
special role for the handling qualities/flight dynamics evaluation module. The predicted
dynamic performance is compared to state of the art airworthiness regulations and evolutions
of some representative new concepts.
REFERENCES
[1] C. Nae, Tailless Supersonic Aircraft Configuration – Case Study for Future High Speed

Aircrafts, CEAS 2017 Conference, 10-16 October 2017, Bucharest, Romania, 2017.

[2] C. Nae, Design Optimization and Dynamic Characterization of a Tailless High Speed

Aircraft Configuration, 9th EASN International Conference on Innovation in Aviation &
Space, 3-6 September 2019, Athens, Greece, 2019.
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The goal of this project is to deal with fluid-structure interaction, considering a thin structure in Lagrangian formalism. Currently, this type of problems can be solved explicitly, using [4] or [5] for the
fluid part, and [3] or [6] for the elastic part. As the thickness of the structure can be very fine and the
sound speed very high, it forces the time step used in the scheme to be very small. Consequently, it is
difficult to obtain good numerical results at least cost.
To overcome this problem, the idea is to use implicit schemes. To begin with, we will study the hydrodynamic part, described by compressible Euler equations in one dimension in semi-Lagrangian formalism.
All the schemes presented hereafter are low Mach number compatible and represent an implicit version
of the one dimension acoustic solver. The presentation will be articulated around two main approaches.
Firstly, in their article [1], Chalons, Coquel and Marmignon talk about a relaxation method for the
pressure term and propose a corresponding scheme. We will adapt their method in an implicit version for
the semi-Lagrangian case. Then, we will discuss about the linearization method of the unknowns derived
from an idea of Després [2], and the schemes resulting from it. Finally, we will analyze the schemes and
give examples and numerical results of diverse tests, demonstrating the accuracy and robustness of those
schemes compare to the explicit acoustic solver.
REFERENCES
[1] C. Chalons, F. Coquel and C. Marmignon. Time-implicit approximation of the multi-pressure gas
dynamics equations in several space dimensions. SIAM, 48 :1678–1706, 2010.
[2] B. Després. Numerical methods for Eulerian and Lagrangian conservation laws. Birkhäuser Basel,
2017.
[3] G. Kluth and B. Després. Discretization of hyperelasticity on unstructured mesh with a cell-centered
lagrangian scheme. J. Comput. Phys., 229(24):9092–9118, 2010.
[4] B. Després and C. Mazeran. Lagrangian gas dynamics in 2D and lagrangian systems. Anch. Rat.
Mech. Anal. 178:327-372, 2005.
[5] P. H. Maire, R. Abgrall, J. Breil and J. Ovadia. A cell-centered lagrangian scheme for 2D compressible flow problems. Siam. J. Sci. Comp., 29, 2007.
[6] P. H. Maire, R. Abgrall, J. Breil, R. Loubère and B. Rebourcet. A nominally second-order cellcentered Lagrangian scheme for simulating elastic-plastic flows on two-dimensional unstructured
grids. Journal of Computational Physics, 10.1016/j.jcp.2012.10.017, 2012.
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VOF algorithms allow the conservative tracking of interfaces for compressible non viscous flows calculations. Standard references are [2, 8] for historical references on VOF methods (KRAKEN code,
YOUNGS method) for compressible flows and [6, 4] for a more comprehensive presentation of the topic
(algorithms LVIRA, ELVIRA and GRAD). Another name in the field is the PLIC method (Piecewise
linear interface calculation), the Youngs algorithm being an example. Recent developments on the MOF
method which adresses high order extensions with different ideas are described in [1].
In this study [3], we explore a new path and establish the feasibility of Machine-Learning-designed
Volume of Fluid algorithms for compressible flows, in the spirit of recent studies like [7, 5]. An additivity
principle is formulated for the Machine Learning datasets. A key feature of this approach is how to adapt
the compressible solver to the preservation of natural symmetries on Cartesian grids. The new VOF-ML
schemes show good accuracy for a variety of interfaces: regular interfaces (straight lines and arcs of
circle), Lipschitz interfaces (corners) and a non Lipschitz triple point (the Trifolium test problem).
REFERENCES
[1] H.T. Ahn and M. Shashkov, Multi-material interface reconstruction on generalized polyhedral
meshes, JCP 226, no. 2, 2096–2132, 2007.
[2] R.B. DeBar, Fundamentals of the KRAKEN code, Lawrence Livermore Lab., 1974.
[3] B. Després and H. Jourdren, Machine Learning design of Volume of Fluid schemes for compressible
flows, submitted to JCP
[4] J. E. Pilliod Jr. and E. G. Puckett, Second-order accurate volume-of-fluid algorithms for tracking
material interfaces, JCP 199, 465-502, 2004.
[5] Y. Qi, J. Lu, R. Scardovelli, S. Zaleski and G. Tryggvason, Computing curvature for volume of fluid
methods using machine learning, JCP 377, 155-161, 2019.
[6] W.J. Rider and D.B. Kothe, Reconstructing volume tracking, JCP, 141, 112-152, 1998.
[7] Q. Wang, J. S. Hesthaven and D. Ray, Non-intrusive reduced order modeling of unsteady flows
using artificial neural networks with application to a combustion problem, JCP, 384, 289-307, 2019.
[8] D.L. Youngs, Time-dependent multi-material flow with large fluid distortion, Numerical methods
for fluid dynamics, Morton and Baines Editors, 273-285, 1982.
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Heat transfer is an essential part of any thermal energy process. By improving the heat transfer in devices, which are used for example in the chemical, energy and automotive industries, their efficiency can
be increased and the use of resources minimized. Tubes with micro-structured walls are developed to
optimize the heat transfer. So far, product development has traditionally relied on experience and experimentation, which leads to long development cycles and makes optimization more difficult. In the future,
numerical calculation methods will be included in the optimization process. For this purpose, Large
Eddy simulations are performed to predict the turbulent heat transport with high accuracy. Compared to
conventional methods, this calculation method requires a finer grid resolution and therefore more computing power. Here the open source software OpenFoam is used to allow parallel parallel calculations on
a high-performance computing cluster. OpenFOAM uses MPI for the parallelisation of the simulations.
Since the structures on the walls of the pipes are very complex, it is necessary to use unstructured grids
with a large number of cells. Otherwise, the surfaces cannot be reproduced accurately with the mesh.
The number of cells for current simulations is between 30 and 50 million, therefore a large amount of
memory and process power is needed for the mesh generation. This is why OpenFOAM is used to do
this on a high-performance cluster. For the large eddy simulation with such a high number of cells a
massively parallel system is needed to keep the computational time in a reasonable range. Here the number of processors plays an important role to achieve the best possible scaling of the performance and at
the same time to keep the waiting time for the individual simulations as short as possible. In this case,
the calculations are performed on the research high-performance computer ForHLR II. This computer is
funded by the state of Baden-Württemberg and the federal government and is designed for calculations
with three to four-digit processor numbers.
The goal of this study is to apply the validated simulation concept to the development of new tube
geometries. In the future this will make it possible to give percise statements about heat transport and
pressure loss using simulations and optimizing the geometries with regard to these two variables.
In the current work, differently structured wall geometries are analyzed and characterized with respect
to heat transfer.
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We consider compressible fluid models in regimes where we have different scales in the eigenvalue
structure. The most common example is the Euler equations in the low-Mach regime [1]. This structure
generates problems where we have some wave propagation with a fast velocity compare to the fluid
dynamic. In some case we want filter the fast wave dynamic and capture only the slow fluid dynamic.
If we use a classical explicit finite volume scheme we must choose the discretization parameter small
that the ratio between the scale which is too constraining.. In general, we use an implicit scheme to treat
this problem. However the multi-scale structure generate ill-conditioned matrix [2]. Since some years
the semim-implicit method gives good behavior. Here we propose a method based on the relaxation
approach and a dynamic splitting to construct a semi-implicit scheme. The relaxation method allows to
linearize the fast scale using a larger, but linear system with a stiff source term [2]-[3]. It allows to obtain
a scheme which is adapted to the regime and it especially allows to obtain an implicit part simplified at
its maximum (constant matrix in time, linear problem etc, coercive reduced problem to invert). For the
spatial part we propose new finite-volume schemes based on the linearization obtained by the relaxation
for the explicit part and a centered/staggered finite difference for the implicit part. We consider different
examples in 1D: Euler in the low-Mach regime, Shallow-Water with topography source terms in the lowFroude regime and ideal/Hall MHD in the low-Mach/ low-Beta regime [4]. For these examples we will
show that this method allows to treat multiscale-flow with a closed to uniform CPU cost compare to the
small parameter (ratio between the scales). At the end we will give results and perspectives for the 2D
cases and for the high-order extension.
REFERENCES
[1] G. Dimarco, R. Loubère, and M. H. Vignal. Study of a New Asymptotic Preserving Scheme for the
Euler System in the Low Mach Number Limit. SIAM J. Sci. Comput., 39(5), A2099–A2128.
[2] D.Coulette, E.Franck, P.Helluy, A.Ratnani, E.Sonnendrücker. Implicit time schemes for compressible fluid models based on relaxation methods. Computers and Fluids, Volume 188, 30 June 2019,
Pages 70-85.
[3] F. Bouchut, C. Chalons, S. Buisset. An entropy satisfying two-speed relaxation system for the
barotropic Euler equations. Application to the numerical approximation of low Mach number flows.
[4] F. Bouchut, C. Klingenberg, K. Waagan. A multiwave approximate Riemann solver for ideal MHD
based on relaxation I-Theoretical framework. Numer. Math., 108(1):7–42, 2007
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We describe an Arbitrary-Lagrangian-Eulerian (ALE) method for the compressible Euler system with
capillary force. The algorithm is split in two steps. First, the Lagrangian step is based on cell-centered
schemes [1, 2, 3]. The surface tension force is discretized in order to exactly verify the Laplace law at the
discrete level. We also provide a second-order spatial extension and a low-Mach correction, which do not
break the well-balanced property of the scheme. The Lagrangian scheme is assessed on several problems,
particularly on a linear Richtmyer-Meshkov instability which is the targeted application. The second step
is the rezoning and remapping done thanks to a swept-region method using exact intersections near the
interface. We use a Volume Of Fluid (VOF) method to track the interface. We describe the treatment of
mixed-cells, and in particular the thermodynamics closure and the curvature calculation. The new scheme
is used to investigate the influence of surface tension on a non-linear Richtmyer-Meshkov instability.
REFERENCES
[1] D.E. Burton, T.C. Carney, N.R. Morgan, S.K. Sambasivan, and M.J. Shashkov. A cell-centered
Lagrangian Godunov-like method for solid dynamics. Computers & Fluids, 83:33–47, 2013.
[2] B. Després and C. Mazeran. Lagrangian gas dynamics in two dimensions and Lagrangian systems.
Archive for Rational Mechanics and Analysis, 178(3):327–372, 2005.
[3] P.-H. Maire, R. Abgrall, J. Breil, and J. Ovadia. A cell-centered Lagrangian scheme for twodimensional compressible flow problems. SIAM Journal on Scientific Computing, 29(4):1781–1824,
2007.
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This minisymposium (MS) will gather researchers working on Numerical Methods for MultiMaterial Fluid Flow (MULTIMAT).
We aim at pushing forward the state-of-the-art in the field of multi-phase and multi-material
flow problems. Researchers from academic and/or laboratory institutions will focus their
discussions on relevant numerical methods, including the analysis of such methods as well
as the modeling of complex multi-material flows, which is essential for the investigation
and development of new sources of energy, including inertial confinement fusion.
The key words of this MS are to be found within:
• Lagrangian hydrodynamics,
•

Arbitrary Lagrangian Eulerian (ALE) methods,

•

Eulerian and diffuse interface methods,

•

Multi-material diffusion,

•

Interface reconstruction methods,

•

Multiphase flows,

•

Remapping, Mesh rezoning,

•

Advanced discretization methods,

•

High-order nonlinear methods,

•

Numerical methods for complex constitutive models.
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A PRIORI NEURAL NETWORKS VS A POSTERIORI MOOD LOOP — A
HIGH ACCURATE 1D FV SCHEME TESTING BED.
Alexandre Bourriaud1 , Raphaël Loubère2 and Rodolphe Turpault3
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system, a posteriori MOOD.
In this work we present an attempt to replace an a posteriori MOOD loop used in a high accurate Finite
Volume (FV) scheme by a trained artificial Neural Network (NN). The MOOD loop, by decrementing the
reconstruction polynomial degrees, ensures accuracy, essentially non-oscillatory, robustness properties
and preserves physical features. Indeed it replaces the classical a priori limiting strategy by an a posteriori troubled cell detection, supplemented with a local time-step re-computation using a lower order FV
scheme (ie lower polynomial degree reconstructions). We have trained shallow NNs made of only two
so-called hidden layers and few perceptrons which a priori produces an educated guess (classification)
of the appropriate polynomial degree to be used in a given cell knowing the physical and numerical states
in its vicinity. We present a proof of concept in 1D. The strategy to train and use such NNs is described
on several 1D toy models: scalar advection and Burgers’ equation, the isentropic Euler and radiative
M1 systems. Each toy model brings new difficulties which are enlightened on the obtained numerical
solutions. On these toy models, and for the proposed test cases, we observe that an artificial NN can be
trained and substituted to the a posteriori MOOD loop in mimicking the numerical admissibility criteria and predicting the appropriate polynomial degree to be employed safely. The physical admissibility
criteria is however still dealt with the a posteriori MOOD loop. Constructing a valid training data set
is of paramount importance, but once available, the numerical scheme supplemented with NN produces
promising results in this 1D setting.
REFERENCES

2102

A De
F.
Stable
Vuyst,
andC.
Accurate
Fochesato,
Diffuse-Interface
R. Motte, S. Nandan
Method
and
with
M.Application
Peybernes to Exchange Models
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

A STABLE AND ACCURATE DIFFUSE-INTERFACE METHOD
WITH APPLICATION TO EXCHANGE MODELS
F. De Vuyst¹, C. Fochesato2, R. Motte³, S. Nandan2, and M. Peybernes2
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Anti-dissipative transport schemes have known an increasing interest for interface capturing
problems and multi-component compressible flows [1, 2, 3] during the past years. Their
simplicity of implementation and natural extension to 3D computations make them attractive
alternative methods compared to interface tracking methods like VOF. However, they still know
accuracy issues and interfaces instabilities in some cases. In addition, during interactions
between phases, additional modeling questions arise. Indeed, taking into account a modeling
defined for a sharp interface in a diffuse setting is not obvious since we cannot rely on
equilibrium hypotheses. In fact, the exchange surface is no longer naturally defined (neither its
position nor its surface).
This work is aimed at improving both stability and accuracy issues of compressive interface
capturing methods. We present a “shape-preserving” local extremum diminishing explicit
conservative advection scheme that takes into account some local geometrical properties of the
interface. Then this method is evaluated and adapted to the treatment of exchange models
(especially for the thermal conduction between two phases in temperature imbalance).
REFERENCES
[1] B. Després and F. Lagoutière, Contact discontinuity capturing schemes for linear advection

and compressible gas dynamics, SIAM Journal of Scientific Computing 16, 479–524
(2001).
[2] V. Faucher and S. Kokh, Extended Vofire algorithm for fast transient fluid-structure
dynamics with liquid-gas flows and interfaces, J. Fluids and Structures 39 (2013) 102–125.
[3] A. Bernard-Champmartin and F. De Vuyst, A low diffusive Lagrange-remap scheme for
the simulation of violent air-water free-surface flows, Journal of Computational Physics,
Vol. 274, pp 19–49 (2014).
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A Subscale Closure Model for 3D Cell-Centered Hydrodynamics
with Multi-Material Remap
Vincent Chiravalle*1, Andrew Barlow2 and Nathaniel Morgan3
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3
Los Alamos National Laboratory, P.O. Box 1663 Los Alamos NM 87545 (USA), nmorgan@lanl.gov
1

Key Words: ALE methods, higher-order nonlinear methods, multi-material diffusion
We extend our higher-order cell-centered hydrodynamic (CCH) method [1] to include an interfaceaware subscale dynamics (IA-SSD) closure model [2] that is suitable for simulating 3D compressible
flows containing multi-material cells within an arbitrary Lagrange-Eulerian (ALE) framework using a
swept-face remap. Individual materials are represented as 3D polygons determined using piece-wise
linear interface reconstruction. We use quadratic polynomials to represent velocity and material stress
in a cell. A discrete Mach number is used as a troubled-cell indicator to isolate the polynomial limiting
to cells near a shock. The individual material pressures within a multi-material cell are driven towards
equilibrium by the IA-SSD closure model. The accuracy and robustness of our multi-material 3D CCH
method with IA-SSD is demonstrated by simulating a suite of 3D Cartesian problems, each involving at
least two materials using ALE (Lagrange plus remap). A simulation of a two-material vortex is shown
in Fig. 1 using the higher-order CCH method with the IA-SSD closure model.

Figure 1. A simulation of the triple-point vortex test problem with a 210x90x1 mesh.
LANL document number: LA-UR-19-32469.

REFERENCES
[1] V. Chiravalle and N. Morgan, A 3D Lagrangian cell-centered hydrodynamic method with higherorder reconstructions for gas and solid dynamics. Computers and Mathematics with Applications,

Vol. 78, pp. 298-317, 2019.

[2] A. Barlow, M. Klima, and M. Shashkov, Constrained optimization framework for interface-aware
sub-scale dynamics models for voids closure in Lagrangian hydrodynamics, Journal of
Computational Physics, Vol. 371, pp. 914–944, 2018.
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AN INTERFACE-AWARE SUB-SCALE DYNAMICS MULTI-MATERIAL
CELL MODEL FOR IMPACTS AT ALL SPEEDS
Matej Klima∗,1 , Andrew Barlow2 , Milan Kucharik1 and Mikhail Shashkov3
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Brehova 7, Praha 1, 115 19, Czech Republic
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The indirect Arbitrary Lagrangian-Eulerian (ALE) framework is a combination of a purely Lagrangian
numerical approximation of the fluid flow with arbitrarily defined mesh smoothing and subsequent conservative quantity remapping. This class of methods can be also applied to multi-material flows with
non-diffuse interfaces – an effective approach for simulating high-speed impact problems. A closure
model is then required to supplement the fluid equations in multi-material computational cells.
The interface-aware sub-scale dynamics (IA-SSD) closure model [1] calculates the quantities in each
multi-material cell in two stages: First it treats the bulk movement of the whole cell and then utilizes
the exact material interface geometry to calculate internal material interactions. This model was initially
developed for fluid interactions and further extended with voids [2], allowing vacuum gaps to close,
enabling transition from free motion to a contact interface interaction. We present a recent extension [3]
of the IA-SSD model which includes solid materials and void opening, enabling us to simulate rebound
in elastic materials after impact. The improved bulk stage of this model takes into account the actual
compressibility of each material and characteristic deformation directions to describe low speed elasticdominated impacts more accurately.
REFERENCES
[1] A. Barlow, R. Hill, M. Shashkov, Constrained optimization framework for interface-aware subscale dynamics closure model for multimaterial cells in Lagrangian and arbitrary LagrangianEulerian hydrodynamics. Journal of Computational Physics (2014) 276:92–135.
[2] A. Barlow, M. Klima, M. Shashkov, Constrained optimization framework for interface-aware subscale dynamics models for voids closure in Lagrangian hydrodynamics. Journal of Computational
Physics (2018) 371:914–944.
[3] M. Klima, A. Barlow, M. Kucharik, M. Shashkov, An interface-aware sub-scale dynamics multimaterial cell model for solids with void closure and opening at all speeds. Computers & Fluids
(2019), Submitted.
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INTERFACE SHARPENING BASED ON AN HLL-HLLC COMPOSITE
RIEMANN SOLVER FOR TWO-PHASE FLOW CALCULATIONS
Igor Menshov¹,2 and Chao Zhang³
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Key Words: two-phase flow, interface sharpening, composite Riemann problem.
The paper addresses a novel interface-capturing approach for two-phase flows governed by
the five-equation model [1]. In this model, two fluids separated with an interface are treated as
a homogenous fluid with a characteristic function (volume fraction) determining the location
of the fluids and the interface. To suppress the numerical diffusion of the interface, we
reconstruct the discontinuity of the volume fraction in each composite (mixed) cell that
contains two materials. This sub-cell reconstruction gives rise to the Composite Riemann
Problem (CRP) [2] whose solution is used to calculate the numerical flux through cell faces
which bound mixed cells. A hybrid HLL-HLLC [3] method is incorporated to approximate
the solution of the CRP. The CRP method is shown to reduce the interface numerical
diffusion without introducing spurious oscillations. Its performance and robustness is
examined by a variety of 1D and 2D numerical tests, such as the shock-bubble interaction
problem, the triple- point problem, and the Richtmyer–Meshkov instability problem. A
comparison analysis is given for the proposed HLL-HLLC CRP-based sharpening scheme
and alternative approaches. For illustration we show in the Figure given some results of such
comparison, where the CRP-solution is plotted with the solutions obtained with the
conventional MUSCLE 2nd order scheme and the MUSCLE scheme implemented with the
THINC interface sharpening method.

REFERENCES

[1] G. Allaire , S. Clerc , S. Kokh , A five-equation model for the simulation of interfaces

between compressible fluids. J. Comput. Phys. Vol. 181, pp. 577–616, 2002.

[2] I. Menshov , P. Zakharov, On the composite Riemann problem for multi-material fluid

flows. Int. J. Numer. Methods Fluids, Vol. 76, pp. 109–127, 2014.
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capturing interfaces in compressible two-phase flows, Applied Mathematics and
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Towards a genuinely non-linear accurate Finite Volume scheme
with a posteriori stabilization
R. Loubère,
University of Bordeaux, CNRS, France
S.Tann, F.Xiao,
Tokyo technical University, Tokyo, Japan
The purpose of this work is to build a general framework to reconstruct the underlying
fields within a Finite Volume (FV) scheme solving an hyperbolic system of PDEs (Partial
Differential Equations). In a FV context, the data are piece-wise constants per
computational cell and the physical fields are reconstructed taking into account neighbor
cell values. These reconstructions are further used to evaluate the physical fields which
are usually used to feed a Riemann solver.
The physical field reconstructions must obey some physical properties associated to the
system of PDEs (such as the positivity, entropy property, admissibility...) but also some
numerically based properties like an essentially non-oscillatory behavior, computer
admissibility representation (such as NaN, Inf). Moreover the reconstructions should be
high accurate for smooth flows and, at minima, robust/stable on discontinuous solutions
and possibly “accurate”, ie fews cells of numerical diffusion.
In this work we introduce a methodology to blend high or low order polynomials and nonlinear hyperbolic tangent reconstructions (THINC functions). A Boundary Variation
Diminishing (BVD) algorithm is employed to select the least dissipative reconstruction in
each cell. An a posteriori MOOD detection procedure is further employed to ensure the
physical admissibility and computer representation in the rare problematic cells (where
admissibility is not ensured) by a local re-computation of the solution with a robust firstorder FV scheme.
We illustrate the performance of the proposed scheme via the numerical simulations for
some benchmark tests which involve vacuum or near vacuum states, strong
discontinuities, high Mach flows, etc. The proposed scheme maintains high accuracy on
smooth profile, preserves the positivity and can eliminate the oscillation in the vicinity of
discontinuities while maintaining sharp discontinuity.
[1] Solution Property Preserving Reconstruction for Finite Volume scheme, Siengdy Tann,
Xi Deng, Yuya Shimizu, Raphaël Loubère, Feng Xiao, in revision IJNMF 2019.
[2] Limiter-free discontinuity-capturing scheme for compressible gas dynamics with
reactive fronts. X. Deng, B. Xie, R. Loubère, Y. Shimizu, F. Xiao, Computer & Fluids, 171,
p. 1-14, 2018
[3] A New Family of High Order Unstructured MOOD and ADER Finite Volume Schemes
for Multidimensional Systems of Hyperbolic Conservation Laws Raphaël Loubère and
Michael Dumbser and Steven Diot , Communication in Computational Physics, 16, pp.
718-763 (2014)
[4] A fifth-order shock capturing scheme with cascade boundary variation diminishing
algorithm, Xi Deng, Yuya Shimizu, Feng Xiao, accepted IJNMF 2019.
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VOF Interface Reconstruction with Curvature and Corner Definition
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Interface reconstruction with VOF (volume of fluids) is an essential requirement in an ALE
(Arbitrary Lagrange & Eulerian) simulation. Some historical issues associated with the Youngs
method have not been well addressed. One is that the slope estimate is not always accurate, a
more serious issue is that interface is discontinuous on cell faces with a given curved interface
geometry. Besides, with a VOF method a corner cannot be reconstructed in general.
We propose a new VOF approach in order to address these issues. We treat the case of a single
material and void, and the partial volumes in mixed cells exactly given. We assume no node is
owned by only mixed elements. This is generally true for a moderate curvature. Exceptions can
occur where a corner or curved portion is present and can be dealt with. All the nodes in mixed
cells can be coloured with pure elements thus to provide orientation of interface facets.
With a given mixed zone in two-dimensions we find its mixed neighbours and there are three
partial volumes (or two on boundary) given. A linear facet has two degrees of freedom therefore
can be reconstructed with a local optimization with volume matching. Then, in a facet normal
coordinate system defined by the above optimization, one can construct a quadratic facet with
three degrees of freedom that matches the three partial volumes. This is to say a planar interface
geometry can be locally exactly reconstructed away from a corner, and interface curvature can
be calculated with volume fractions. The case of a corner can be identified with a sudden slope
change and high curvature with noticeable gaps between neighbour facets. Then a local
optimization for matching volumes can again be performed and the corner is reconstructed.
We have implemented this new algorithm at LLNL. Preliminary tests show that exact planar
geometries can be reconstructed, and corners can be accurately defined. In the case of a curved
geometry, the gaps between neighbour facets are of high order and should help to improve the
accuracy of an ALE simulation. If necessary, the gaps between facets can be eliminated by a
local modification of a facet that does not affect the accuracy of the proposed algorithm.
The proposed algorithm is by nature applicable to an arbitrarily given mesh because the only
necessary requirement is a function to accurately compute the partial volume bounded by a
facet (linear, corner, circular, or quadratic). A similar approach is expected to work in 3D.
REFERENCES
[1] Milan Kucharik, Rao V. Garimela, Samuel P. Schofield, and Mikhial J. Shashkov, A
comparative study of interface reconstruction methods for multi-material ALE simulations,
Journal of Computational Physics, Vol. 229, pp 2432-2452, 2010.
[2] Jin Yao, ALE3D/SDOT work notes, Lawrence Livermore National Laboratory, 2019.
[3] Bob Tipton, Sam Schofield, Douglas Stillman, Britton Olson, and Chad Noble, Private
communications, Lawrence Livermore National Laboratory, Livermore, CA, USA, 2019.
Prepared by LLNL under Contract DE-AC52-07NA27344.
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ABSTRACT
Over 1.6 million kilometers of coastlines occur on the earth’s surface. These areas are subject to hazards
created by a range of natural events, such as earthquakes and hurricanes, which are a source for large
waves and have a negative economic and social impact on the affected areas. In recent decades,
mathematical and numerical modelling of free surface flows in realistic coastal environments represents
an active research field and has led to the capability for performing accurate simulations of nonlinear
and dispersive water waves. For large scale events, these simulations represent a necessary adjunct to
laboratory experiments. They have also become an essential complement to experimental investigations
at small scales, due to their potential of providing a more complete description of the underlying physics.
Significant research effort has been put into advancing understanding of important processes of wave
propagation, shoaling, diffraction, refraction, wave breaking and run-up over the shoreline; see for
example [1,2] and references therein. These advances improve our ability to understand and predict
impacts on coastal structures and urban areas. In this framework, a review of some of the most relevant
modelling approaches and numerical discretization techniques can be found in [3].
In this light, the mini-symposium is intended to collect multidisciplinary contributions that encompass
the most recent progress in the context of wave generation, propagation and run-up as well as in sheared
flows along with the wave breaking. We will focus on: i) mathematical models; ii) specific numerical
methods to tackle approximation difficulties; iii) applications.
REFERENCES
[1] Bacigaluppi, P., Ricchiuto, M. and Bonneton, P. Implementation and Evaluation of Breaking Detection
Criteria for a Hybrid Boussinesq Model. To appear in “Water Waves”, arXiv:1902.03021v1.

[2] Kazolea, M. and Ricchiuto, M. On wave breaking for Boussinesq-type models, “Ocean Modelling” 123
(2018):16-39.

[3] Kirby, J.T. Recent advances in nearshore wave, circulation and sediment transport modelling. “Journal of
Marine Research” 75 (2017): 263-300.
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AN EFFICIENT AND ROBUST GPGPU-BASED NEARSHORE WAVE MODEL
FOR REAL-TIME COMPUTATIONS OF COASTAL PROCESSES
Volker Roeber, Univ. Pau & Pays de l’Adour, E2S-UPPA; Chaire HPC-Waves, volker.roeber@univ-pau.fr

INTRODUCTION
Phase-resolving nearshore wave models play an
increasing role in coastal engineering design studies
and academic research efforts. Most of these numerical
models are built around Boussinesq-type and nonhydrostatic equations. Due to their depth-integrated
nature, the inherent 3D spatial dimensions are reduced
to a sequence of numerical problems in the 2D
horizontal plane while some of the vertical flow field is
still retained. In contrast to full 3D models, a simplified
depth-integrated structure allows for the solution of wave
processes over large computational domains. This has
lead to crucial assessment studies of tsunami and storm
wave related hazards.
Despite significant improvements in CPU power in the
past years, fast computations of nearshore waves over
domains with millions of cells not only still require
expensive hardware (computer clusters) but also
substantial amounts of time.
Graphics cards based GPGPU computer codes are an
attractive option to cut down on hardware expenses and
to reduce computational time with the potential of
utilizing these codes for real-time forecasts of coastal
hazards.

RESULTS
We have developed an efficient and accurate numerical
model to for the solution of depth-integrated governing
equations commonly encountered in the coastal
engineering community. The model has proven to be
well-balanced, convergent, and stable under a wide
range of CFL-conditions. In general, high-order time
discretization contributes to the stability and space
discretization increases the accuracy but little
improvement is found beyond second-order schemes.
The code also manages to correctly compute a range of
water flow problems including steady states, movingboundaries, bottom friction and porous media, open and
closed boundaries, and impact on obstacles.
The presented scheme is specifically suitable for
executions on GPGPUs where the efficiency increases
with the size of the domain. This makes this model an
attractive choice for computing large-scale problems and
implementation into operational forecasting procedures.
CONCLUSIONS
The GPGPU code allows for the computation of
nearshore waves over entire shoreline systems at fine
resolution, e.g. the Côte Basque in SW France. This
helps to explain the characteristic coastal processes that
govern such systems for a wide range of wave regimes.
The streamlined structure of the code makes the
implementation of the scheme easier and the
computation faster in comparison to existing CPU codes.

METHODOLOGY
In this project, we present an efficient and robust
numerical model for the solution of two sets of
equations: the Nonlinear Shallow Water Equations and a
set of Boussinesq-type equations. We investigate the
behavior of the numerical approximations of these
equations based on explicit and implicit time
integrations. The proposed numerical structure is
intentionally kept as lean as possible to provide the
baseline for a computationally efficient solution
structure. The model avoids the solution of Riemann
problems commonly encountered in the discretization
process of Finite Volume schemes to capture flow
discontinuities (wave breaking).
The robustness and accuracy of the numerical model
are verified and validated with a suite of benchmarking
problems based on analytical solutions as well as on
laboratory and field experiments.
We further analyze the effect of the order of time
integrations and spatial differentiations on accuracy and
stability of the solution.
Finally, we compare both CPU and GPGPU approaches
for the numerical solution of the discretized equations
and highlight the potential of GPGPUs versus
conventional CPUs with a particular emphasis on
NVIDIA‘s CUDA architecture. The code is further
optimized with overlapping computation and data
transfer techniques readily implemented in CUDA
streams.

Figure 1 – Snapshot from a dambreak problem showing
sharp shock fronts and wet/dry boundaries.
REFERENCES
Mihami (2019): GPGPU-based computer code for shallow
flows, MS thesis, Univ. Pau & Pays de l’Adour.
Roeber, Cheung, (2012): Boussinesq-type model for
energetic breaking waves in fringing reef environments.
Coastal Engineering, ELSEVIER, vol. 70: 1–20.
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1

Department of Energy and Process Engineering, Norwegian University of Science and Technology,
N-7491 Trondheim, Norway.
Email for correspondence: benjamin.smeltzer@ntnu.no

Key Words: Remote sensing, Ocean modelling, Surface waves
We present a new method for determining sub-surface shear currents beneath a water surface from measurements of the surface waves. Through a 3D Fourier transformation of the time-resolved wave picture,
the dispersion relation is effectively measured, from which the sub-surface current is constructed via an
inverse calculation procedure [1]. Remote determination of currents from the air measurements has great
advantages over standard in–situ measurements, able to cover whole areas of the sea surface in a fraction
of the time and cost required to measure at a single point using for instance acoustic Doppler current
profiling.
Our method the “polynomial effective depth method” (PEDM) generalises an ”effective depth method”
(EDM) already in standard use, and which 45 years after its invention by Stewart & Joy [2] still represents the state–of–the–art. Our new method is a simple, easily implemented extension of the EDM,
directly using the result of the latter to provide the improved estimate with little extra effort. The PEDM
shows significant improvements in accuracy over the EDM for vertical velocity profiles with significant
curvature. For strongly sheared, strongly curved profiles the improvement in relative accuracy compared
to the state–of–the–art is more than a factor 3. The PEDM is straightforward to implement for different
types of sea surface measurements, for instance using radar or optical (video) methods, taken from ships,
drones or even, in the future, satellites. It is highly suitable in tandem with ocean and wave models,
particularly in the coastal region where currents are prevalent and often strongly sheared.
Optimal implementation for flows with both horizontal and vertical gradients is investigated, in particular
the choice of window size in image analysis. A compromise must be made between the simultaneous
need to resolve longer wavelengths for vertical current determination and high spatial resolution for
horizontal gradients, favouring larger and smaller windows, respectively.
We demonstrate implementation of PEDM for data from X-band radar, optical drone footage, and surface
measurements in a wave-current laboratory, where in the latter also in situ current measurements are
available for validation.
REFERENCES
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[2] Stewart, R.H. and Joy, J.W. HF radio measurements of surface currents. Deep–Sea Res. Oceanogr.
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In the coastal environment, there are many applications which require study of wave propagation and
impact. Although much of the required physics has been well understood for years, new models continually are being developed, which better treat non-linearity, and dispersion. Multiple approaches exist, but
Boussinesq wave models have been particularly competitive in terms of physics modeled in a reasonable
computational time (e.g., [1, 2]). Applications of such models to real test cases are sometimes quite
complicated, for areas with large seabed slopes, issues of assimilating bathymetric and topographic data
onto computational grids, as well as regions with large tidal variation.
At the conference, results will be presented for a case study in the northeast Pacific Ocean, looking at
tsunami hazard modeling, showing all of the aforementioned issues, and different ways that they can
be treated. Results indicate that the chosen modeling approach is able to achieve a sufficiently high
predictive accuracy.
REFERENCES
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TVD solver for Boussinesq modeling of breaking waves and coastal inundation. Ocean Modelling,
43-44:36–51, 2012.
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We introduce a relaxation technique for solving the Serre—Saint-Venant equations for
dispersive waves. The novelty of this technique is the reformulation of the Serre—SaintVenant equations into a hyperbolic system which allows for explicit time stepping in the
numerical method and no special treatment for breaking waves. We then propose a secondorder (in space) approximation of the model using continuous finite elements that is wellbalanced and positivity preserving. The method is then numerically validated against
manufactured solutions and is illustrated by comparison with laboratory experiments.
REFERENCES
1.

Guermond, J-L., Popov, B., Tovar, E., Kees, C. Robust explicit relaxation technique for
solving the Green-Naghdi equations. Journal of Computational Physics, 399:108917, 17,
2019.
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This work is devoted to the analysis and numerical treatment of inlet/outlet boundary conditions of the
well-known Green-Naghdi model.
The investigation of boundary conditions for dispersive systems such as the Green-Naghdi model has
only started recently. While at the application level, some strategies have been proposed to avoid dispersive effects, only few studies, such as [3], propose a mathematical analysis of the boundary conditions.
Lately, several studies have proposed a numerical scheme of dispersive equations based on projecting
the solutions of a simpler system, in this case of the shallow water model, to a set of admissible solutions
[1, 4]. This strategy is well known in the case of incompressible Navier-Stokes equations. In the case of
non-homogeneous boundary conditions, the solution is defined via an auxiliary problem satisfying the
boundary conditions, see [2].
Our aim is to adapt the inlet/outlet boundary condition strategy used for incompressible Navier-Stokes
equations to the Green-Naghdi model. Inlet/outlet conditions are essential for the simulation of (nearly)
steady flows, such as river flows, where dispersive models are required to simulate physical hydraulic
jumps. This work paves the way for the numerical analysis of more complex hydraulic jumps [5], which
may help to model breaking waves.
REFERENCES
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navier-stokes equations. Discrete and Continuous Dynamical Systems - Series B 7, 2 (Dec 2006),
219–250.
[3] K AZAKOVA , M., AND N OBLE , P. Discrete transparent boundary conditions for the linearized
Green-Naghdi system of equations. working paper or preprint, Oct. 2017.
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flow. International Journal for Numerical Methods in Fluids 91, 10 (2019), 509–531.
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One of the most well-known questions within the coastal community is whether or not a model suits
the representation of the propagation and run-up of large waves in coastal areas. The debate is often
divided within a point of view, assessing that a quick, but “less accurate” esteem of the possible impact
on shores is preferrable to a more detailed, but computationally expensive approach. The answer to this
question, nevertheless, is highly scale-dependant and is not at all straightforward. While ocean tsunamis
have undergone an increased attention in the past decades, such as the 2004 Sumatra, the 2011 Tohoku
and the 2018 Palu event, less studies have been provided in the context of lake tsunamis. However, it is
well known from hystorical and recent reports (e.g. 2019 Laguna Palcacocha, Peru), how submerged and
subaerial spontanous slope collapse may trigger tsunamis that have severe impact on the population. In
this context scales are very different from tsunamis that appear in oceans. This has motivated an ongoing
project, which aims at the study of processes linked with the tsunami hazard and relies on the detailed
and rich field data availability. The goal of this contribution is to share some recent progress in the
study of tsunami waves on lake scales obtained via the development and benchmarking of the GPGPU
accelerated software BASEMENT.
REFERENCES
[1] BASEMENT software v3.0, https://basement.ethz.ch/about.html.
[2] M. Strasser, M. Hilbe and F.S. Anselmetti. Mapping basin-wide subaquatic slope failure susceptibility as a tool to assess regional seismic and tsunami hazards. Marine Geophysical Research (2011)
32:331–347.
[3] M. Strupler, L. Danciu, M. Hilbe, K. Kremer, F.S. Anselmetti, M. Strasser and S. Wiemer. A
subaqueous hazard map for earthquake-triggered landslides in Lake Zurich, Switzerland. Natural
Hazards (2018) 90:51–78.
[4] P. Watts, S.T. Grilli, D.R. Tappin and G.J. Fryer. Tsunami Generation by Submarine Mass Failure.
II: Predictive Equations and Case Studies Journal of Waterway, Port, Coastal, and Ocean Engineering (2005) 131:298–310.
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Practical applications of coastal engineering require to incorporate as much as possible of the
physics of the wave behaviour into numerical models and, at the same time, maintain the
computational cost as low as possible. As waves propagate towards the shore, the most
complicated, yet fundamental, phenomenon to be taken into account is wave breaking. A
detailed numerical modelling of the associated air-water mixing, turbulence production, and
vorticity injection may be crucial to the understanding of the process, but it seems to be
impractically time-consuming for engineering purposes. However, simple analytical models
may provide the means to include the effects of the turbulent, two-phase flow forming at the
front face of the breaking wave with no loss of computing efficiency.
Based on the theoretical framework introduced by Brocchini and Peregrine [1] to describe the
dynamics of strong turbulence at free surfaces, which was further developed by Brocchini [2]
for bubbly/splashing air-water interfaces, a new set of boundary conditions is proposed for
spilling breaking waves. These new boundary conditions are applied at the base of the twophase layer that characterizes the surface of a spilling breaker, enabling numerical models to
take the air-water interaction into account with no need to use fine grids and complicated twophase free surface tracking methods. The new boundary conditions allow for mass and
momentum exchange across the base of the two-phase layer. The values of pressure, normalto-the surface gradient of the turbulent kinetic energy (TKE) and shear stress at the base of the
two-phase layer are computed based on the new mathematical formulations. The new
boundary conditions are implemented in a 2DV shock-capturing, non-hydrostatic numerical
model. In order to further increase the time efficiency, the advection and diffusion terms are
solved on a fine grid, whereas the pressure terms are solved on a coarse grid. The numerical
model has been used to simulate well-known experimental test cases. Predictions of breaking
height and location, free surface level distribution inside the surf zone, horizontal velocity
near the surface and TKE distribution have improved significantly.
REFERENCES
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We consider the issue of wave breaking closure for the well known Green-Naghdi model, and attempt
at providing some more understanding of the sensitivity of some closure approaches to the numerical
set-up. More precisely and based on [1] we focus on two closure strategies for modelling wave breaking.
The first one is the hybrid method consisting of suppressing the dispersive terms on a breaking region
and the second one is an eddy viscosity approach based on the solution of a turbulent kinetic energy
model. The two closures use the same conditions for the triggering of the breaking mechanisms. Both
the triggering conditions and the breaking models themselves use case depended / ad hoc parameters
which are affecting the numerical solution while changing. The scope of this work is to make use of
sensitivity indexes computed by means of Analysis of Variance (ANOVA) to provide the sensitivity of
wave breaking simulation to the variation of parameters such as the mesh size and the breaking parameters involved in each breaking model. The sensitivity analysis is performed using the UQlab framework
for Uncertainty Quantification [2].
REFERENCES
[1] Kazolea, M. and Ricchiuto, M. On wave breaking for Boussinesq-type models. Ocean Modelling,
(2018) 123:16–39.
[2] Stefano Marelli and Bruno Sudret, UQLab: A Framework for Uncertainty Quantification in MATLAB, In The 2nd International Conference on Vulnerability and Risk Analysis and Management
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Laboratoire I2M, Université de Bordeaux, France, Pierre.Lubin@enscbp.fr

Key Words: Breaking wave, Numerical simulation, Navier-Stokes equations, Breaking criteria
Surface wave breaking, occurring from the ocean to the coastal zone, is a complex and challenging twophase flow phenomenon which plays an important role in numerous processes, including air–sea transfer
of gas, momentum and energy. Recent modelling attempts are struggling with the lack of physical
knowledge of the finest details of the breaking processes. Furthermore, no universal scaling laws for
physical variables have been found so far. Hence, parameterising and characterising breaking effects
becomes very difficult.
The pre- and post-breaking events can be quantified [1], detected [2] and qualified following breaking
criteria. These criteria can be directly linked to geometrical quantities (wavelength, amplitude, depth,
etc.) in order to predict the breaking type [3], its localisation and the energy dissipated during the
breaking process.
Numerous accurate numerical simulations were performed to gain further insight on predicted and quantified a breaking wave. We aim at presenting and discussing geometrical characteristics and the energy
dissipated for small and intermediate breaking waves.
REFERENCES
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We describe the development of a time-resolved model for tsunami-induced morphology change, based
on an existing Boussinesq model for weakly-dispersive free-surface waves coupled to a depth-integrated
model for sediment concentration and an equation for bed level change. The model allows for spatial
variability in bottom friction coefficients and accounts for the presence of non-erodible beds or finite
depths of available sediment. The model is verified using one laboratory data set and against field observations of morphology change in the Crescent City, CA harbor during the 2011 Tohoku tsunami event.
The model is then applied to a speculative example illustrating the impact of tsunami inundation on an
undeveloped barrier island.
Tsunami hazard assessments performed using numerical simulation do not consider the potential for
morphological changes during tsunami inundation as a possible contribution to the overall hazard assessment. Present standards for the development of tsunami inundation maps for use by emergency
management agencies typically rely on the use of fixed bathymetry and topography taken from bare
earth DEM’s. We hypothesize that progressive erosion and redistribution of material during tsunami
events can modify erodible planforms in a manner that can lead to more extensive inundation, mainly
through the mechanism of flattening of dunes but also through the development of breaches. To test this
hypothesis, we use the present model to carry out a reanalysis of inundation in the Ocean City, MD and
additional sites, and compare results to previous inundation maps developed based on fixed bare earth
DEM’s.
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Climate changes are expected to increase coastal flooding hazard in years to come with
devastating effects in terms of human victims and economic losses. Assessing and predicting
the risk has become a paramount importance factor. To achieve this target, very high resolutions
simulations are mandatory, as well as a probabilistic approach on the (hundreds/thousands
computations). Hence the need to employ high-performance models.
UHAINA is a new phase-resolving free surface wave model for coastal engineering problems,
devoted to model regional scale sea-level and storm surge as well as wave transformation
processes in coastal waters and flooding. It is based on the most advanced and recent
contributions in coastal modelling from the french institutes EPOC, IMAG, IMB, INRIA BSO
and BRGM. It employs a non-classical version of the depth-integrated fully-nonlinear and
weakly-dispersive equations of Green-Naghdi, which allows an efficient solution strategy and
numerical implementation [1, 2, 3]. A hybrid strategy is implemented to model energy
dissipation in breaking regions, by locally reverting to the Shallow Water equations. The
UHAINA model relies on libraries developed at the INRIA BSO center, such as AeroSol for its
hydrodynamic core, and PaMPA and SCOTCH to handle data management for distributed
memory parallel computation. The use of these libraries, in particular AeroSol, offers a wide
range of possibilities including arbitrary high-order finite element discretizations, hybrid
meshes (structured and unstructured), as well as an advanced programming environment
specially designed by the purpose of performance and HPC. The currently operational part of
the code is presented and its potential is validated and demonstrated on a series of academic
test cases and realistic scenarios.
Thank to abovementioned properties, we will be able, in years to come, to release of a new
efficient and robust open source wave modelling platform, available for a large community of
users and very suitable for practical coastal applications.
REFERENCES
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Coastal flooding is mainly caused by meteorological and telluric phenomena which occur at the scale of
the oceanic basin. The numerical simulation of such events requires to solve the governing equations in
a spherical geometry. In this work we consider the shallow water equations which provide satisfactory
results for tide/storm surge and tsunami simulations. Two methods have emerged in the past to deal with
Earth curvature. A common approach among contemporary ocean models is a 2D parametrization of the
sphere (typically a latitude-longitude representation associated with structured grids [1]). In this case,
the primitive or shallow water equations are written directly on the curved manifold meaning that all the
differential operators (either in a conservative form or not) are transformed into a 2D parametric space.
A second approach consists instead in resolving the governing PDEs in 3D and then adding a constraint
to force the currents to remain tangent to the sphere [2].
A third approach seems to combine the advantages of both methods [3]: momentum time derivative
is written with respect to 2D components while the right-hand side is first expressed in 3D and then
projected back onto the sphere surface by a simple scalar product with respect to the tangent basis. The
advantage is that we keep the number of unknown at a minimum (depth, northward/eastward momentum)
and, at the same time, we have a simple right-hand side with no need to transform differential operators.
Moreover, even if the pole problem is not crucial in ocean modeling, no special treatment is needed in
polar regions to preserve accuracy and to conserve global mass.
Here we present some improvements of the original work of [3] by using an exact representation of
the sphere, thus canceling the geometrical error related to the sphere curvature and the need of a high
order representation of the spherical elements for a high order solution. In a Discontinuous Galerkin
framework, the mass-matrix and the Riemann Problem also simplify thanks to exactness of the sphere
representation. Second we look in more details to well balancedness and free-stream preservation which
is not trivial in the case of curved elements such as the spherical triangles that compose our grid. We
evaluate the proposed methods on standard benchmarks for the shallow water equations on the sphere.
REFERENCES
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ABSTRACT
Accurate and precise approximation of eigenvalues and eigenfunctions is of fundamental
importance for several problems in science and engineering. The research in this area is pretty
active within the mathematical and engineering community; in particular, several progresses
have been made recently for what concerns a posteriori estimates and adaptive schemes. In
addition to the intrinsic difficulties related to this topic, the presence of varying parameters
can make the numerical solution of eigenvalue problems a difficult and challenging task due
to possible crossing of eigenvalues.
The aim of this minisymposium is to bring together experts on the numerical approximation
of eigenvalue problems arising from partial differential equations.
The topics of interest include, but are not limited to
•

Innovative numerical schemes

•

A priori error analysis

•

A posteriori error analysis and adaptivity

•

Solvers for large scale eigenvalue problems

•

Parameter dependent and stochastic eigenvalue problems

•

Modeling and approximation of application problems in science and engineering
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Abstract
Reactive impregnation (E. Blond [1], E. de Bilbao [2], O. Coussy[3]) concerns many areas of
science and engineering such as corrosion in the steel-making industry and chemical
engineering. Furthermore, reactive impregnation can become dangerous in some applications.
Simulating non-reactive impregnation modelled by J. Bear [4] with classical methods is the first
step to compute reactive impregnation. However, existing numerical methods present problems
such as high computational cost and spurious oscillation [5-6]. To avoid these computational
difficulties, we propose the Self-organized Gradient Percolation model. It is a numerical model
based on probabilistic approaches and in particular on percolation methods. The aim of this
work is to propose a 2D approach based on the 1D model developed by A.K. Nguyen [7]. The
first results are free from spurious oscillation and reduced drastically the computational cost
compared with the classical methods.
REFERENCES
[1] E. Blond, N. Schmitt, F. Hild, P. Blumenfeld, and J. Poirier, “Effect of Slag Impregnation on
Thermal Degradations in Refractories,” J American Ceramic Society, vol. 90, no. 1, pp. 154–162,
Jan. 2007.
[2] E. de Bilbao, J. Poirier, and M. Dombrowski, “Corrosion of high alumina refractories by Al 2 O 3CaO slag: thermodynamic and kinetic approaches,” Metallurgical Research & Technology, vol.
112, no. 6, p. 607, 2015.
[3] O. Coussy, “Mechanics and Physics of Porous Solids,” p. 297.
[4] J. Bear and Y. Bachmat, Introduction to Modeling of Transport Phenomena in Porous Media.
Dordrecht: Springer Netherlands, 1990.
[5] L. Pan, A. W. Warrick, and P. J. Wierenga, “Finite element methods for modeling water flow in
variably saturated porous media: Numerical oscillation and mass-distributed schemes,” Water
Resources Research, vol. 32, no. 6, pp. 1883–1889, Jun. 1996.
[6] M. A. Celia, E. T. Bouloutas, and R. L. Zarba, “A general mass-conservative numerical solution
for the unsaturated flow equation,” Water Resources Research, vol. 26, no. 7, pp. 1483–1496, Jul.
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gradient percolation method for numerical simulation of impregnation in porous media,”
Computer Methods in Applied Mechanics and Engineering, vol. 344, pp. 711–733, Feb. 2019.
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The fast reconstruction of eigenvalue loci when parameters of the problem are varying is of particular
interest in many engineering fields, like vibrations with uncertain parameters, waveguides, dynamic characterization of rotating machinery or instability prediction. Nevertheless, solving such problems remain
challenging as the numerical modelling of actual industrial structures generally involves large numbers
of degrees of freedom, which inherently restricts the computation when spanning the parameter’s range.
To avoid the use of brut force approaches, perturbation or interpolation techniques allow to get an accurate approximation of the eigenvalue loci by sampling the parametric space. The convergence of these
techniques are, however, sensitive to the smoothness of the original model and may be less efficient in the
vicinity of spectral degeneracies [1]. Here, we focus on the influence of the generic singularity of nonHermitian eigenvalue problems referred to as Exceptional Point (EP) and responsible for the well-known
veering phenomenon arising for Hermitian eigenvalue problems.
The originality of this work is to use a local approximation, based on higher order derivatives of a selected
pair of eigenvalues. The loss of regularity of the eigenvalues near the EP is circumvented by expressing
them as combination of analytic functions in the neighbourhood of the EP. This allows to reconstruct
the eigenvalue loci over a large domain in the parametric space using a single computation point. The
method also provides the possibility to find the exact location of the singularity in the complex plane
which can be exploited in order to derive interesting physical properties of a given sytem. A typical
example given in the present work concerns the optimal damping of waves in guiding structures [2].
Two test cases are proposed: i) the characterization of the vibrational behaviour of a discrete system with
one random stiffness parameter; ii) the optimization of the acoustic attenuation in a lined duct using a
high-fidelity finite element model. The proposed approach is able to deal with large size sparse parallel
matrices and the presented test cases are available in a dedicated python library: EasterEig.
REFERENCES
[1] Kato, T. Perturbation Theory for Linear Operators, 2nd edition, Springer-Verlag, Berlin, Heidelberg, 1980, p. 623pp. doi:10.1007/978-3-642-66282-9.
[2] Nennig, B. and Perrey-Debain, E., A high order continuation method to locate exceptional points
and to compute puiseux series with applications to acoustic waveguides (2019). arXiv:1909.11579.
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The numerical solution of eigenvalue problems for mixed formulations can be a challenging task.
We perform numerical experiments based on the least-squares formulations for eigenvalue problems associated with linear elasticity presented in [1]. In particular, we focus on the solution
of the mixed problem in the case of the two-field formulation that has the following matrix
structure:

 

 
A BT
x
0 D
x
=λ
(1)
B C
y
0 0
y

This is a generalized eigenvalue problem where the right-hand side is not definite. The question
that arises is what are the eigenvalues computed by solving (1) and their connection with the
theory developed in [1]. Focusing on solvers, we computed and compared the Slepc library
(Scalable Library for Eigenvalue Problem Computationsc) [2] and the standard solvers of FEniCS
[3] and Matlab. Using two formulations for the Schur complement, we observe that spurious
solution can be added by the solvers. Our aim is to understand how to detect the eigenvalues
corresponding to the theoretical approximation presented in [1].
REFERENCES
[1] F. Bertrand, and D. Boffi. Least-squares for linear elasticity eigenvalue problem. arXiv
preprint arXiv:2003.00449 (2020).
[2] V. Hernandez, J. E. Roman, and V. Vidal. SLEPc: A scalable and flexible toolkit for the
solution of eigenvalue problems. ACM Trans. Math. Software, 31(3):351-362, 2005.
[3] A. Logg, K.-A. Mardal, G. N. Wells et al., Automated Solution of Differential Equations by
the Finite Element Method, (Springer, 2012).
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Least-squares finite elements have been adopted as a successfully technique for the approximation of
problems involving the solution of partial differential equations. In this paper we discuss the characterization of the eigenmodes associated with least squares operators.
We study the eigenvalue problem associated with first order least-squares formulations corresponding to
the Laplace operator, including FOSLS, LL∗ , and curl-div formulation.
We characterize the spectrum and show a priori and a posteriori error estimates (based on a natural
residual error indicator).
Numerical experiments confirm the theoretical investigations and show the optimal convergence of the
adaptive scheme based on the analyzed error indicator.
REFERENCES
[1] F. Bertrand and D. Boffi, First order least-squares formulations for eigenvalue problems, in preparation
[2] Z. Cai, T. A. Manteuffel, S. F. McCormick, and J. Ruge, First-order system LL∗ (FOSLL∗ ): scalar
elliptic partial differential equations, SIAM J. Numer. Anal. 39 (2001), no. 4, 1418–1445
[3] Zhiqiang Cai and Jaeun Ku, The L2 norm error estimates for the div least-squares method, SIAM
J. Numer. Anal. 44 (2006), no. 4, 1721–1734.
[4] T. Manteuffel, S. McCormick, and C. Pflaum, Improved discretization error estimates for first-order
system least squares, J. Numer. Math. 11 (2003), no. 2, 163–177.
[5] A. I. Pehlivanov, G. F. Carey, and R. D. Lazarov, Least-squares mixed finite elements for secondorder elliptic problems, SIAM J. Numer. Anal. 31 (1994), no. 5, 1368–1377.
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This contribution presents a posteriori error estimates for conforming numerical approximations of eigenvalue clusters of second-order self-adjoint elliptic linear operators with compact resolvent. Given a cluster of eigenvalues, we estimate the error in the sum of the eigenvalues, as well as the error in the eigenvectors represented through the density matrix, i.e., the orthogonal projector on the associated eigenspace.
This allows us to deal with degenerate (multiple) eigenvalues within the framework. All the bounds are
valid under the only assumption that the cluster is separated from the surrounding smaller and larger
eigenvalues; we show how this assumption can be numerically checked. Our bounds are guaranteed and
converge with the same speed as the exact errors. They can be turned into fully computable bounds as
soon as an estimate on the dual norm of the residual is available, which is presented in two particular
cases: the Laplace eigenvalue problem discretized with conforming finite elements, and a Schrödinger
operator with periodic boundary conditions of the form −∆ +V discretized with planewaves. For these
two cases, numerical illustrations are provided on a set of test problems. All the details can be found
in [1].
REFERENCES
[1] Cancès E., Dusson G., Maday Y., Stamm B., and Vohralı́k M., Guaranteed a posteriori bounds for
eigenvalues and eigenvectors: multiplicities and clusters, HAL Preprint 02127954, submitted for
publication, 2019.
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As a model problem for our analysis of eigenlocking in this talk we consider the problem introduced
already (as source problem) in [1] and further in [2]: The anisotropic heat equation in the unit square
Ω = (0, 1) × (0, 1) with principal axes that are not aligned with the coordinate axes, that is
!
2
ξ = αx + βy,
∂2 u
2∂ u
− 2 −ε
= λu, in Ω, u = 0 on ∂Ω, with
(1)
∂ξ
∂η2
η = −βx + αy,
where α2 + β2 = 1 and α, β ∕= 0. In particular we are interested in the case when ε → 0.

√
Figure 1: First Þve modes in the case ε2 = 1/10 (top), ε2 = 1/100 (bottom), α = β = 1/ 2.

It is shown via numerical experiments covering different discretization strategies within the hp-version
that different modes do indeed converge at different rates which in turn depend on the parameter ε and
the rotation of the principal axes.
Theoretical analysis is based on [2] where the corresponding source problem is designated type A.
REFERENCES
[1] Ivo Babuÿska and Manil Suri. On locking and robustness in the Þnite element method. SIAM Journal
on Numerical Analysis, 29(5):1261–1293, 1992.
[2] V Havu and J Pitkäranta. An analysis of Þnite element locking in a parameter dependent model
problem. Numerische Mathematik, 89(4):691–714, October 2001.
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ABSTRACT
The purpose of this minisymposium is to bring together researchers who develop and apply novel
discretization technologies for partial differential equations supporting polygonal and polyhedral
meshes. A few examples of such technologies are: continuous and discontinuous Galerkin methods
(including their mass-lumped versions), structure-preserving mimetic discretizations, virtual element
methods, finite element exterior calculus, hybrid high-order methods, and finite volume methods. The
use of polygonal and polyhedral meshes with convex and concave elements provides greater flexibility
in mesh design, and the discretizations on such meshes afford robustness in material design simulations,
capturing flow in heterogeneous subsurface porous media, modeling of layered stratification of faults
and fractures at geological sites, and approximation of equations or solutions with singularities via local
mesh refinement. These technologies have given rise to many new opportunities in computational
mechanics as well as new mathematical challenges. Contributions to this minisymposium are solicited
that emphasize methods development, mathematical analysis and/or applications to problems in
engineering sciences that involve the use of polygonal and polyhedral discretizations. While
contributions in all aspects related to these methods are invited, some of the featured topics will include:
o

finite volumes; gradient discretization methods; methods based on generalized barycentric
coordinates; methods with hybrid unknowns (HHO, HDG); discontinuous Galerkin methods;
conforming/nonconforming/mixed virtual element methods; structure-preserving algorithms
like mimetic schemes and methods based on the finite element exterior calculus;

o

use of polygonal/polyhedral meshes in applications such as flow simulations, material design
and microstructural discretization, topology optimization and additive manufacturing,
deformation of nonlinear continua, fracture modeling, and computer graphics and animations.
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This work is devoted to the development and analysis of a discontinuous Galerkin (dG) method on
polytopal grids for an evolution problem modeling the coupled poroelastic-acoustic wave propagation
phenomenon. The coupling between acoustic and poroelastic media is of high interest in many applications as for instance sea bottom in underwater acoustics, borehole logging in civil engineering, and bones
in biomechanics.
From the mathematical perspective, the physics governing these phenomena can be modeled by the
usual acoustics equations (in the fluid medium) and by the low-frequency Biots equations (in the porous
medium). From the numerical viewpoint, a number of distinguishing challenges arise when tackling such
kind of problems, and reflect onto the following features required by the numerical schemes: accuracy,
geometric flexibility and scalability.
In recent years, high order dG methods have became one of the most promising tool for wave propagation problems. Indeed, thanks to their local nature, dG methods are particularly apt to treat highly
heterogeneous media, or in fluid-structure interaction problems, where local refinements are needed to
resolve the different spatial scales.
In this work we propose and analyze a high-order dG finite element method for the approximate solution
of wave propagation problems in the coupled poroelastic-acoustic media on computational meshes made
by polygonal elements. We analyze the well posedness of the resulting formulation, prove a-priori error
estimates and present two-dimensional numerical verifications.
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André Harnist1 , Michele Botti2 , Daniel Castanon Quiroz3 , Daniele A. Di Pietro4
1

IMAG, Univ Montpellier, CNRS, Montpellier, France, andre.harnist@umontpellier.fr,
https://andreharnist.fr
2
MOX, Department of Mathematics, Politecnico di Milano, Milano, Italy, michele.botti@polimi.it,
https://mox.polimi.it/people-detail/?id=641
3
IMAG, Univ Montpellier, CNRS, Montpellier, France, danielcq.mathematics@gmail.com
4
IMAG, Univ Montpellier, CNRS, Montpellier, France, daniele.di-pietro@umontpellier.fr,
https://imag.umontpellier.fr/~di-pietro/
Key Words: Hybrid High-Order methods, steady incompressible Stokes problem, error estimate, nonNewtonian fluids, power-law, Carreau–Yasuda law, discrete Korn inequality
New discretization methods capable of dealing with possibly nonconforming meshes have been developed in recent years for the purpose of studying nonlinear problems of fluid mechanics. One such method
is the Hybrid High-Order (HHO) method.
The goal of this presentation is to formulate and analyze a HHO discretization method for non-Newtonian
fluid problems in the more general context of Sobolev spaces, as in [1]. We will focus on the Stokes problem, while including the strain rate shear stress function, which must verify a number of assumptions.
These assumptions characterize a large array of non-Newtonian fluids such as power-law and Carreau–
Yasuda-law. The strain rate shear stress function is not necessarily linear and thus, requires convergence
techniques such as the Picard or Newton fixed point method for the numerical testing.
We will apply the approximation properties for the Sobolev projectors initialy provided in [2] to obtain
an error estimate. A key component of this study is determining a discrete Korn inequality currently
found in the Hilbertian setting and required in this more general context.
REFERENCES
[1] A. Harnist, M. Botti, D. Castanon Quiroz and D. A. Di Pietro, A Hybrid High-Order method for
creeping flows of non-Newtonian fluids, in preparation.
[2] D. A. Di Pietro and J. Droniou W s,p -approximation properties of elliptic projectors on polynomial
spaces, with application to the error analysis of a hybrid high-order discretisation of Leray-Lions
problems, Math. Models Methods Appl. Sci., DOI: 10.1142/S0218202517500191.
[3] D. A. Di Pietro and J. Droniou, The Hybrid High-Order Method for Polytopal Meshes. Number 19
in Modeling, Simulation and Applications, Springer International Publishing (2020). ISBN 978-3030-37202-6 (Hardcover) 978-3-030-37203-3 (eBook).
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A POLYHEDRAL ELEMENT FORMULATION FOR THE ANALYSIS
OF NONLINEAR PROBLEMS IN SOLID MECHANICS
R. Reichel1 and S. Klinkel1
1

Lehrstuhl fr Baustatik und Baudynamik, RWTH Aachen University, Mies-van-der-Rohe-Str. 1, 52074
Aachen, Germany

Key Words: Polyhedral element formulation, Scaled boundary finite element method, Displacement
element formulation, Nonlinear solid mechanics
The contribution is concerned with an element formulation for the analysis of nonlinear problems in 3D
solid mechanics. An arbitrary number of curved polygonal faces define the polyhedral shape of the solid
element. A node is placed at each vertex of the polygon. Each node posses 3 displacement degrees of
freedom. The element formulation is based on the scaling concept, which is adopted from the so-called
scaled boundary finite element method (SBFEM), see [1]. The SBFEEM is a semi-analytical formulation
to analyze problems in linear elasticity. The fundamental concept is to scale the domain’s boundary with
respect to a scaling center in order to describe the interior domain. Here, the scaling concept is employed
twice. First, the faces are defined by scaling its polygonal boundary with respect to a specified surface
scaling center, see [2]. Each surface scaling center is located on the corresponding face such that it is
visible from all surrounding edges. Second, the 3D solid is defined by scaling the faces with respect to
a volume scaling center. The volume scaling center is located inside the polyhedron and it is directly
visible from the entire boundary. The proposed method makes use of a numerical approximation of
the displacement response in both scaling directions. At the scaling centers additional nodes are placed.
Further additional nodes may be introduced on the scaling lines by employing higher order interpolations.
The element formulation is suitable for the analysis of geometrically and physically nonlinear problems.
The proposed polyhedral element formulation posses high flexibility in mesh generation. It avoids the
hanging node problem due to the fact that arbitrary element geometries are possible. For example, using
Octree based meshing, a fast and reliable mesh generation can be achieved. In case of a curved boundary
the element formulation allows a precise representation of the geometry even with coarse meshes. Some
numerical examples are presented to evaluate the accuracy of the proposed numerical method against
analytical solutions. A comparison to standard element formulation shows the capability of the present
formulation.
REFERENCES
[1] C. Song and J. P. Wolf. The scaled boundary finite-element method – alias consistent infinitesimal
finite element cell method – for elastodynamics, Comput. Methods Appl. Mech. Engrg, 147: 329–
355, 1997.
[2] S. Klinkel and R. Reichel. A finite element formulation in boundary representation for the analysis
of nonlinear problems in solid mechanics, Comput. Methods Appl. Mech. Engrg, 347: 229–315,
2019.
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The flexibility of Virtual Element Methods (VEM) in handling polytopal meshes can be of great help
when devising methods for the simulation of physical phenomena in domains that are characterized
by huge geometrical complexities. Indeed, discretizing such domains with good quality triangular or
tetrahedral meshes can be very hard and require a high number of degrees of freedom.
The talk deals with new strategies based on VEM for the simulation of flow and transport in fractured
media. Starting from minimal polytopal meshes of the domain, adaptive algorithms can be devised, based
on suitable a posteriori error estimates [1], in order to control the error and make it uniform throughout
the domain [2].
The optimality of the adaptive strategy is assessed with numerical simulations on realistic settings.
References
[1]

S. Berrone and A. Borio. “A Residual A Posteriori error estimate for the Virtual Element Method”.
In: Mathematical Models and Methods in Applied Sciences 27.08 (2017), pp. 1423–1458. DOI:
10.1142/S0218202517500233.
[2] Stefano Berrone, Andrea Borio, and Alessandro D’Auria. Refinement strategies for polygonal meshes
applied to adaptive VEM discretization. 2019. arXiv: 1912.05403 [math.NA].
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AN APPLICATION OF THE VIRTUAL ELEMENT METHOD TO
COMPUTATIONAL MAGNETOSTATICS
L. Beirão da Veiga1,2 , F. Dassi1 , P. Di Barba3 , and A. Russo∗,1,2
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The Virtual Element Method (VEM) allows for very general decompositions of the computational domain. According to the Kikuchi formulation [1]-[2], in the lowest order case it defines as unknowns
the tangential component of the magnetic field H on each edge, and the vertex values of the Lagrange’s
multiplier p used to enforce the solenoidality of the magnetic induction B. A family of VEMs is generated depending on the degree k of the polynomial space Pk . All in one, a polynomial approximation
of the solution H · t in Pk along the edges is obtained, while inside the element a projection of the H
field components onto the polynomial space is obtained. In general VEM can be seen as an evolution of
finite-element method (FEM) to polygons/polyhedrons of almost arbitrary shape. Moreover, it exhibits
a very good accuracy for a given computational cost and an excellent robustness with respect to mesh
distortions.
The analysis of the magnetostatic field of a small electromagnet operating as an actuator is considered
as the case study. It is composed of a fixed C-shaped core, magnetized by means of a current-carrying
winding, and a movable plunger (variable air-gap electromagnet). The relevant force-displacement curve
can be computed after repeated field analyses by means of the Maxwell’s stress tensor method [3]. A
non-conforming mesh is used for numerical experiments, containing polygons of various shapes; as a
consequence, hanging nodes appear along the inter-elements.
REFERENCES
[1] L. Beirão da Veiga, F. Brezzi, F. Dassi, L.D. Marini, and A. Russo, “Lowest order Virtual Element approximation of magnetostatic problems”, Computer Methods in Applied Mechanics and
Engineering, 332:343-362, 2018
[2] L. Beirão da Veiga, F. Brezzi, F. Dassi, L.D. Marini, and A. Russo, “Virtual Element approximation of 2D magnetostatic problems”, Computer Methods in Applied Mechanics and Engineering,
327:173-195, 2017.
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DEC is a geometric integrator based on exterior calculus, which has been successfully applied to different
fields, namely to electromagnetism [1] and fluid mechanics [2, 3, 4]. Its combinatorial construction
ensures that, as in the continuous case, the discrete exterior derivative operator d verifies the fundamental
relation d2 = 0. As a consequence, vector analysis relations such as div curl = 0 and curl grad = 0 are
naturally satisfied at machine precision during the simulation.
A crucial operator in exterior calculus is the Hodge star operator. One of the most popular choice of
discrete Hodge operator in DEC is the diagonal Hodge. Its construction is based on a circumcentric dual
mesh. Another choice is the barycentric Hodge, which necessitates a dual mesh built from barycenters.
In this communication, a new analytical discrete Hodge operator in the context of DEC is formulated.
It can be used on a dual mesh based on arbitrary interior points (circumcenter, barycenter, incenter,
...). Eventually, this will enable to optimize the dual mesh (and consequently the Hodge matrix) for the
purpose of error minimization. Numerical tests oriented to the resolution of fluid mechanics problems
and thermal transfer are carried out. Convergence on different types of meshes (structured, unstructured,
non-Delaunay) are shown.
REFERENCES
[1] A. Bossavit. On the geometry of electromagnetism:(1)-(4) Journal of the Japan Society of Applied
Electromagnetics and Mechanics, 1998
[2] S. Elcott, Y. Tong, E. Kanso, P. Schroder, and M. Desbrun. Stable, circulation-preserving, simplicial
fluids. ACM Transactions on Graphics, 26(1), 2007.
[3] A. Hirani, K. Nakshatrala, and J. Chaudhry. Numerical method for darcy flow derived using discrete
exterior calculus. International Journal for Computational Methods in Engineering Science and
Mechanics, 16:151169, 2015.
[4] M. Mohamed, A. Hirani, and R. Samtaney. Discrete exterior calculus discretization of incompressible navier stokes equations over surface simplicial meshes. Journal of Computational Physics,
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In recent years, the numerical approximation of partial differential equations on computational meshes
composed by arbitrarily-shaped polygonal/polyhedral (polytopal, for short) elements has been the subject
of an intense research activity. This flexibility of essentially arbitrary polytopal meshes is naturally very
attractive for designing adaptive algorithms based on mesh refinement (and derefinement/agglomeration)
driven by suitable a posteriori error estimates. However, while (isotropic and anisotropic) a posteriori
error estimates and adaptive methods for finite elements have been intensively investigated during the
last decades, the corresponding study of a posteriori error estimates and adaptivity for polytopal methods
is still in its infancy and mainly focussing on the isotropic case, only. The anisotropic adapitve polytopal
mesh refinement, to our knowledge, has been addressed only in [1] for the Virtual Element Method
(VEM) in two dimensions. Aim of this talk is to present recent results pushing forward the research
of [1]. In particular, we present a rigorous polygonal anisotropic a posteriori error estimate for the
virtual element method and discuss numerical results assessing its efficacy in driving polygonal adaptive
anisotropic mesh refinement strategies for the approximation of an elliptic problem.
REFERENCES
[1] P. Antonietti, S. Berrone, M. Verani, and S. Weisser. The virtual element method on anisotropic
polygonal discretizations. Lecture Notes in Computational Science and Engineering, 126:725–733,
2019.
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TO NONLINEAR ELASTICITY IN 3D
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The discontinuous Petrov-Galerkin finite element methodology, or DPG for short, is a robust numerical
technique that grants discrete stability for any well-posed variational problem. Thanks to the use of
broken test spaces and the ultraweak variational formulation, which relaxes the regularity requirements
of the conforming discrete spaces, it is possible to use DPG on polytopal meshes (both 2D and 3D), a
version of the method that we have labeled PolyDPG. The method converges with optimal rates when
tested with smooth manufactured solutions over diverse polygonal and polyhedral meshes [4, 1].
Inspired by the work in 2D with polygonal finite elements and virtual elements simulating large deformation of elastomers [3], where these meshes outperformed the traditional ones, we explore the use of
PolyDPG in a similar problem in 3D. Implementing a nonlinear constitutive model for an elastomeric
material, we simulate large compressive deformation by means of polyhedral meshes, our DPG approach
and high order discretization to improve the approximation. On the other hand, we can use polyhedral
elements formed by tetrahedral agglomeration [2] and the built-in error indicator of DPG to drive adaptive h-refinements, and so we can begin with relatively coarse meshes and then refine where it is most
needed. The results are compared to other finite element solutions of the problem using standard meshes.
As seen in the cited 2D case, we find that we can achieve a greater level of deformation (with similar
number of degrees of freedom) when using PolyDPG than with standard elements.
REFERENCES
[1] Constantin Bacuta, Leszek Demkowicz, Jaime Mora Paz, and Christos Xenophontos. Analysis of
non-conforming DPG methods using fractional norms. Oden Institute report 20-03, University of
Texas at Austin, 2020.
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Advances in Discretization Methods, pages 187–206. Springer, 2016.
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Polytopal methods refer to those numerical methods that are applicable on general polygonal/polyhedral
partitions of a domain. Classical examples of arbitrary-order polytopal methods encompass the (polytopal) Finite Element or Discontinuous Galerkin methods. One can also cite the more recent Hybridizable
Discontinuous Galerkin (HDG) method. Recently, new arbitrary-order polytopal methods have emerged.
Salient examples of such schemes are the Virtual Element method [2], the Hybrid High-Order method [6],
or the Multiscale Hybrid-Mixed method [1]. All these schemes are skeletal methods, in the sense that
all bulk unknowns can be locally eliminated in terms of unknowns attached to the mesh skeleton, thus
leading to global linear systems written in terms of skeletal unknowns only.
Here, our focus is on Hybrid High-Order (HHO) methods, and more precisely on their connections with
other polytopal methods. The connections between HHO and HDG have been discussed some years
ago in [5] in the context of scalar variable diffusion problems. In that context, HHO methods have
been proven to be super-convergent HDG methods on general polytopes. Here we will focus on the
connections between the HHO and the Virtual Element methods [7], as well as between the Multiscale
HHO [4] and the Multiscale Hybrid-Mixed methods [3]. In the first case, we will show how to formulate
and analyze both methods within a unified framework inspired from HHO, and we will discuss the
usefulness of such an approach. In the second case, we will prove in the context of scalar variable
diffusion problems, an equivalence result between the two methods.
REFERENCES
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Anal., 51(6):3505–3531, 2013.
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[6] D. A. Di Pietro, A. Ern, and S. Lemaire. An arbitrary-order and compact-stencil discretization of
diffusion on general meshes based on local reconstruction operators. Comput. Meth. Appl. Math.,
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[7] S. Lemaire. Bridging the Hybrid High-Order and Virtual Element methods. To appear in IMA J.
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Discontinuous Galerkin methods are commonly employed in the field of Computational Fluid Dynamics
(CFD) and turbulence modelling, in particular when high-order of accuracy is awaited, and are gaining
increased popularity in continuum mechanics applications [1, 2, 3, 4]. Motivated by the interest and
financial support of a company of our neighborhood, leader in the production of rigid plastic packaging,
we will consider discontinuous Galerkin discretizations of elasticity problems with large deformations
with the ambitious final goal of simulating injection stretch blow molding.
Governing equations are formulated in Lagrangian framework and we close the problem by introducing
into the momentum balance the Saint Venant-Kirchhoff or the Neo-Hookean stress-strain relationship
for an hyperelastic material. The boundary value problem takes into account Dirichlet, Neumann, and
mixed Dirichlet-Neumann boundary conditions in order to impose the known displacements, tractions
and the contact between the material and the mold.
From the solution strategy viewpoint we consider Krylov solvers preconditioned with agglomeration
based h-multigrid, where coarse meshes are defined as a collection of very general polyhedral elements
[5]. We demonstrate the ability to simulate thin-walled structures, a mandatory achievement in view of
numerically estimating the thickness of plastic packaging formed by means of blow molding.
REFERENCES
[1] Noels, L. and Radovitzky, R. A general discontinuous Galerkin method for finite hyperelasticity.
Formulation and numerical applications, International Journal for Numerical Methods in Engineering (2006) 68:64-97.
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The virtual element method is expanding its impact in many fields proving its reliability and flexibility. Starting from different geological applications several results concerning adaptive simulations, “a
posteriori” error estimates and mesh refinement in bi- and tri-dimensional problems will be considered.
Results concerning flow and mechanical simulations in complex geometrical domains will be considered
as well as implementation solutions adopted in a public domain library and partitioning techniques for
parallel simulations.
REFERENCES
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In this talk, we discuss the nonconforming virtual element method (VEM) for the approximation of
the weak solution u to a general linear second-order non-selfadjoint and indefinite elliptic PDE in a
polygonal domain Ω with u ∈ H 1+δ (Ω) ∩ H01 (Ω) for some 0 < δ ≤ 1. The main tool in the a priori and
a posteriori error analysis is the connection between the nonconforming VEM space and H01 (Ω) by a
generalization of the enrichment operator. Based on stability, the existence of a unique discrete solution
is established. Consequently, the discrete inf-sup condition is derived, which allows for the proof of
optimal error estimates in H 1 and L2 -norm. Moreover, the residual-based both reliable and efficient a
posteriori error control for the nonconforming VEM is developed. Finally, several numerical results with
empirical convergence rates are presented, which confirm our theoretically proven estimates.
REFERENCES
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I2M, Aix-Marseille université, florence.hubert@univ-amu.fr
4
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We introduce a new non-overlapping optimized Schwarz method for anisotropic diffusion problems [1].
This class of algorithms can take into account the underlying physical properties of the problem at hand
throught the transmission conditions. We present a discretization of the algorithm using discrete duality
finite volumes (DDFV for short), which are ideally suited for anisotropic problem on general meshes.
We present here the case of high order transmission conditions in the DDFV framework. We prove the
convergence of the algorithm for a large class of symmetric transmission operators, including the discrete
Ventcell operator. We also illustrate with numerical simulations that the use of high order transmission
conditions (the optimized Ventcell conditions) leads to more efficient algorithms than the use of first
order Robin transmission conditions, especially in case of strong anisotropic operators.
REFERENCES
[1] M. Gander, L. Halpern, F. Hubert and S. Krell Optimized Schwarz Methods for Anisotropic
Diffusion with Discrete Duality Finite Volume Discretizations, submitted, https://hal.archivesouvertes.fr/hal-01782357, 2019.
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VERY HIGH-ORDER CFD SOLVER ON GENERAL POLYGONAL
MESHES
Xiasu Yang1 , Georges A. Gerolymos2 and Isabelle Vallet3
1

Sorbonne Université, 4 place jussieu 75005 Paris, France, xiasu.yang@sorbonne-universite.fr
2
georges.gerolymos@sorbonne-universite.fr
3
isabelle.vallet@sorbonne-universite.fr

Key Words: unstructured polygonal mesh, high-order scheme, laminar and turbulent separated flows
The paper studies very-high-order finite volume methods on unstructured meshes defined by polygons
with arbitrary and space-varying number of edges. The degree M of the polynomial reconstruction
procedure is user-defined, leading to O(∆ℓM+1 ) for advection and O(∆ℓM ) for the Navier-Stokes equations. The polynomial reconstruction procedure[3] has been assessed on stretched and perturbed periodic
meshes demonstrating that arbitrary high-order can be achieved (O(∆ℓ10 ) for double precision).
The method has been extended to the Navier-Stokes equations using constrained reconstruction[4] on
the Gauss-points of boundary-edges, thus avoiding the use of ghost-cells. In the absence of ghost-cells,
constrained reconstruction is indispensible to correctly compute the wall-shear effect and hence ensure
the no-slip condition. Time-integration for viscous problems uses diagonal-matrix Jacobi matrix-free
linear solver[1] with dual time-stepping[2] to handle flows with large separation under the approximation
of diagonalized viscous terms. A systematic study of backward-facing-step laminar flow is presented,
including comparison between rectangular and (5-6)-gonal meshes at the wall. The order-of-accuracy of
the method is studied for the highest pre-transitional Reynolds number.
Finally the method is extended to the solution of Reynolds Averaged Navier-Stokes (RANS) equations
with multiequation advanced statistical turbulence closures. The implementation of coarse-grained variables polymorphism to handle in a single code different families of models (laminar, k − ε, k − ω, ri j − ε,
ri j − ω, ri j − εi j , transition, ...) is discussed under current compiler limitations. Typical RANS results are
presented for sample test-cases and compared with measurements.
REFERENCES
[1] Chen, R.F. and Wang, Z.J., Fast, Block Lower-Upper Symmetric Gauss-Seidel Scheme for Arbitrary Grids, AIAA J. (2000) 38:2238–2245
[2] Gerolymos, G. A. and Vallet, I., Implicit Meanflow-Multigrid Algorithms for Reynolds-StressModel Computation of 3-D Anisotropy-Driven and Compressible Flows. Int. J. Numer. Meth. Fluids (2009) 61:185–219
[3] Gerolymos, G. A. and Vallet, I., Spectral Accurracy of Reconstruction on Arbitrary Unstructured
Grids, Int. Conf. Comp. Fluid Dyn. (2012) 1406
[4] Ollivier-Gooch, C. and Van Altena, M., A high-Order-Accurate Unstructured Mesh Finite-Volume
Scheme for the Advection-Diffusion Equation, J. Comp. Phys. (2002) 181:729–752
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ABSTRACT
Complex computation domains, nonlinear material behaviour and manifold multi-physical coupling
phenomena necessitate the solution of high-dimensional systems and the handling of large data sets.
Computational resources required to cope with these challenging problems are substantial, particularly
in view of ecologic sustainability. In the recent years, the field of model reduction was established
in order to render complex simulations both reliable and computationally feasible at the same time.
NMR [1], hyper-reduction [2] and related techniques (PGD, DEIM, etc.) are examples which can
(partially) eliminate the resource-constraints. Moreover, methods inspired by data science and machine
learning, as well as hybrid NMR/data-driven techniques were proposed, e.g., [3].
The mini-symposium addresses computational aspects related but not limited to: Robust, fast and memory
efficient surrogate models; error estimation and model adaptivity; solvers for linear and non-linear NMR;
greedy procedures; sparse approximation of big data sets; data-assisted predictions; machine learning.
REFERENCES
[1] Jänicke, R., Quintal, B., Larsson, F., and Runesson, K. Identification of viscoelastic properties
from numerical model reduction of pressure diffusion in fluid-saturated porous rock with fractures.
Comp. Mech. (2019) 63:49–67.
[2] Fauque, J., Ramière, I., and Ryckelynck, D. Hybrid hyperreduced modeling for contact mechanics
problems. Int. J. Num. Meth. Engng. (2018) 115:117–139.
[3] Fritzen, F., and Kunc, O. Two-stage data-driven homogenization for nonlinear solids using a
reduced order model. Eur. J. Mech. A-Solid (2018) 69:201–220.
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Flexible multibody simulation enables the analysis of the dynamic interaction between multiple components describing large motions in mechanical systems. Specific methods for small linear deformations
are exploited to obtain a sufficiently small computational load for practical analysis. Recent extensions
have been presented to include geometric nonlinearities [1]. However, these methods are not directly
applicable for more general nonlinearities, like nonlinear material behavior.
In this work, we propose a novel (a-priori) model order reduction scheme which enables the generation
of low cost component models which are capable of (exactly) describing large undeformed motion and
also allow to capture general component nonlinear behavior at a limited computational load.
The presented approach is based on the Multi-Expansion Modal (MEM) approach to describe the nonlinear component motion [2]. The component level reduction basis which is obtained through this scheme
is extended in the same fashion as the Generalized Component Mode Synthesis approach [3], enabling
arbitrary large translations and rotation. In order to limit the overall evaluation time of the component
model, an element-sampling based hyper-reduction is performed [2]
Two validation cases are considered: a large deformation linear and nonlinear material finite element
component model response for a rotating pendulum. The first case allows for a direct comparison with
existing flexible multibody approaches, whereas the second case cannot be handled through common
approaches. Through these two cases we demonstrate the potential to include a broad range of additional
nonlinear effects in a multibody simulation, at a limited computational cost penalty.
REFERENCES
[1] L. Wu, P. Tiso, K. Tatsis, E. Chatzi, and F. van Keulen. A modal derivatives enhanced rubin substructuring method for geometrically nonlinear multibody systems. Multibody system dynamics,
45(1):57–85, 2019.
[2] F. Naets, D. De Gregoriis, and W. Desmet. Multi-expansion modal reduction: A pragmatic semi-apriori model order reduction approach for nonlinear structural dynamics. International Journal for
Numerical Methods in Engineering, 118(13):765–782, 2019.
[3] A. Pechstein, D. Reischl, and J. Gerstmayr. A generalized component mode synthesis approach for
flexible multibody systems with a constant mass matrix. J. Comput. Nonlinear Dynam., 8(1):011019,
2013.
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Artificial neural networks (ANN), Data-driven surrogate
This work investigates the capabilities of anisotropic theory-based, purely data-driven and hybrid approaches to model the homogenized constitutive behavior of cubic lattice metamaterials exhibiting large
deformations and buckling phenomena. The effective material behavior is assumed as hyperelastic,
anisotropic and finite deformations are considered. A highly flexible analytical approach proposed by
Itskov (2001) is taken into account, which ensures material objectivity and fulfillment of the material
symmetry group conditions. Then, two non-intrusive data-driven approaches are proposed, which are
built upon artificial neural networks and formulated such that they also fulfill the objectivity and material symmetry conditions. Finally, a hybrid approach combing the approach of Itskov (2001) with
artificial neural networks is formulated. Here, all four models are calibrated with simulation data of the
homogenization of two cubic lattice metamaterials at finite deformations. The data-driven models are
able to reproduce the calibration data very well and reproduce the manifestation of lattice instabilities.
Furthermore, they achieve superior accuracy over the analytical model also in additional test scenarios.
The introduced hyperelastic models are formulated as general as possible, such that they can not only be
used for lattice structures, but for any anisotropic hyperelastic material. Further, access to the complete
simulation data is provided through the public repository https://github.com/CPShub/sim-data.
REFERENCES
[1] Fernández M., Jamshidian M., Böhlke T., Kersting K., Weeger O. Anisotropic hyperelastic constitutive models for finite deformations combining material theory and data-driven approaches with
application to cubic lattice metamaterials. Computational Mechanics. (2020) (submitted).
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Numerical simulations of industrial mechanical problems may be very time-consuming when nonlinear
constitutive laws and complex geometries are considered. Usually, the environment of the physical
system is not accurately known, which leads to uncertainties on the quantities of interest predicted by
the model. Uncertainty propagation enables ensuring the reliability of the numerical predictions, but
it requires a large number of simulations. For this reason, projection-based model order reduction has
been developed to reduce the computation time by projecting the governing equations onto a suitable
low-dimensional subspace. When uncertainties on input quantities strongly influence the quantities of
interest, one needs to build a dictionary of local reduced-order models to get a piecewise approximation
of the nonlinear solution manifold. This dictionary can be obtained by clustering the dataset of input
variabilities and building cluster-specific reduced-order models. In dictionary-based ROM-nets [2], deep
neural networks are used for fast local reduced-order model recommendation. Indeed, in some cases,
deep neural networks are necessary to tackle the difficulties of high-dimensional clustering and bypass
the computation of complex dissimilarity measures involving simulations.
In this work, we consider a thermomechanical problem with non-parametrized variabilities on the thermal loading having a significant impact on the damage field. Building a dictionary of local reduced-order
models is necessary to reproduce the wide variability of damage fields. To address this problem, three
different dictionary-based ROM-nets are built. These ROM-nets differ according to the choice of the
clustering strategy defining the dictionary of local reduced-order models. The first one directly applies
a deep clustering algorithm on the thermal loadings; the second one applies deep clustering on damage
fields resulting from numerical simulations of a simplified thermomechanical problem; the third one
uses the Grassmann distances between subspaces spanned by the solutions of the simplified numerical
simulations for clustering. These approaches are compared on the basis of their accuracy on damage
predictions and their speed-up factors. Reduced-order simulations are performed with the nonintrusive
distributed implementation of the Proper Orthogonal Decomposition with Empirical Cubature Method
presented in [1].
REFERENCES
[1] C ASENAVE , F., A KKARI , N., B ORDEU , F., R EY, C., AND RYCKELYNCK , D. A nonintrusive distributed reduced-order modeling framework for nonlinear structural mechanics—application to elastoviscoplastic computations. International Journal for Numerical Methods in Engineering (2019).
[2] DANIEL , T., C ASENAVE , F., A KKARI , N., AND RYCKELYNCK , D. Model order reduction assisted
by deep neural networks (ROM-net). submitted October 2019. (2019).
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In order to model the effective mechanical behavior of fluid saturated porous rock, computational homogenization can be adopted. One standard approach is the so-called “finite element squared” (FE2 )
procedure, where a new boundary value problem for the coupled porous media problem is defined on
a Representative Volume Element (RVE) in each quadrature point of the (macroscale) mesh. In order
to obtain the effective response of the material the RVE problem is solved, and the results are averaged
whereby the RVE computation replaces the otherwise needed macroscale constitutive relation of empirical character. It is known that the FE2 strategy can be computationally intractable and it is therefore of
interest to reduce the cost of solving the individual RVE problems by introducing a reduced basis, here
denoted Numerical Model Reduction (NMR).
Jänicke et al. [1] considered homogenization of quasi-static poroelasticity with application to seismic
attenuation. It was demonstrated that the apparent macroscale properties pertain to viscoelasticity. Proper
Orthogonal Decomposition (POD) was used to find a set of pressure modes that defined the reduced
problem, and the efficiency of the procedure was demonstrated. The richness of the reduced basis will
determine the accuracy of the solution, which calls for error control. Several methods for estimating the
NMR-error have been developed; one example for a linear heat-flow problem is Aggestam et al. [2], who
used Spectral Decomposition (SD) rather than POD.
In this contribution the estimator is modified to a POD basis. However, while the absolute error of the
POD solution is very small, the accuracy of the estimator is unsatisfactory. We therefore attempt to
increase the sharpness of the estimator by constructing a reduced basis consisting of both SD and POD
modes. We apply this strategy to the homogenization of quasi-static porous media, thus extending the
work by Jänicke et al. [1]. The estimator is defined for the “NMR”-error, meaning that we ignore the
error from time- and space-discretizations and consider the fully resolved finite element solution to be
exact. In particular we aim for guaranteed explicit bounds on the error both in (i) energy norm and
(ii) “quantities of interest” within the realm of goal oriented error estimation. Numerical investigations
concern a single RVE problem in three dimensions.
REFERENCES
[1] R. Jänicke, F. Larsson, K. Runesson, and H. Steeb. Numerical identification of a viscoelastic substitute model

for heterogeneous poroelastic media by a reduced order homogenization approach. Comput. Methods Appl.
Mech. Engrg., Vol. 298, pp. 108-120, (2016).

[2] E. Aggestam, F. Larsson, K. Runesson, and F. Ekre. Numerical model reduction with error control in computational homogenization of transient heat flow. Comput. Methods Appl. Mech. Engrg., Vol. 326, pp. 193-222,
(2017).
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In order to solve Multidisciplinary Optimization problems involving computationally expensive disciplinary solvers, we propose to use surrogate models in combination with model order reduction techniques. Two kind of problems are addressed here.
First, when facing only one discipline, many works have been done to replace a discipline by a reduced
model during the optimization process. This is known as the Offline/Online strategy. The reduced model
needs to be accurate in the whole design space leading to a costly Offline phase. Hence, we focus on
using an adaptive reduced model, enriched as optimization progresses, where the minimum is likely to
be [1]. During the optimization process, the reduced model gives an approximation of the solution and
an estimation of the error made. This error estimation is used to decide if the reduced model is accurate
enough to be trusted. Getting an accurate error estimation is critical to avoid unnecessary calls to the
full model. This strategy has been used to optimize a linear quantity of interest with Efficient Global
Optimization Algorithm (EGO) [2].
Second, when dealing with multidisciplinary analysis (MDA), a reduced model of each discipline is built
using a Proper Orthogonal Decomposition with Interpolation (PODI). Therefore, the POD basis vectors
are interpolated by mean of Gaussian Processes, giving an approximation and an uncertainty on the POD
coefficients. The propagation of the uncertainties of each approximated discipline on the coupled system
is estimated by a Monte Carlo method or by using perfectly dependant Gaussian Processes [3]. A modified version of EGO is used to consider a random approximation of the MDA and to adapt the enrichment
of the POD basis [4]. In a first step, only the error on the interpolation is considered and this strategy is
first applied to a conceptual aircraft design problem. A performance, obtained through a feedback loop
between an aerodynamic and a structural solver, is optimized by modifying the wing design.
REFERENCES
[1] C. Gogu, Improving the efficiency of large scale topology optimization through on-the-fly reduced order
model construction, International Journal for Numerical Methods in Engineering (2015), 101:281–304.
[2] G. Berthelin, S. Dubreuil, M. Salaün, C. Gogu and N. Bartoli, Couplage Optimisation et Réduction de
Modèles par Projection, Application à la conception avion avant-projet, CSMA (2019).
[3] S. Dubreuil, N. Bartoli, C. Gogu, T. Lefebvre, Propagation of modeling uncertainty by polynomial chaos
expansion in multidisciplinary analysis, Journal of Mechanical Design (2016), 138.
[4] S. Dubreuil, N. Bartoli, T. Lefebvre and C. Gogu, Efficient global multidisciplinary optimization based on
surrogate models, AIAA Aviation Forum (2018).
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Inverse problems involving partial differential equations appear in many applications in
engineering and sciences as they allow the computation of parameters which cannot be
directly observed. We consider the case of heterogeneous composite materials, which are
widely employed in industry due to their advantageous properties, and for which both data
and numerical solutions vary on a very fine scale. Problems with a multiscale nature are
computationally expensive because a fine discretization is needed to resolve the smallest
scale.
The theory of homogenization, which allows to obtain the macroscopic behavior of the
composite material by taking into account its microscopic structure, has been applied to solve
efficiently multiscale inverse problems with Tikhonov regularization and Bayesian methods in
[1,2] respectively. In [4] a technique based on the ensemble Kalman filter, which is usually
used for the state estimation of dynamical systems, has been proposed to solve one-scale
inverse problems.
In our work [3] we combine these two techniques, homogenization and ensemble Kalman
filter, thus proposing a novel approach to solve multiscale inverse problems, with a focus on
reducing the computational cost. We analyze theoretically the convergence properties of our
method both from a point-wise and a Bayesian perspectives, proving convergence results. A
series of numerical experiments corroborate our findings and highlight the need of accounting
for the modeling error in simulations.
REFERENCES
[1] A. Abdulle and A. Di Blasio, A Bayesian numerical homogenization method for elliptic
multiscale inverse problems. Submitted to SIAM UQ, 2018.
[2] A. Abdulle and A. Di Blasio, Numerical homogenization and model order reduction for
multiscale inverse problems. Accepted in SIAM MMS, 2018.
[3] A. Abdulle, G. Garegnani and A. Zanoni, Ensemble Kalman filter for multiscale inverse
problems, arXiv preprint arXiv:1908.05495, 2019.
[4] M. A. Iglesias, K. J. H. Law and A. M. Stuart, Ensemble Kalman methods for inverse
problems, Inverse Problems, 29 (2013), pp. 045001, 20.
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The application of finite element techniques for the analysis and optimization of complex
thermo-mechanical structures typically involves highly nonlinear models for material
characterization, tribological contact, large deformation, damage, etc. These nonlinearities
usually call for a higher-order Spatio-temporal discretization, including a large number of
elements and time-steps in order to provide good convergence and sufficiently accurate
simulation results on the one hand. On the other hand, this inevitably leads to many expensive
simulations in terms of cost and time if an optimization or adaption of model parameters has to
be done. In this work, a FEM simulation modeling approach is proposed, which uses radial
basis function interpolations (RBF) as efficient surrogate models to save FEM simulations.
Also, a surrogate-assisted optimization algorithm [1] is utilized to find the parameter setting,
which would lead to maximum damage in a simple tensile testing scenario involving a notched
specimen with as few FEM simulations as possible. The relatively high accuracy of the utilized
surrogate models showcases promising results and indicates the potential of surrogate models
in saving time-expensive simulations.
REFERENCES
[1] S. Bagheri and W. Konen, M. Emmerich and T. Bäck, Self-adjusting parameter control for

surrogate-assisted constrained optimization under limited budgets. Applied Soft
Computing, 61 (2017), 377 – 393.
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Tensor decomposition has become a recurrent tool to convert high-dimensional datasets into
reduced models represented by simpler mathematical expressions [1]. However, when the
case complexity exceeds a smooth manifold, additional strategies must be adopted to obtain
an accurate reduction.
An illustrative example is hereby presented. The case study consists of modelling
thermodynamic properties of water through Canonical Polyadic Decomposition (CPD) of
sparse and unstructured tensors, specifically single-phase water density data for a wide range
of temperature and pressure conditions. In this case, the problem lies in the multidimensional
discontinuities. Tensor decomposition is carried out using TWINKLE library [2].
Firstly, a single reduced-order model of the three-dimensional manifold is calculated and
tested using data from the CoolProp 6.3 library; however, the error becomes unacceptable
around the discontinuity corresponding to the two-phase dome.
The
proposed
solution
consists of transforming the
current dataset into a set of
tensors (tensor network) and
performing
the
decomposition
separately.
The main advantage of this
method compared to other
segregation techniques is
that
it
preserves
the
topology, and therefore the
physical understanding of
the system, while it can be
easily automated [3], [4].
Fig. 1. Density and MSE vs input dimensions (above); test results (below).
The results show that the coefficient of determination, R2, increases by 2.44% while the mean
squared error (MSE) is reduced by 99.89%. In addition, the method outperforms, in terms of
CPU time, state-of-the-art approaches where the fast and efficient computation of
thermodynamic properties becomes critical such as Computational Fluid Dynamics codes and
chemical process simulators.
REFERENCES

[1]

[2]
[3]
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ABSTRACT
In this mini-symposium, we invite world-leading researchers to discuss recent advances in
numerical modelling of granular and multi-phase flows. All types of numerical technologies
related to the granular and multi-phase flows are acceptable, e.g., Discrete Element Method
(DEM), Smoothed Particle Hydrodynamics (SPH), Volume-of-Fluid (VOF), Lattice
Boltzmann Method (LBM).
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Ice accretion on aerofoils has been researched for many years for aircraft, rotorcraft and wind
turbine blades using experimental and numerical techniques. While each method has some
distinct advantages, it is the combination of the two strategies that is suggested to be the best
way to understand and combat the icing challenge. However, both experimental and numerical
techniques have certain limitations which can affect the droplet behaviour and the resulting ice
profiles. Therefore, when comparing numerically predicted ice shape with experimental data
for validation purposes, it is important to account for the limitations of both techniques and
identify how the two profiles were compared and deemed acceptable even when the two ice
shapes appear to have geometrical discrepancies. Although most of the studies highlight the
sources of error in their data, almost none of them explain the strategy employed to validate
and verify their results. Furthermore, while the anti/de-icing is involved, energy consumption
will be one key factor to consider. There should be criteria to compare the numerical and
experimental ice shapes which would help set standard to further improve the quality of our
research and make progress in the industry.
The aim of the present study is to propose criteria that could be used to compare numerical and
experimental ice profiles on an aerofoil surface. Therefore, thorough and meaningful discussion
will be conducted in academic world and relevant industries.
The main features of the article are outlined as follows. A brief review on some of the
experimental and numerical studies on ice accretion have been presented to discuss the methods
used, highlight the technological advancements, and discuss key results and sources of error.
Research shows that, in addition to the geometrical comparison, the performance of iced
aerofoil must also be considered as a comparison strategy. Based on this analysis, the aim of
comparing the ice shapes will be discussed. Then, key factors affecting comparison of the ice
shape in terms of ice accretion and anti/de-icing will be introduced. Following this, certain
results of simulations and experiments from our own work and literature will be presented to
illustrate the necessity and importance of having the criteria. Next section will be devoted to
proposing the preliminary criteria. Finally, the conclusion will be provided.
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Presently, there is a significant emphasis on the design and manufacture of environmentally friendly aircraft [1] in
accordance with targets set by the Flightpath 2050 – Europe’s Vision for Aviation for emission reductions by year 2050 [2],
of carbon emissions by 75%, NOx emissions by 90% and noise emission by 65%. Practical ways of achieving these targets
include aircraft designs with low weight, noise, and drag. Typically, for a large aircraft, nearly half (45%) the total aircraft
drag is due to viscous drag associated with turbulent boundary layer. Boundary layer drag reduction on various aircraft
surfaces, namely, the wing, tail, and fuselage, can be achieved by maintaining extended laminar flow over these surfaces
and/or altering the turbulence development mechanism. Two strategies are commonly used to achieve these goals - active
flow control, such as flow suction and actuation, and passive flow control, such as natural laminar flow (NLF) and surface
micro-features. The surface micro-features include roughness, waviness, steps, gaps, and the complex shark skin-inspired
micro-structures. They have been proved to play a significant role in boundary layer transition and viscous drag reduction
[3, 4]
. However, the full understanding of boundary layer flow development and its drag reduction mechanism due to surface
micro-features is far from complete. Therefore, in this paper, four typical surface micro-features, namely, waviness,
backward-facing step (BFS), forward-facing step (FFS), and shark-skin inspired tooth-like denticles, are investigated
computationally aiming to discover their effect on boundary layer transition behaviour and drag-reducing properties.
In the first investigation, sine wave and backward/forward facing step over a 2D smooth flat plate model are used. The
effect of waviness properties (including wave number, length, amplitude and location) on transition Reynolds number and
surface skin friction distribution is predicted numerically. For steps, the separation length behind a BFS are predicted with
either a fully developed laminar boundary layer, a turbulent boundary layer or a transitional regime upstream of the step.
Different forward-facing step heights and locations are also tested in terms of the transition Reynolds number and surface
skin friction distribution. From above simulations, the transitional boundary layer flow development and the altered surface
skin friction and viscous drag due to the micro-features are predicted and analysed. New correlations for the effect of
waviness and steps on transition Reynolds number are proposed. The correlations combine the effects of upstream
boundary layer displacement thickness, wave/steps height, and/or wavelength. Critical conditions at which there is a
significant effect of waviness/steps on transition and viscous drag is found. Recommendations are given in terms of these
conditions to avoid any significant adverse effect of waviness/steps on drag. It is also found that the variation of transition
Reynolds number with waviness height is of the same order to that on a surface with a FFS but significantly smaller when
compared with a surface with a BFS.
In the second investigation, aerodynamic effects of shark-skin denticle-inspired design placed along spanwise direction over
a 3D aerofoil is simulated at different angle of attack under on-design and off-design conditions. It is found that some
specific denticle-inspired surface structures could achieve simultaneous drag reduction and lift generation on the aerofoil,
resulting in significant lift-to-drag ratio improvements. Further investigation on this topic is undergoing.
In all above computational investigations, 𝛾𝛾 − 𝑅𝑅𝑅𝑅𝜃𝜃 transition modelling method are employed to predict both the beginning
and the end of boundary layer transition and the corresponding surface friction distribution and viscous drag. Structured
multi-block mesh is generated in the 2D flat plate and 3D aerofoil model with the first cell point wall normal distance
corresponding to 𝑦𝑦 + value of about 0.1 and wall normal expansion ratio less than 1.1, which could ensure accurate
simulation of the boundary layer flow. Mesh independence as a function of both streamwise and normal node number has
been investigated. CFD simulation results are validated thoroughly against existing experimental and numerical data and
will be presented in the full submission.
REFERENCES
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Recently, accuracy is remarkably improved for the Moving Particle Semi-implicit (MPS)
method. Particularly, the high-order schemes based on least squares methods together with
particle shifting can produce accurate discretization for internal particles. In this situation, the
error due to free surface and wall boundaries becomes dominant. Very recently, Matsunaga et
al. [1] proposed the precise high-order enforcement method of Neumann boundary based on
the Least Squares MPS (LSMPS) method for enclosed flows. However, the extension of such
accurate method to free surface flow is difficult. The reason is that the incomplete support of
neighbour particles can result in biased errors for the free surface particles due to the lack of
information outside free surface, even though corrective matrix is applied. The biased error
usually exhibits in one specific direction and probably causes rapid error accumulation, easily
triggering numerical instability. In this study, we aim to develop a stable transitional layer near
free surface to overcome instability issues. Specifically, the original stable discretization
models based on the conservative pressure gradient model, modified Optimized Particle
Shifting (OPS) and virtual particles [2] are applied to free surface and nearby particles to
compensate biased error accumulation. For the particles under free surface, the corrective
matrix coupling with accurate Neumann boundary conditions are developed to enhance
accuracy near wall. In this situation, exact first-order accurate formulations with boundary
conditions are applied under free surface. Based on above techniques, free surface flow can be
stably simulated. Several benchmark examples with large free surface deformation and
fragmentation are simulated to present the accuracy improvement due to Neumann boundary.
REFERENCES
[1]
[2]

T. Matsunaga, A. Södersten, K. Shibata, S. Koshizuka, Improved treatment of wall boundary
conditions for a particle method with consistent spatial discretization, Comput. Methods Appl.
Mech. Eng. 358 (2020) 112–624.
G. Duan, S. Koshizuka, A. Yamaji, B. Chen, X. Li, T. Tamai, An accurate and stable
multiphase moving particle semi-implicit method based on a corrective matrix for all particle
interaction models, Int. J. Numer. Methods Eng. 115 (2018) 1287–1314.
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Shape is one of the most important properties of granular materials, and it affects the packing
and flow structures that are critical to transport properties such as permeability related to pore
connection and thermal conductivity related to particle connection. Particle shape can be regular
or irregular. To be more quantitative, recent studies are focused on particles of well-defined
shapes. In particular, ellipsoids attract a lot of attention in recent years as it can represent a large
number of shapes, e.g. from platy to elongated. In this work, we give a brief review of recent
studies of ellipsoidal particles on the basis of discrete element method, and examine the effects
of particle shapes in some typical particulate systems, including: (i) particle packing, focusing
on how aspect ratio affects packing density and structure for coarse and fine ellipsoids; (ii)
hopper flow, demonstrating the dependence of hopper mass discharging rate and wall stress on
particle shapes; (iii) rotating drums, focusing on how aspect ratio affects the flow regimes and
also how particle shape can induce segregation; and (iv) gas/liquid fluidization, illustrating how
particle shape affects the bed permeability, bubble dynamics and segregation. The results show
that discrete element method for ellipsoids provides a useful approach to develop understanding
the significance of particle shape in various particulate systems.
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Many multiphase systems involve either interfacial flows, such as the two-phase flow of immiscible
fluids, or liquid-solid flows. These are ubiquitous in many environmental and industrial flows. Especially,
fluidised gas-particle systems are inherently unstable and are characterised by fluctuations over a wide
range of time and length scales. At moderate solids volume fractions these fluctuations manifest, for
example, in the formation of clusters or bubbles. These turbulent two-phase flows feature different
mechanisms for production and dissipation of turbulent kinetic energy (TKE) compared to the singlephase flows. However, this difference is usually neglected in developing eddy viscosity-based sub-grid
scale (SGS) models for the two-phase large eddy simulation (LES). In this study, the impact of the
presence of interphase forces on the turbulence modelling in multiphase flows is shown. In the case
of liquid-solid flows, the interphase force acts as a source of the continuous phase turbulence due to the
work done by the liquid-solid drag force [2]. Particularly, this leads to turbulence enhancement in regions
of low strain. Subsequently, drag further transfers a part of this energy to the solid phase increasing its
TKE. In the case of liquid-liquid flows, the work done by surface tension features a dual behaviour
depending on the length scale. Surface tension acts either as a sink of TKE for large scale deformations
and breakup process and extracts (damps) the kinetic energy at such scales or it provides this energy back
to the flow at the small scales, where it behaves as production mechanism during the events like droplets
coalescence [1]. However, at high strain the common shear production, which is well known from single
phase flows, dominates the production of TKE. Finally, turbulent energy spectra and the corresponding
decay of turbulence are discussed.
REFERENCES
[1] M. Saeedipour and S. Schneiderbauer. A new approach to include surface tension in the subgrid eddy
viscosity for the two-phase LES. International Journal of Multiphase Flow, 121:103128, 2019.
[2] S. Schneiderbauer. A spatially-averaged two-fluid model for dense large-scale gas-solid flows.
AIChE Journal, 63(8):3544–3562, 2017.
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ABSTRACT
Nowadays, design procedures often involve solving many large-scale numerical simulations,
and recycling simulations data to produce lower-dimensional problems using physical reduced
order models is becoming a more and more widespread strategy. Besides, machine learning
methods have been used for decades to assist the engineer in design tasks, thanks to their
practical use, nonintrusiveness and their performance even in cases where models are not
available.
In this minisymposium, we investigate the opportunities to get the better of the two worlds,
when physical reduced order modelling still solves the physical equation and global
equilibrium, while some parts of the numerical process can be treated using machine learning,
for instance for classification or regression tasks.
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Drug targeting is one of the high potential applications of microcapsules, which are liquid droplets enclosed by a thin elastic membrane. But scientific challenges remain to synthetize them with the optimal
payload and mechanical properties that allow the rupture of the membrane under certain flow conditions.
When subjected to an external flow, capsule membrane may undergo large deformation and wrinkles and
damage can appear. The determination of the membrane mechanical properties is thus crucial to control
the release. It can be done by flowing the capsules through a microchannel. In order to apply inverse
analysis techniques to the observed deformed profiles [1], numerical simulations solving the complex
fluid-structure interactions are needed [2][3]. However, their computational cost is high. Our objective is thus to develop a non-intrusive kinematics-consistent data-driven reduced-order model (ROM)
of an initially spherical capsule flowing in a microfluidic channel in order to open the way to real-time
simulations.
The high-fidelity problem is simulated using a full order model (FOM) coupling the finite element and
boundary integral methods [3] by varying the capsule-to-tube confinement ratio a/ and the capillary
number Ca, ratio of the viscous to elastic forces. For a given (Ca, a/) couple, the displacement and
velocity of each membrane nodes at each discrete time step are stored in snapshots matrices. A singular
value decomposition is applied to these matrices to determine the reduced variables of the displacement
and velocity. A Dynamic Mode Decomposition (DMD) is then constructed assuming that kinematics
and membrane equilibrium equations are verified. The DMD algorithm is applied using the reduced
variables. The relative error on the capsule shape estimated by the ROM is less than 0.2% compared to
that simulated by the FOM for 142 (Ca, a/) couples and the computational time can be divided by up
to 52000. The developed ROM thus allows to reproduce in real time the dynamics of a capsule flowing
in a microfluidic channel with great precision while preserving the physics of the problem.
REFERENCES
[1] Hu, X.Q., Sévénié, B., Salsac, A.V., Leclerc, E. and Barthes-Biesel D. Characterizing the membrane properties of capsules flowing in a square-section microfluidic channel: Effects of the membrane constitutive law. Phys. Rev. E (2013) 87(6).
[2] Lefebvre, Y. and Barthes-Biesel D. Motion of a capsule in a cylindrical tube: effect of membrane
pre-stress. J Fluid Mech (2007) 589: 157–181.
[3] Hu, X.Q., Salsac, A.V. and Barthes-Biesel D. Flow of a spherical capsule in a pore with circular or
square cross-section. J Fluid Mech (2012) 705: 176–194.
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Numerical modeling of coupled Thermo-Hydro Mechanical (THM) processes in geological formations
is vital in performance assessment and design optimization of nuclear waste repositories. These largescale models that support laboratory and in-situ test validation are often computationally expensive and
high dimensional due to complex geometrical discretization, nonlinearities, numerous uncertain field
parameters and prolonged time evolution. For multiple and fast query types of problems such as inverse
identification, model reduction techniques are very advantageous.
We propose a strategy to build a certified reduced basis (RB) for transient coupled THM systems that can
serve as surrogate models in inverse problems. The RB is generated using a greedy adaptive procedure,
guided by an a-posteriori error estimator, that smartly selects snapshot points over a given parametric
training sample. In this contribution, we develop a goal-oriented a-posteriori error estimator that assesses
the error in some specific quantity of interest (QoI). The error estimate is derived based on explicitlycomputed weak residual of the primal problem and implicitly-computed adjoint solution associated with
the QoI. The effectiveness of the proposed strategy is demonstrated by performing inverse parameter
identification in coupled THM problems based on in-situ experiments of an underground nuclear waste
repository.
REFERENCES
[1] P. Dı́ez and G. Calderon. Goal-oriented error estimation for transient parabolic problems. Comput.
Mech. (2007) 39(5)631-646.
[2] G.J. Chen, X. Sillen, J. Verstricht, and X.L. Li. ATLAS III in situ heating test in Boom Clay: field
data observation and interpretation. Computers and Geotechnics (2011) 38: 683-696.
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In this work we deal with the fast and accurate computation of the numerical solution of parametric
parabolic PDEs of the form (here - for given parameter µ - L(µ) is a linear operator in space):
ut = L(µ)u + f (t; µ),

u(0) = u0 ,

with µ ∈ D ⊂ Rn ,

by means of two main tools (see e.g [1] and [2]):
(i) contour integral methods to invert the Laplace transform û(z) of u(t) on a suitable contour G ;
u(t; µ) =



1
ezt û(z; µ) dz,
2πi G



with û(z; µ) = (zI − L(µ))−1 u0 + fˆ(z; µ)

(ii) reduced order techniques.
When dealing with time dependent problems using classical time step discretizations, like Runge-Kutta
or multi-step methods, reduced order methods need to build the reduced space taking into account of the
solution at each time step. Typically this is done with a Greedy-POD snapshots selection. The numerical
inversion of the Laplace transform is also used to solve differential equations and contrarily to classical
integrators, allows to evaluate the solution at a given time T without computing it at intermediate times.
Therefore using a contour integral method to numerically invert the Laplace transform we are able to
build a reduced space computing only few snapshots of the solution in the Laplace transform domain.
This allows to reduce significantly the computational cost in the offline phase. Moreover we are able to
efficiently apply our coupled strategy to compute the solution in a time window [T0 , T1 ] of moderate size.
We will present our results applied to the problem of pricing the European options based on the classical
Black-Scholes equation and on the more challenging Heston model.
REFERENCES
[1] N. Guglielmi. M. Lopez-Fernandez and G. Nino. Numerical inverse Laplace transform for
convection-diffusion equations. Math. Comp., in press.
[2] J. S. Hesthaven, G. Rozza, B. Stamm. Certified Reduced Basis Methods for Parametrized Partial
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A transfer path analysis (TPA) is a major tool to develop complex machinery systems such as
automotive, airplane and home appliance industries[1]. In this study, a novel TPA formulation
using an emerging deep neural network (DNN) model is presented and numerically validated.
In the proposed formulation, only the operational responses of structures are utilized to
identify the contributions of all paths to vibration responses at a point of interest in the
frequency domain. The model parameters of a dense neural network model are initially
determined using a training dataset to predict the responses precisely. The contribution of
each path is identified from the responses predicted by using the trained network model. To
establish the correct model, the original operational datasets are augmented using the phase
shift and the cross-spectrum. The path contributions estimated using the proposed formulation
with operational dataset are compared with the known path contributions.
The introduced DNN models composed of one input, one output and several hidden layers
suitably identify the transfer path of a response of interest (ROI) in a structural system. In the
trained DNN models, the real and imaginary parts of the input responses at each frequency in
the input layer feasibly produce the real and imaginary parts of the ROI in the output layer.
The contributions of each path can be identified by assigning the corresponding input path a
value of zero or vice versa. This one-channel-off method is very simple and efficient in terms
of the computational cost. Numerical results illustrated that the estimated path transfer
information can collect the transfer path information from only the operational responses of
the input and ROI locations. The training procedure of the DNN model is simple and
straightforward. Phase augmentation, which utilizes the invariance of phase shifting for a
frequency spectrum dataset, can enhance the accuracy of the ROI prediction. In order to
identify the transfer path of a ROI using the DNN model, cross-spectrum augmentation
during the training of the DNN model is essential.
The comparison results show that the proposed method based on a deep neural network model
can successfully predict the path contributions using only operational responses.
REFERENCES
1.

M. V. van der Seijs, D. de Klerk and D. J. Rixen, General framework for transfer path
analysis: History, theory and classification of techniques. Mechanical Systems and Signal
Processing, Vol. 68, pp. 217-244, 2016.
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ABSTRACT
This minisymposium will focus on both theoretical and computational aspects of high-order
Lagrangian, Eulerian, and Arbitrary Lagrangian Eulerian (ALE) methods for applications
ranging from single- to multi-material and multi-phase flow problems and simulations of both
fluids and solid materials.
There are two common formulations of the fluid mechanics equations, depending on whether
the equations are written in a fixed reference frame (Eulerian formulation) or a reference
frame moving at the fluid speed (Lagrangian formulation). Each of these formulations has
advantages and drawbacks. The Eulerian one is conceptually the simplest because the
computations are performed on a fixed grid. This formulation is widely used in computational
fluid dynamics (CFD).
The Lagrangian form is more complicated because of a moving reference frame; however it is
advantageous for solving multiphysics problems involving e.g. large deformations, strong
shocks and interactions of multiple materials. On the other hand, multidimensional
Lagrangian meshes tend to tangle so that the mesh elements become invalid, and in general
cannot represent large deformation. This difficulty can be resolved in ALE methods, which
assume that the mesh moves independently on the flow and therefore offer additional
flexibility and accuracy. ALE techniques can also be directly implemented in numerical
schemes, for example to take into account moving objects, in fluid structure interaction, etc.
The aim of this minisymposium is to discuss the recent advances in single- and multi-material
hydrodynamic simulations. We are particularly interested in high order methods, such as high
order finite volume, discontinuous Galerkin, finite element, residual distribution and fluxcorrected transport methods, as applied to Lagrangian, Eulerian or ALE flow description.
High order mesh generation, optimization and adaptation are among other topics that should
be addressed in this minisymposium.

2185

A Flexible
Y.
Li, L. FuFramework
and N. Adams
of Shock-Capturing Schemes for Convection-Dominated Problems

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

A FLEXIBLE FRAMEWORK OF SHOCK-CAPTURING SCHEMES
FOR CONVECTION-DOMINATED PROBLEMS
Yue Li1 , Lin Fu2 and Nikolaus Adams3
1

Chair of Aerodynamics and Fluid Mechanics, Department of Mechanical Engineering, Technical
University of Munich, 85748 Garching, Germany and yue06.li@tum.de.
2
Center for Turbulence Research, Stanford University, Stanford, CA 94305, USA and
linfu@stanford.edu.
3
Chair of Aerodynamics and Fluid Mechanics, Department of Mechanical Engineering, Technical
University of Munich, 85748 Garching, Germany and nikolaus.adams@tum.de.
Key Words: TENO, WENO, TVD, Monotonicity-preserving schemes, shock-capturing schemes, highorder scheme
The high-order and high-resolution shock-capturing schemes are popular numerical methods to solve
compressible fluid problems, which may involve discontinuities. However, it still remains a practical
challenge to develop such schemes that are highly accurate in smooth regions with low numerical dissipation and are stable enough to capture discontinuities with sufficient numerical dissipation. To achieve
both high-order accuracy in smooth regions and less nonlinear dissipation in nonsmooth regions, unlike
the WENO-like smooth convex combination, a family of high-order targeted ENO (TENO) schemes proposed by Fu [Fu et al., Journal of Computational Physics 305 (2016): 333-359] adopts a candidate stencil
with its optimal weight for the final reconstruction or discards it completely when it crosses a genuine
discontinuity. In this work, we further extend the TENO framework with flexibility to control the nonlinear dissipation property of TENO schemes in nonsmooth regions while maintaining the performance
of TENO in smooth regions. While a set of candidate stencils of incremental width is constructed, each
one is indicated as smooth or nonsmooth by the ENO-like stencil selection procedure proposed in TENO
scheme . Rather than being discarded directly in TENO schemes, the nonsmooth candidates are filtered
by an extra nonlinear limiter, e.g. monotonicity-preserving (MP) limiter or total variation diminishing
(TVD) limiter. Consequently, the high-order reconstruction is achieved by assembling the candidate
fluxes with the optimal linear weights since they are either smooth reconstructions or filtered ones which
feature good non-oscillation property. Based on the proposed framework, several new six- and eightpoints TENO schemes with controllable dissipation are developed. A set of critical benchmark cases
involving strong discontinuities and broadband fluctuations is simulated. Numerical results reveal that
the proposed new TENO schemes capture the discontinuities sharply and resolve the high-wavenumber
fluctuations with low dissipation, while maintaining the desired accuracy order in smooth regions.
REFERENCES
[1] Fu, Lin and Hu, Xiangyu Y and Adams, Nikolaus A. A family of high-order Targeted ENO schemes
for compressible-fluid simulations Journal of Computational Physics. (2016) 305:333–359.
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The mesh can tangle on high-shear flows with Lagrangian methods. To overcome mesh tangling, some
hydrodynamics codes use a three-step Lagrange plus remap approach. The first step is a Lagrange
calculation that deforms the mesh, the second step creates an improved mesh (e.g., a smoother mesh),
and the third step remaps the physical quantities to the improved mesh. This type of approach is termed
a Lagrange plus remap approach.
We develop a conservative scheme for remapping high-order discontinuous Galerkin fields on unstructured high-order polytopal meshes with curved faces [2, 1]. This scheme uses a virtual element function
to define the remap velocity. For 3D meshes, we show that the optimal accuracy is achieved when the
remap problem is written and is solved as a coupled system of two conservative equations. The properties
of the new schemes are studied numerically for smooth and discontinuous fields on curvilinear 2D/3D
polytopal meshes (e.g., Voronoi meshes).

(a) A 2D smooth test case

(b) A 2D rotation test case

(c) A 3D test case

Figure 1: DG(P2) remap results on high-order polygonal and polyhedral meshes
Acknowledgements: This work was funded by the Laboratory Directed Research and Development
(LDRD) program. The Los Alamos unlimited release number is LA-UR-19-32336.
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[2] Lipnikov K. and Morgan. N.R. A high-order conservative remap for discontinuous Galerkin
schemes on curvilinear polygonal meshes. Journal of Computational Physics, (2019) 399.
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Lagrangian methods are widely used for multi-material flows where multi-material interfaces
need to be tracked and resolved accurately. A main concern in Lagrangian methods is how to
determine a unique velocity at a cell vertex. The traditional way is to use a staggered grid
approach, where flow variables are located at different grid locations. An alternative to the
staggered-grid approach is the collocated-grid or cell-centered discretization, where all the
variables are defined at the cell center. This method has gained wide attention and extensive
exploration due to the consistency of locations for the flow variables and ease in
implementation. However, a difficulty stemmed in the cell-centered method is how to
compute the vertex velocity, and ensure the consistency between the mesh motion and the
numerical flux. Two acoustic nodal Riemann solvers developed by Maire at al.1 and Burton et
al.2, respectively, have become popular to address this difficulty. However, the non-unique
Riemann pressures at each interface in these two nodal Riemann schemes lead to a
nonequilibrium of numerical fluxes on two sides of the interface, and the sufficient conditions
satisfied by each vertex for the local momentum and total energy conservation and the local
entropy inequality are excessively strict. A new, simple, and efficient nodal scheme will be
presented for Lagrangian hydrodynamics in a cell-centered finite volume formulation. In this
scheme, the single pressure and velocity at a cell vertex are determined in a least-squares
sense and used to compute numerical fluxes across cell interfaces and to determine the mesh
motion. A number of benchmark test cases are presented to assess the accuracy and
robustness of the proposed new nodal method in comparison with the two widely used nodal
Riemann solvers1,2. The numerical results obtained by the current nodal method are
comparable to and in some cases even better than these obtained by the two nodal Riemann
solvers, indicating that the new nodal method provides a viable and attractive alternative to
determine the velocity and pressure at vertices for compressible hydrodynamics in a cellcentered Lagrangian formulation.
REFERENCES
[1] P.-H. Maire, R. Abgrall, J. Breil, J. Ovadia, A cell-centered lagrangian scheme for two-

dimensional compressible flow problems, SIAM Journal on Scientific Computing 29 (4)
(2007) 1781–1824.
[2] D. Burton, T. Carney, N. Morgan, S. Sambasivan, M. Shashkov, A cell-centered
Lagrangian Godunov-like method for solid dynamics, Computers & Fluids 83 (2013) 3347.
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The grid-aligned shock instability limits an accurate simulation of flow conditions involving high Mach
number shock waves by state-of-the-art low-dissipation Riemann solvers. We propose a simple and
efficient modification to the popular HLLC flux, which cures the shock instability and preserves the
favorable low dissipation at the contact line completely without the necessity of any additional detection
procedure. In contrast to present approaches [1], we do not cure the instability by a local increase of
dissipation motivated by the stability of the incomplete HLL solver. Alternatively, we apply the method
presented in [2], where the instability is efficiently suppressed by a reduction of the acoustic dissipation
in transverse direction of the propagation of the shock wave.
The efficiency of the modified solver (HLLC-LM) is demonstrated for a comprehensive set of cases.
Figure 1 shows the simulation of a shock wave diffraction over an obstacle using a fifth-order WENO reconstruction. The HLLC-LM solver suppresses the instability completely while maintaining all complex
flow features of the flow. Application to multi-component flows will also be discussed.

Figure 1: Shock diffraction over a triangular obstacle: (left) HLLC (right) HLLC-LM

REFERENCES
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Computational Physics, 309:185-206, (2016).
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Flows around moving bodies are characterized by highly unsteady physical phenomena, such as complex
vortical wakes and, in the transonic and supersonic regimes, moving shocks. As a consequence, the computational grid has to be properly refined in order to accurately simulate all the different flow conditions.
In this context, as evidenced in [1], Adaptive Mesh Refinement (AMR) represents a promising approach
to reduce computational costs allowing, at the same time, to have an evolving mesh that is capable of
capturing and following all the physical features of the given problem.
The goal of this work is to investigate a coupling technique that allows the use of Arbitrary LagrangianEulerian (ALE) descriptions of motion combined with AMR. We discretize the equations of fluid mechanics with the Isogeometric Discontinuous Galerkin method [2], using the ALE formulation presented
in [3] to take into account the mesh movement. Non-Uniform Rational B-Splines (NURBS) are employed
to represent both the grid coordinates and velocities. Exploiting the hierarchical properties of NURBS,
it is possible to obtain high-order smooth mesh deformations that are compatible with the quadtree-like
mesh refinement procedure illustrated in [4], allowing a seamless ALE-AMR coupling.
The proposed approach is tested on the pitching NACA 0012 airfoil benchmark and the gain with respect
to non-adaptive meshes is quantified. The impact of different error indicators on mesh refinement is
evaluated as well.
REFERENCES
[1] Waltz, J. and Bakosi, J. A coupled ALE-AMR method for shock hydrodynamics, Computers & Fluids
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[2] Duvigneau, R. Isogeometric analysis for compressible flows using a Discontinuous Galerkin
method, Comput. Methods Appl. Mech. Engrg. 333 (2018), 443-461
[3] Pezzano, S. and Duvigneau, R. An Arbitrary Lagrangian Eulerian Formulation for Isogeometric
Discontinuous Galerkin Schemes, IGA 2019 - 7th International Conference on Isogeometric Analysis, Sep 2019, Munich, Germany.
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The purpose of this work is to compare a range of advanced Krylov solvers (specifically
Inner-Outer) [1, 2, 3] applied to linear systems coming from structured CFD and high-order
unstructured problems. The goal is to select the most relevant solvers in terms of robustness
and efficiency. Special attention is paid to preconditioning and deflation strategies. More
specifically, we consider an optimization problem under the constraint R(W,X) = 0, with R
the flux balance discrete residual vector where W denotes the conservative variables and X
the mesh coordinates. By linearizing around the steady-state solution with respect to a design
parameter, the linear system to solve for the objective function sensitivity (typically drag or
lift moment coefficient) is written in direct or adjoint form. Moreover, Krylov subspace
methods are always implemented in conjunction with a domain decomposition formulation for
scalability.
However, maintaining the efficiency of the
preconditioner may be difficult as scalability
and efficiency of the preconditioning technique
are often antagonistic. Also, we propose a
comparative study by applying our Krylov
solvers in the context of Finite Volume
(ONERA
elsA
code
cf.Fig.1)
and
Discontinuous Galerkin (ONERA Aghora
code) formulations. Two test cases are
investigated: an inviscid NACA0012 airfoil
and a viscous OAT15A supercritical airfoil Figure 1 – GMRES convergence for NACA0012
airfoil with varying preconditioners based on first
both in transonic regime with strong shocks.
References
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In numerical simulation of complex physics, stiffness matrix obtained by discretization of partial differential equations may have very high condition number. Typical examples are elasticity equation for
mechanical problem for composite material and drift-diffusion equation for semi-conductor problem.
The stiffness matrix in nonlinear solver sometimes contains negative eigenvalues due to incomprehensibility constraint, which makes solution process to be more unstable, and the direct solver could be only
a tool to obtain numerical solution. It is required to use higher precision arithmetic than ”double” precision, like ”double-double” 128bit data for solution of linear system with condition number is more than
1012 .
A parallel sparse direct solver code, ”Dissection” performs recursive generation and factorization of
Schur complement matrices following nested-dissection ordering with postponing factorization strategy
by which suspicious null pivots are excluded from the elimination tree. Since the code is written by C++
using template facility, it is rather straightforward to use ”double-double” arithmetic for such difficult
matrices. However computation speed is more than 25 times slower than the standard double precision.
To reduce such huge cost of quadruple precision arithmetic, an iterative refinement in quadruple precision is applied to generate the last Schur complement matrix consisting of postponed entries and some
invertible entries from the top of the elimination tree. The strategy combines LDU factorization in
double precision for most part of the submatrices in the elimination tree, whose condition number is
moderate, and factorization in quadruple precision of the last Schur complement, whose condition number is extremely high. This hybrid method works better than global iterative refinement process with
double-eprecision factorization of the whole matrix, and as a result, solution in much higher than double
precision will be obtained within 4 times computational costs.
This efficiency will be demonstrated by numerical results on matrices from a semi-conductor problem
by comparison with full quadruple precision arithmetic.
This work is in collaboration with François-Xavier Roux (ONERA/LJLL, France).
REFERENCES
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In this work, we study a kinetic model [1] that contains stiff relaxation terms in the source. This model
can be applied to any non linear hyperbolic problem without source term, that we will call macroscopic
problem, to obtain a larger system of equations with linear fluxes and non–linear source terms, the
microscopic problem, that converges asymptotically to the original hyperbolic system.
We want to apply this kinetic model to shallow water equations with a source term that depends on the
profile of the bathymetry. Thus, the model [1] must be extended in order to include this term and to gain
the asymptotic convergence to the macroscopic problem.
To solve the equations with high order methods, we use an IMEX (implicit–explicit) discretization in
time [2] to stabilize the relaxation term, with DeC (deferred correction) [3] time integration, a high order
iterative time integration technique, and RD (residual distribution) [4] space discretization, a finite–
element based method that can generalize well–known discontinuous Galerkin, finite volume and finite
difference schemes.
The scheme proposed must verify many essential physical and numerical properties in order to guarantee
the quality of the simulations. First of all, the scheme should be AP (asymptotic preserving), which
means that in the relaxation limit, we will recast the macroscopic model of the shallow water equations.
Then, we should guarantee the well balancedness of the solution in the lake at rest case, where no
oscillations should occur when the surface level of the water is constant and the speed is zero. Moreover,
we want our scheme to guarantee positivity of water height everywhere in the domain, also close to wet
and dry area.
We show some numerical tests to prove the quality of the scheme.
REFERENCES
[1] Aregba-Driollet, D. and Natalini, R., Discrete Kinetic Schemes for Systems of Conservation Laws. Birkhauser
Basel, Basel, 1999.
[2] R. Abgrall, and D. Torlo. Asymptotic preserving Deferred Correction Residual Distribution schemes. arXiv
e-prints, page arXiv:1811.09284, Nov 2018.
[3] A. Dutt, L. Greengard, and V. Rokhlin. Spectral Deferred Correction Methods for Ordinary Differential
Equations. BIT Numerical Mathematics, 40(2):241–266, 2000.
[4] M. Ricchiuto and R. Abgrall. Explicit Runge-Kutta residual distribution schemes for time dependent problems: Second order case. Journal of Computational Physics, 229(16):5653–5691, 2010.
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We propose tools and methods for high-order mesh optimization and demonstrate their benefits in the
context of multi-material Arbitrary Lagrangian-Eulerian (ALE) compressible shock hydrodynamic applications [1]. Our methods are based on a high-order extension of the Target-Matrix Optimization
Paradigm (TMOP) of Knupp where we minimize a functional that depends on each elements current
and target geometric parameters: element aspect-ratio, size, skew, and orientation [2]. The proposed
formulation uses node-movement (r−adaptivity) to satisfy the target geometric parameters, and mesh
refinement/derefinement (h−adaptivity) to satisfy the size and aspect-ratio targets. The methodology
presented is purely algebraic, extends to both simplices and hexahedra/quadrilaterals of any order, and
supports nonconforming isotropic and anisotropic refinements in 2D and 3D. Additionally, the mesh optimization framework accounts for simulation features such as shock positions, material regions, known
error estimates, etc, which are typically available as discrete finite element functions defined on the Lagrangian mesh. This ability to use discrete functions for mesh optimization is critical for the practical
applicability of the algorithms we propose and distinguishes them from approaches that strictly require
analytical information. We present several examples demonstrating the effectiveness of this method in
improving the accuracy using r− and hr−adaptivity [3].
REFERENCES
[1] R. W. Anderson, V. A. Dobrev, Tz. V. Kolev, R. N. Rieben and V. Z. Tomov. High-Order MultiMaterial ALE Hydrodynamics, SIAM J. Sci. Comp. (2018) 40(1):B32–B58.
[2] Dobrev, Veselin, Patrick Knupp, Tzanio Kolev, Ketan Mittal, Robert Rieben, and Vladimir Tomov.
Simulation-Driven Optimization of High-Order Meshes in ALE Hydrodynamics, Computers &
Fluids. (2020): 104602.
[3] Dobrev, Veselin, Patrick Knupp, Tzanio Kolev, Ketan Mittal, and Vladimir Tomov. hr-adaptivity
for nonconforming high-order meshes with the target matrix optimization paradigm. arXiv preprint
arXiv:2010.02166 (2020).
Performed under the auspices of the U.S. Department of Energy under Contract DE-AC52-07NA27344 (LLNL-ABS-816688)
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Meshfree Methods on Manifolds for Hydrodynamic Flows
on Curved Surfaces via GMLS
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Meshfree techniques are attractive for discretizing flow problems on manifolds, but have
historically required the use of artificial stabilization to obtain robust solutions. We utilize a
generalized moving least squares (GMLS) discretization of the stationary Stokes problem
expressed via the exterior calculus to obtain naturally stable solutions to flow problems. The
use of exterior calculus enables a coordinate-free description of the governing operators, and
enables a compact handling of the divergence-free constraint via a generalized vector potential.
Further, it enables the development of an efficient splitting scheme of the fourth-order
governing equations in terms of two second-order elliptic operators. We use manufactured
solutions to numerically illustrate the high-order convergence of: metric quantities of interest
describing the manifold, truncation error of the relevant exterior calculus operators, and solution
error when solving the stationary Stokes problem.
REFERENCES
[1] B. J. Gross, N. Trask, P. Kuberry, and P. J. Atzberger, Meshfree Methods on Manifolds for

Hydrodynamic Flows on Curved Surfaces: A Generalized Moving Least-Squares (GMLS)
Approach. https://arxiv.org/abs/1905.10469
[2] N. Trask and P., Compatible meshfree discretization of surface PDEs, Computational
Particle Mechanics, 2019. doi: 10.1007/s40571-019-00251-2
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NODAL EXTENSION OF APPROXIMATE RIEMANN SOLVERS FOR
FINITE VOLUME METHOD ON UNSTRUCTURED CONICAL
MESHES
P. Hoch
CEA, DAM, DIF, 91297 ARPAJON Cedex, FRANCE, philippe.hoch@cea.fr
Key Words: Approximate Riemann Nodal Solvers, unstructured polygonal and conical meshes, third
order for both geometrical and physical unknowns
We present extensions of finite volume methods for conservation laws in dimension 2. The first extension comes from the definition of flux “at nodes” of the mesh (in the spirit of the Lagrangian GLACE
[1][2], EUCCLHYD schemes[3]). We propose to transpose some Approximate Edge Riemann Solver
(AERS) of literature (Rusanov, HLL, VFFC, etc) towards the nodes (ANRS) (to obtain contributions
of corner cells). These nodal numerical fluxes do verify consistency and a local conservation property
obtained thanks to a relation verified by the “normals at the nodes”. The second extension comes from
the use of curved meshes whose edges are conical arcs (possibly degenerate to include the description of
straight line). A control point and a weight are added to describe each edge (Quadratic Rational Bezier
Curve). The nodal fluxes written on these new degrees of freedom do coincide EXACTLY with their
edge formulation (AERS). Among the advantages of these new finite volume schemes, we can cite the
possibility:
1) Manage CAD meshes (circular, parabolic, elliptical edge) without any geometric error.
2) Reaching third order (in norm L1) on the geometry and the unknowns for regular solutions for
arbitrary weights values of the parameterization.
3) Use a posteriori stabilization techniques (for regular and discontinuous solutions).
Some test cases and comparisons will illustrate these properties.
REFERENCES
[1] B. Després, C. Mazeran., Lagrangian gas dynamics in two dimensions and lagrangian systems,
Arch. Rat. Mech. Anal., Vol 178, pp 327-372, 2005.
[2] G. Carre, S. Del Pino, B. Despres, E. Labourasse, A cell-centered Lagrangian hydrodynamics
scheme on general unstructured meshes in arbitrary dimension , J. Comp. Physic., Vol 228,pp
5160-5183, 2009.
[3] Maire, P.H. and Abgrall, R. and Breil, J. and Ovadia, J., A cell-centered Lagrangian scheme for
two-dimensional compressible flow pro blems, SIAM J.Sci.Comput., Vol 29,pp 1781-1824, 2007.
[4] Bernard-Champmartin, Aude and Deriaz, Erwan and Hoch, Philippe and Samba, Gerald and Schaefer, Michael, Extension of centered hydrodynamical schemes to unstructured deforming conical
meshes : the case of circles, ESAIM : proc, 2012,p 135-162.
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SCALE BRIDGING MESOSCALE MECHANICS USING A
HIGH-ORDER LAGRANGIAN DISCONTINUOUS GALERKIN
METHOD
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We present a new simulation method that may bridge mesoscale physics to continuum-scale problems by
representing the anisotropic, heterogeneous behavior of metals within a continuum-scale framework. We
use a high-order Lagrangian discontinuous Galerkin (DG) hydrodynamic method [1] that supports a dislocation flow-based crystal plasticity model [2] for simulating the mechanical behavior of polycrystalline
metals. The high-order hydrodynamic method uses Taylor series polynomials to describe the variation
of fields within an element. These polynomials can describe behavior at the continuum-scale while their
evolution is determined by evaluating the mesoscale crystal plasticity model at material points within the
element. By varying the position and material properties at the material points, it is possible to simulate a
mesoscale polycrystalline microstructure at continuum-scale dimensions. The crystal plasticity model is
sensitive to time increment size, as such the temporal evolution of the governing equations is achieved by
using Heun’s third-order Runge-Kutta time integration method with a sub-incrementing scheme for the
crystal plasticity model. The implementation of the crystal plasticity model within the DG framework is
tested using single crystal test problems and the polycrystalline capability is demonstrated using random
crystal orientation distributions.
Acknowledgements: This work was funded by the Laboratory Directed Research and Development
(LDRD) program and the Advanced Simulation and Computing (ASC) program. The Los Alamos unlimited release number is LA-UR-20-20326.
REFERENCES
[1] X. Liu, N.R. Morgan and D.E. Burton. A high-order Lagrangian discontinuous Galerkin hydrodynamic method for quadratic cells using a subcell mesh stabilization scheme. Journal of Computational Physics, (2019) 386.
[2] D.J. Luscher, J.R. Mayeur, H.M. Mourad, A. Hunter and M.A. Kenamond. Coupling continuum dislocation transport with crystal plasticity for application to shock loading conditions. International
Journal of Plasticity, (2016) 76.
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Flux Corrected Transport (FCT)-like methods impose bounds or other constraints in the solution of convection-dominated problems. To do this, the FCT method considers a low-order
approximation that guarantees the fulfillment of the constraint via mass lumping and artificial
dissipative matrices. The accuracy of the low-order solution is then improved by incorporating
a limited anti-diffusive flux based on a high-order discretization. These methodologies have
been widely applied within finite element methods. Nevertheless, different problems arise when
the FCT method is used within high-order finite element spaces. In particular:
i) The low-order method is more dissipative as the degree of the polynomial space is increased (while the number of degrees of freedom is kept fixed).
ii) As the polynomial space is increased, flux limiting is applied to a larger set of degrees of
freedom. The consequence of this is the presence of non-physical oscillations (even when
the solution fulfills the desired constraint). In our experience, the FCT method behaves
the best when it acts on a local stencil; like the one of a linear polynomial space.
These two problems are created (in part) by the fact that the stencil of the discretization
increases with the degree of the polynomial space. In this talk, we present a method for
continuous Galerkin Bernstein finite elements. The method:
i) Improves the accuracy of the low-order scheme for high-order polynomial spaces.
ii) Re-distributes the fluxes of the high-order method to a local stencil before applying the
limiters; therefore, the limiters act only on local stencils.
We present numerical studies in one- and two-dimensions for linear and nonlinear scalar conservation laws.
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TOWARDS A MULTI-PURPOSE HIGH-ORDER METHODS LIBRARY
IN C++
Jacob L. Moore1 and Nathaniel R. Morgan2
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We present recent advances in the creation of a high-order methods library that supports a wide range of
data-structures and numerical methods for computational physics. We focus on a high-order Lagrangian
Discontinuous Galerkin (DG) method for gas and solid dynamics using a subcell stabilization method
discussed in [2], but the library supports a range of capabilities for high-order methods including finite
element and finite-volume methods. We can create a high-order mesh by reading in a hexahedral or
quadrilateral mesh of some known order then build all of the required connectivity structures on top of
the mesh. Figure 1 shows a representative cubic quadrilateral element with the subcell mesh, that is
created using the quadrature points, as well as the mesh motion using a cubic element for the Taylor
Green Vortex. The kinematic degrees of freedom (in blue) are represented with a Serendipity basis set
from a Finite Element library discussed in [1]. Figure 1 also shows a 3D cubic mesh deforming with the
Taylor Green vortex velocity field. Release number: LA-UR-19-32468

(a)

(b)

(c)

Figure 1: A representative 3D high-order element built with the library is shown in (a). A 3D 11x11x1
cubic mesh at t=0 of a Taylor Green Vortex simulation is shown in (b), and the same mesh at t=1 (c).
REFERENCES
[1] Moore, J.L. , Morgan, N.R. and Horstemeyer, M.F. ELEMENTS: A high-order finite element library
in C++. SoftwareX Vol. 10, (2019)
[2] Liu, X., Morgan, N.R. and Burton D.E. A high-order Lagrangian discontinuous Galerkin hydrodynamic method for quadratic cells using a subcell mesh stabilization scheme Journal of Computational Physics Vol 386, pg. 110-157 (2019)

2200

Towards Very
Stéphane
Del Pino,
High-Order
Philippe
Approximation
Hoch and Emmanuel
Of Gas Dynamics
LabourasseIn Semi-Lagrangian Coordinates

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

TOWARDS VERY HIGH-ORDER APPROXIMATION OF GAS
DYNAMICS IN SEMI-LAGRANGIAN COORDINATES
Stéphane Del Pino1 , Philippe Hoch2 and Emmanuel Labourasse3
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Multidimensional finite volume schemes [1, 2] have led to great improvements in the simulation of
compressible flows using semi-Lagrangian coordinates. Indeed, these schemes are conservative and
consistent. Moreover they are entropy stable at first order and naturally compliant with conservative
remapping (in view of indirect ALE).
However in dimensions 2 and 3, it remains difficult to extend their precision to higher order than 2: GCL
imposes that, in the general case, a polygonal cell will not remain polygonal for higher orders. The
difficulty is the calculation of the curvilinear edges displacement.
Achieving very high order for lagrangian flows is not new, especially in the staggered scheme case: using
finite-element approaches [3] or extensions to very high order of residual distribution schemes [4]. Discontinuous Galerkin method has also been recently studied (see [5] and references therein for instance),
but the calculation of the curvilinear mesh displacement remains an issue.
We present a method to achieve very high order based on the variational formulation proposed in [6] to
compute the high-order mesh motion. In this presentation we also perform the numerical analysis of the
method and present numerical tests to assess its expected behavior.
REFERENCES
[1] B. Després, C. Mazeran, Lagrangian gas dynamics in two dimensions and lagrangian systems,
Arch. Rational Mech. Anal., 2005.
[2] P.-H. Maire, R. Abgrall, J. Breil, J. Ovadia, A cell-centered lagrangian scheme for two-dimensional
compressible flow problems, SIAM J. Sci. Comput., 2007.
[3] V. A. Dobrev, T. V. Kolev, R. N. Rieben, High-order curvilinear finite element methods for Lagrangian hydrodynamics, SIAM J. Sci. Comput., 2012.
[4] R. Abgrall, S. Tokareva, Staggered Grid Residual Distribution Scheme for Lagrangian Hydrodynamics, SIAM J. Sci. Comput., 2017.
[5] X. Liu, N. R. Morgan, D. E. Burton, A high-order Lagrangian discontinuous Galerkin hydrodynamic method for quadratic cells using a subcell mesh stabilization scheme, J. Comput. Phys.,
2019.
[6] S. Del Pino, A curvilinear finite-volume method to solve compressible gas dynamics in semiLagrangian coordinates, C.R.A.S., 2010.
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ABSTRACT
Interfacial problems, in which the overall dynamic is coupled to the motion of an interface,
are ubiquitous in the physical and life sciences. They are used to model a myriad of real-life
applications such as 3D additive manufacturing, multiphase flows or biological
morphogenesis, to cite only but a few.
Simulating accurately and efficiently such problems remains a challenging task. It requires the
modeling and coupling of multiple physics interacting over several lengths and time scales on
non-trivial moving geometries. The complexity of these interactions demands high-accuracy,
while their inherent multiscale natures call for efficient adaptive data structures and optimized
parallel algorithms.
This mini-symposium will focus on recent advances in numerical and computational methods
for interface problems and their applications to real-life science and engineering applications.
Specific topics of discussion will include interface representation methods (e.g. level sets,
reference maps, phase fields, direct front tracking methods), discretization techniques (e.g.
Finite Differences and Volumes, continuous and discontinuous Galerkin, cut-cell, sharp, …)
and the design of efficient parallel algorithms.
Overall, this event will offer an excellent opportunity for researchers to learn about a wide
variety of recent developments in computational methods as well as their applications, and to
stimulate interactions. In particular, we intend to invite a broad range of interdisciplinary
participants, with backgrounds in engineering, mathematics, physics, and biology.
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A COUPLED LEVEL-SET AND REFERENCE MAP METHOD FOR
INTERFACE REPRESENTATION WITH APPLICATIONS TO
TWO-PHASE FLOWS SIMULATION
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flows
In our recent work, we study a novel hybrid methodology combining the reference map theory with the
level-set method for tracking moving interfaces. Instead of directly advecting the level-set function, we
track the reference map, mapping the deformed state of our body into the undeformed one. We eventually
reconstruct the deformed level-set function from this mapping and the original geometry. Due to the increased smoothness of the reference map as well as the reduced impact of the reinitializations, which are
performed sporadically, this new approach grants higher precision. As a consequence, we observe significant improvements regarding the interface location and the mass conservation, especially in situations
involving moderate deformations. Furthermore, the implementation of the method is straightforward
since it is based on the same numerical techniques than the level-set method.
REFERENCES
[1] Adalsteinsson, D. and Sethian, J., Transport and diffusion of material quantities on propagating
interfaces via level set methods, J. Comput. Phys. (2003) 185(1):271–288.
[2] Pons, J-P. and Hermosillo, G. and Keriven, R. and Faugeras, O., Maintaining the point correspondence in the level set framework, J. Comput. Phys. (2006) 1:339–354.
[3] Kamrin, K and Rycroft, C and Nave, J-C., Reference map technique for finite-strain elasticity and
fluid–solid interaction, J. Mech. Phys. Solids (2012) 60 (11):1952–1969.
[4] Guittet, A. and Theillard, M. and Gibou, F., A stable projection method for the incompressible
Navier–Stokes equations on arbitrary geometries and adaptive quad/octrees, J. Comput. Phys.
(2015) 292:215–238.
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Flows with moving interfaces between two phases are quite commonly encountered in engineering and
fundamental fluid physics studies and are of interest to a wide community of researchers. In this paper,
we present a novel way to represent the interface for two-phase flows with phase change. We combine
the level-set method [1] with an embedded boundary method and take advantage of both. This is part of
an effort to obtain a numerical strategy relying on Cartesian grids. Level-set methods are for example
known to provide simple access to geometric quantities while not exactly conserving mass, in contrast to
VOF methods. We developed a numerical approeach combining a level-set fuction used as an embedded
boundary [2]. We present a few preliminary results on validation test cases.
A level-set approach requires solving the heat equation in a complex domain with Dirichlet boundary
conditions on the interface, then computing the jump in the normal derivative of the temperature, and then
extending this to the region around the front. The extension of the velocity off the interface is necessary
to obtain a continuous field. In our method the level-set function is used as an embedded boundary.
Thus, this can be seen as two-fluid approach where, from the perspectibe of each phase, the embedded
boundary is the interface between the two fluids. Therefore each phase has its own set of variables.
The embedded boundary method gives us the tools needed to compute high-order approximations of the
gradients on the interface.
We validated our method with some test cases, such as 1D solidification, the stable solidification of a
Gaussian bump and the melting of a starry-shaped ice particle. We are planning to do a proper stability analysis corresponding to the Mullins–Sekerka instability and we also would like to study dendrite
growth and run a few cases combining solidification and convection.
REFERENCES
[1] S. Osher and J. A. Sethian, “Fronts propagating with curvature-dependent speed: algorithms based
on Hamilton-Jacobi formulations,” Journal of computational physics, vol. 79, no. 1, pp. 12–49, 1988.
[2] H. Johansen and P. Colella, “A Cartesian grid embedded boundary method for Poisson’s equation on
irregular domains,” Journal of Computational Physics, vol. 147, no. 1, pp. 60–85, 1998.
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Evolving boundaries are ubiquitous in the real world; some examples include the interface between two
fluids, the interface between a fluid and a structure, the interfaces between phases of the same material,
a crack surface, and the boundary of a domain being optimised. Therefore, many physical processes and
numerical methods rely on the modelling of these evolving boundaries.
The efforts to model evolving boundaries rely either on implicit tracking schemes or explicit tracking
schemes. Implicit schemes, such as the level-set method (LSM), provide the means to efficiently model
the boundary and its evolution, but cannot readily transmit information through (or provide information
at) the boundary. Alternatively, explicit tracking schemes, such as the ones based on remeshing or
partial-remeshing, are often computationally expensive and inherently complex to implement.
In this work, we formulate a new finite element method (FEM) based methodology capable of explicitly
discretizing moving boundaries in an accurate and numerically-efficient way. Our methodology couples,
for the first time, the implicit-tracking capabilities of the LSM with the element-partitioning capabilities
of the floating node method (FNM); in this way, we achieve an explicit methodology that is not only
accurate and efficient, but also suitable for implementation as a user-element in a generic FEM package.
To achieve the improved accuracy and numerical efficiency, in comparison to implicit methods, we propose new velocity-extension and LSM-reinitialization procedures. Both make use of the potential of the
explicitly-defined boundary. Our methodology is successfully applied to the solution of a 2D topology
optimisation problem. Greater geometrical accuracy, leading to better stress-field prediction, is achieved;
furthermore, the proposed formulation leads to improvements in the optimum solution attained when
compared to implicit methods. In summary, we expect that the proposed methodology will have a significant impact in the field of evolving boundaries.

Implicit

Boundary, Γ
Explicit

Partitioning
Γ

Γ

Real node
Floating node

Figure 1: Schematic representation of the proposed methodology (left); 3D signed-distance function of
topologically-optimised domain with conformal mesh (right).
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This work focuses on modelling kinetics of chemical reactions in deformable solids. The reaction between solid and diffusive constituents is localised at the chemical reaction front – a sharp interface
dividing transformed and untransformed materials. A diffusive constituent diffuses to the reaction front
through the transformed material. A chemical transformation is accompanied by the transformation
strain and emerging mechanical stresses, which can accelerate, retard, or even block the transformation
front propagation [1]. In the blocked state, the front can be either stable or unstable. In this work, an
analytical stability analysis of the blocked reaction front is carried out for the planar interface in the case
of linear elastic solid constituents. Stability zones in the parametric space are constructed and analysed.
For more complicated cases the front propagation and the stability analysis are to be performed numerically. Two different numerical approaches are used and compared. First, there is the standard finiteelement method with a remeshing technique to resolve the moving inter-phase boundary. Second, there
is the so-called CutFEM approach [2, 3], which allows the reaction front to cut through the elements
and to move independently of the finite-element mesh, avoiding the remeshing procedure. In this work,
various geometrical configurations and loading scenarios are considered and the emphasis is made on
stability in the vicinity of the reaction front blocking state.
A.M., A.F. and W.H.M. acknowledge financial support from DFG/RFFI grants MU1752/47-1 and 1751-12055; M.P. and Ł.F. acknowledge financial support from EU Horizon 2020 project number 685716.
REFERENCES
[1] Freidin, A.B. and Vilchevskaya, E.N. and Korolev I. Stress-assist chemical reactions front propagation in deformable solids, IJES. (2014) 83: 57–75.
[2] Burman, E. and Hansbo, P. Fictitious domain finite element methods using cut elements: II. A
stabilized Nitsche method. ApplNumer Math. (2012) 62(4): 328–341.
[3] Poluektov, M. and Figiel, Ł. A numerical method for finite-strain mechanochemistry with localised
chemical reactions treated using a Nitsche approach. Comp. Mech. (2019) 63(5): 885–911.
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Abstract:
In this talk I will present a volume preserving reference-map method
to capture the deformations of arbitrary interfaces. It relies on the fact
that with the reference map method, the artificial mass loss can easily
be estimated at any time and point. From this estimation we will see
how the numerical map can be projected on the volume preserving
projection and how this method can be applied to the simulation of
multiphase flows
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ANDREW R. WINTERS††
King Abdullah University of Science & Technology (KAUST)
Computer Electrical and Mathematical Science and Engineering Division (CEMSE)
Extreme Computing Research Center (ECRC)
23955-6900, Thuwal, Saudi Arabia
matteo.parsani@kaust.edu.sa, https://ecrc.kaust.edu.sa/Pages/Parsani.aspx
∗

†

National Institute of Aerospace (NIA) & NASA Langley Research Center
Hampton, Virginia, United States
dcdelrey@gmail.com
Rensselaer Polytechnic Institute (RPI)
110 Eighth Street Troy, NY USA 12180
hickej2@rpi.edu, https://faculty.rpi.edu/node/36040
∗∗

††
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ABSTRACT
The summation-by-parts (SBP) concept was originally developed in the finite difference community with
the goal of mimicking finite element energy analysis techniques. In recent years, this simple idea has been
exponentially generalized enabling a unifying framework for the stability analysis of many spatial discretizations including finite difference, finite volume, flux reconstruction, and continuous/discontinuous
Galerkin (DG) methods on structured and unstructured polytope meshes for linear and non-linear conservation laws on conforming and non-conforming grids. The most important consequence of SBP is
that it naturally guides the path to stability and robustness as it mimics continuous stability analysis. The
SBP concept provides a strong theoretical framework, that is discretization agnoistic, for the analysis of
existing schemes and the design of flexible high-order numerical approximations that are robust for complex multi-scale applications, e.g. compressible turbulence. This robustness is guaranteed via discrete
entropy stability. However, the SBP framework can incorporate other desirable properties that are potentially important for CFD and beyond: For instance, it is possible to construct split-form SBP methods,
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for the compressible Euler equations, that are fully conservative and kinetic energy preserving. These
new developments offer exciting novel ways of incorporating sophisticated turbulence modelling in e.g.
the DG framework. Moreover, these robustness investigations guide the way to the construction of provably stable complex boundary conditions for fluid dynamics which remain a major obstacle on the path
towards complete entropy stability. This mini symposium will bring together experts from different disciplines that push the boundaries of SBP related methods to new frontiers with talks on adaptivity, HPC,
non-linear robustness, high order turbulence modeling, boundary conditions, efficient time integration
for high-order methods, meshing technologies, and general new developments of the SBP concept itself.
We invite contributions addressing fundamental and or applied aspects of SBP methods. We anticipate
contributions in the following key areas:
• Entropy stable algorithms

• Linearly stable algorithms
• h/p-adaptation

• Methods for moving mesh problems

• Development of SBP differentiation matrices
• SBP in time

• Efficient SBP methods for HPC
• Boundary conditions
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ENTROPY STABLE METHOD FOR THE EULER EQUATIONS
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Key Words: High Order Methods, Entropy Conservative Methods, Entropy Stable Methods, DNS, Long
Time Integration
The two decades old high order central differencing via entropy splitting and summation-by-parts (SBP)
difference boundary closure of Olsson & Oliger, Gerritsen & Olsson, and Yee et al. is revisited. The
objective of this paper is to prove for the first time that the entropy split methods based on physical
entropies are entropy stable methods for central differencing with SBP operators for both periodic and
non-periodic boundary conditions for nonlinear Euler equations. Standard high order spatial central differencing as well as high order central spatial DRP (dispersion relation preserving) spatial differencing
is part of the entropy stable methodology framework. The proof is to replace the spatial derivatives
by summation-by-parts (SBP) difference operators in the entropy split form of the equations using the
physical entropy of the Euler equations. The numerical boundary closure follows directly from the SBP
operator. No additional numerical boundary procedure is required. In contrast, Tadmor-type entropy
conserving methods using mathematical entropies and more recently the methods by Winters & Gassner
do not naturally come with a numerical boundary closure and a generalized SBP operator has to be developed Long time integration of 2D and 3D test cases is included to show the comparison of this efficient
entropy stable method with the Tadmor-type of entropy conservative methods. Studies also include the
comparison among the three skew-symmetric splittings on their nonlinear stability and accuracy performance without added numerical dissipations for smooth flows. These are, namely, entropy splitting,
Ducros et al. splitting and the Kennedy & Grubber splitting.
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RECENT RESULTS ON TIME INTEGRATION METHODS FOR
SUMMATION BY PARTS SCHEMES
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Recently, there has been a growing interest in spatial semidiscretizations based on summation by parts
(SBP) operators. Mimicking integration by parts discretely, SBP operators enable the transfer of (energy
or entropy) stability results obtained at the continuous level to numerical schemes. However, these investigations and developments are mostly restricted to semidiscrete methods. While SBP time integration
schemes enable a similar analysis for fully discrete schemes, they are implicit and often less efficient for
hyperbolic balance laws.
In this talk, recent advances in the stability analysis of explicit Runge–Kutta methods will be presented.
In contrast to the linear case [2, 6], far less stability properties are possible for nonlinear equations [3, 5].
In particular, all explicit Runge–Kutta methods used in practice are in general not energy stable. Nevertheless, relaxation Runge–Kutta methods can overcome such restrictions and enable the construction of
fully discrete energy/entropy conservative/dissipative methods based on spatial semidiscretizations using
SBP operators [1, 4].
REFERENCES
[1] Ketcheson, D. I. Relaxation Runge–Kutta Methods: Conservation and Stability for Inner-Product
Norms Accepted in SIAM Journal on Numerical Analysis. arXiv: 1905.09847 (2019).
[2] Ranocha, H. and Öffner, P. L2 Stability of Explicit Runge–Kutta Schemes. Journal of Scientific
Computing (2018) 75(2):1040–1056.
[3] Ranocha, H. On Strong Stability of Explicit Runge–Kutta Methods for Nonlinear Semibounded
Operators. arXiv: 1811.11601 (2018).
[4] Ranocha, H. and Sayyari, M. and Dalcin, L. and Parsani, M. and Ketcheson, D. I. Relaxation
Runge–Kutta Methods: Fully-Discrete Explicit Entropy-Stable Schemes for the Euler and Navier–
Stokes Equations. Accepted in SIAM Journal on Scientific Computing. arXiv: 1905.09129 (2019).
[5] Ranocha, H. and Ketcheson, D. I. Energy Stability of Explicit Runge–Kutta Methods for Nonautonomous or Nonlinear Problems. arXiv: 1909.13215 (2019).
[6] Sun, Z. and Shu, C.-W. Strong Stability of Explicit Runge–Kutta Time Discretizations. SIAM Journal on Numerical Analysis (2019) 57(3):1158–1182.
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Stability of pure continuous Galerkin schemes
R. Abgrall1 , J. Nordstöm2 , P. Öffner∗ 1 , and S. Tokareva3
1

1

Institute of Mathematics, University of Zurich
Department of Mathematics, Linköping University
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In the research community, there exists the strong belief that a pure continuous Galerkin scheme is unstable and additional stabilization terms have
to be added. However, this is not true. The stability question/condition is
highly related to the procedure used at the boundary. By applying simultaneous approximation terms (SAT) we are able to prove stability results for pure
Galerkin schemes that are similar to the FD or DG framework. The main idea
of the SAT approach is to impose the boundary condition weakly and apply
boundary operators which guarantee that a discrete energy estimation is simultaneously fulfilled [4]. Then, different from the classical ansatz, we consider
non-linear problems and switch to entropy variables for the estimation of the
used boundary operators. In [1], an entropy correction was introduced to guarantee entropy conservation and even entropy stability for considered schemes.
This ansatz is used in a pure continuous Galerkin scheme. Together with the
constructed boundary operator, we demonstrate in numerical experiments that
the obtained Galerkin scheme is entropy conservative. Finally, we will also
discuss some drawbacks and further extensions.
[1] Remi Abgrall, A general framework to construct schemes satisfying additional conservation relations. Application to entropy conservative and entropy dissipative schemes,
Journal of Computational Physics 372 (2018), 640–666.
[2] Rémi Abgrall, Jan Nordström, Philipp Öffner, and Svetlana Tokareva, Analysis of the
SBP-SAT stabilization for Finite Element Methods, in preperation (2019).
[3] Rémi Abgrall, Jan Nordström, Philipp Öffner, and Svetlana Tokareva, Analysis of the
SBP-SAT stabilization for Finite Element Methods Part II: Entropy Stability, in preperation (2019).
[4] Jan Nordström, A roadmap to well posed and stable problems in computational physics,
Journal of Scientific Computing 71 (2017), no. 1, 365–385.
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ABSTRACT
High order methods (HOM), such as discontinuous Galerkin, e.g. [1-4] or Flux reconstruction
methods [5], for flow problems have a strong potential to provide high accuracy. Even in nonsmooth turbulent flows HOM can provide efficient solutions and outperform classic low order
methods.
To industrialise these methods, robustness, physical model complexity and computational
performance need to be improved but the increasing interest of industry is accelerating these
development towards an industrial maturity [6]. It is generally considered that HOM could
form the next generation of industrial CFD tools.
In this mini-symposium, we invite scientists and industrial partners that aim at removing some
of the current limitations of high order methods for industrial applications.
Relevant topics include:
•
•
•
•
•
•

High order mesh generation
Local h-p adaption
Efficient time-marching schemes (e.g. multigrid)
Turbulent flows using high order methods
Multi-physics using HOM (e.g. fluid-structure interactions or acoustics)
Overset grids in HOM
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•
•
•

HOM output data handling and post processing
Application test cases, benchmarks, and validations
Industrial scenarios and challenges
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Campus de Montegancedo,Boadilla del Monte,28660 Madrid,Spain

Key Words: Discontinuous Galerkin, Cahn-Hilliard, Phase field method, High–Order Methods, Mesh
refinement, P-adaptivity, Multiphase
This research is focused on extending the novel framework for the simulation of two-phase flows developed in [1], [2] into supporting a p-refinement strategy. The case under consideration is the simulation of
two immiscible fluids with variable density and viscosity in space, using a diffuse interface model. The
framework consists of an incompressible Navier-Stokes/Cahn-Hilliard system using the method of artificial compressibility, approximated with a high–order discontinuous Galerkin spectral element method.
The aim is to accelerate the simulation and reduce the associated computational cost, compared to the
homogeneous case, through an automatic adaptation of the local polynomial order. Furthermore, since
multiphase flows can be steady or unsteady phenomena, the idea of the dynamic p-adaptation for the
unsteady cases as developed in [3] will be used. An important addition to the aforementioned frameworks is that the concentration parameter, derived from the Cahn-Hilliard model, will be incorporated
as an additional indicator to locate the interface. It is also of particular interest to verify the stability of
the solver when used in conjunction with the mortar method in order to treat inter-element coupling with
different polynomial orders. The solver with the additional p-adaptation features will be evaluated and
compared against the homogeneous case on several benchmark cases such as the simulation of a spinodal
decomposition and the cases of a static and a rising bubble [2].
References
[1] Juan Manzanero, Gonzalo Rubio, David A. Kopriva, Esteban Ferrer, and Eusebio Valero. A
free–energy stable nodal discontinuous Galerkin approximation with summation–by–parts property
for the Cahn–Hilliard equation. Journal of Computational Physics, 403:109072, 2020. ISSN 00219991. doi: https://doi.org/10.1016/j.jcp.2019.109072.
[2] Juan Manzanero, Gonzalo Rubio, David A. Kopriva, Esteban Ferrer, and Eusebio Valero. Entropystable discontinuous Galerkin approximation with summation-by-parts property for the incompressible Navier-Stokes/Cahn-Hilliard system. arXiv e-prints, art. arXiv:1910.11252, Oct 2019.
[3] Andrés Mauricio Rueda-Ramı́rez. Efficient space and time solution techniques for high-order discontinuous Galerkin discretizations of the 3D compressible Navier-Stokes equations. 2019. URL
http://oa.upm.es/57182/.
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We present a robust high–order discontinuous Galerkin solver for multiphase flows. The evolution of
the multiphase flow is modeled by means of a two-phase incompressible Navier–Stokes/Cahn–Hilliard
set of equations. This multiphase model can be classified as an interface tracking method (such as
volume-of-fluid (VOF), level-set (LS) and front-tracking methods). The method is robust as it is designed
to be entropy stable. The model poses the Cahn-Hilliard equation as a phase field method, a skewsymmetric form of the momentum equation, and an artificial compressibility method to compute the
pressure. For more details on the formulation see [1, 2, 3]. A similar model to the one presented was
developed by some of the authors in collaboration with industry to predict multiphase flows in oil and gas
transport [4], confirming the applicability of the proposed model for the simulation of industrial cases.
Several numerical experiments, including three dimensional multiphase flows in complex geometries are
analysed to show the robustness of the method and its applicability to industrial test cases.
REFERENCES
[1] Manzanero J., Rubio G., Kopriva D.A., Ferrer E., Valero E., Entropy-stable discontinuous Galerkin
approximation with summation-by-parts property for the incompressible Navier-Stokes/CahnHilliard system, (submitted to Journal of Computational Physics) arXiv preprint arXiv:1910.11252
[2] Manzanero J., Rubio G., Kopriva D.A., Ferrer E., Valero E., Entropy-stable discontinuous Galerkin
approximation with summation-by-parts property for the incompressible Navier-Stokes equations
with variable density and artificial compressibility, (submitted to Journal of Computational Physics)
arXiv preprint arXiv:1907.05976
[3] Manzanero J., Rubio G., Kopriva D.A., Ferrer E., Valero E., A free-energy stable
nodal discontinuous Galerkin approximation with summation-by-parts property for the CahnHilliard equation, Journal of Computational Physics, 2019, 109072, ISSN 0021-9991,
https://doi.org/10.1016/j.jcp.2019.109072.
[4] Gómez-Álvarez, S., Rivero-Jiménez A., Rubio G., Manzanero J., Redondo C., Novel Coupled
Cahn-Hilliard Navier-Stokes Solver for the Evaluation of Oil and Gas Multiphase Flow. BHR
Group. (2019, December 6)
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The finite-volume method employed in most of the commercial flow solvers is favoured for its simplicity, geometrical flexibility and robustness. This method is usually at most second-order accurate in space
and therefore, may exhibit undesirably large discretisation errors when used for scale resolving turbulent
flow calculations such as large-eddy simulations (LES). In comparison, the compact high-order accurate
methods potentially offer performance (accuracy/cost) and parallel scalability benefits for such simulations [1]. Very few studies [2, 3] could be found that compare high-order and finite-volume solvers.
Further, a common shortcoming in the previous works is that simplistic geometries (such as isolated
aerofoil, plane-jet) with well-resolved meshes are considered. However, the performance benefit, if any,
is not clear in industrial scenarios i.e. complex geometries resolved using coarse unstructured grids.
The aim of the present study is to assess the relative accuracy and efficiency of high-order schemes
for gas turbine combustor applications. The results from a standard second-order finite-volume solver
and a newer high-order spectral/hp solver are compared. Specifically, incompressible unsteady solvers
from OpenFoam and Nektar++ frameworks are used. Two relevant flow configurations are considered
that feature unsteady vortex-dominated flows. Coarse unstructured hybrid meshes are used and sub-grid
scale treatments are employed due to the under-resolution. The first configuration consists of multiple
jets impinging onto each other in a cross-flow which resembles the dilution port flows in a combustor.
The second one is a confined swirling flow induced by radial vanes. The experimental results for both are
available as reference datasets. In the former case, it is found that for a given cost the fourth polynomial
order LES resolves a broader range of scales and predicts the mean quantities slightly better. The highorder turbulence spectrum and mean results could only be matched by a 3.5 times expensive second-order
simulation. The analysis on the swirling flow case is underway and will be available shortly. Preliminary
results show similar conclusions as the first test case. The work indicates that there is likely to be a
benefit in adopting high order methods for LES of turbulent combustion system applications.
REFERENCES
[1] Wang, Z.J., Fidkowski, K. et al. High-order CFD methods: current status and perspective. Int. J.
Numer. Meth. Fluids (2013) 72:811–845.
[2] Vermeire, B.C., Witherden, F.D. and Vincent, P.E., On the utility of GPU accelerated high-order
methods for unsteady flow simulations: A comparison. J. Comp. Physics (2017) 334:497–521.
[3] Capuano, F., Palumbo, A. and de Luca, L. Comparative study of spectral-element and finite-volume
solvers for direct numerical simulation of synthetic jets. Comput. Fluids (2019), 179:228–237.
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In the framework of the development of the CFD solver AGHORA, ONERA is working on the development of
hp-adaptive high-order discontinuous Galerkin (DG) methods to reduce the computational cost, while maintaining
the accuracy of the simulations. In h-adaptation strategies, flagged elements are divided into smaller elements
(h-refinement) or agglomerated into a larger element (h-coarsening). On the other hand, p-adaptation approaches
increase (p-enrichment) or lower (p-coarsening) the degree of the polynomial approximation in marked elements.
An hp-decision algorithm selects the most appropriate adaptation strategy (h- and/or p-) to be adopted for each
problem. Smooth regions in the solution promote p-adaptation, whereas regions featuring locally steep gradients
(e.g. shocks and boundary layers) are better captured using h-adaptation.
In [1] p-adaptation strategies are studied for steady and unsteady flows. Among the error estimators (EEs) discussed, the so-called Discretization Error (DE) based indicators are relevant to our work. They estimate the error
between the numerical and exact solution and flag the elements accordingly. With this in mind, the research in [1]
shows the benefits of p-adaptation, and how its adoption considerably reduces the number of degrees of freedom
(#DOFs) for a preimposed level of accuracy, compared to a uniform approximation order solution.
If we switch to our subject of concern, that is h-adaptation, we are interested in how multiwavelets (MWs) and their
properties may shed new light on the adaptation strategies. This is motivated by the fact that the MW transform
breaks any input apart into a hierarchy of low resolution data and subsequently finer details. In the DG h-adaptation
literature, reference [2] constitutes a representative example of a global h-adaptation based on MWs (global-MW).
Namely, a cascade of scales is built from the DG solution on the finest mesh (reference mesh). Then, thresholding
produces the final adapted mesh (compression of DG solution). This method, while soundly based on wavelet
theory and accurate, bears important constraints. Firstly, a solution on a fine mesh must be foreknown. Secondly,
Cartesian grids must be employed. Lastly, parallelisation may prove challenging.
To overcome the previous shortcomings, in the present work MW analysis is performed locally within each element. By being local to the element, adaptation can be applied by starting from a coarse mesh. More general grids
may be used (not limited by the strict translation and dilation properties of MWs) and the parallel efficiency of the
original DG method is conserved. The local h-adaptation MW-based method (local-MW) follows the steps below:
1. Enrichment of DG solution. Reconstructed solution built from current and neighbouring elements [3].
2. Building local hierarchy via MWs. Enriched solution broken apart into a cascade of scales.
3. Thresholding and element marking. Elements with higher EE than the threshold value are flagged.
Early tests on the 1D unsteady viscous Burgers equation show promising results. An important decrease in the
#DOFs is observed when the adaptive process is activated. A comparison with EEs in [1] shows that, for the localMW EEs, fewer elements are adapted for a similar global level of error. Interestingly, the effectivity index of the
proposed method is close to unity. This means that the EEs are scaled with the error of the solution itself. Further
studies on a 2D jet flow and a backward-facing step configurations will be presented to assess the feasibility of the
method in higher dimensions. More importantly, the analysis of the MW components in x-, y- and xy- directions
will open the door to anisotropic adaptation.
REFERENCES
[1] F. Naddei, M. de la Llave Plata, V. Couaillier. and F. Coquel. 2019. A comparison of refinement indicators for p-adaptive
simulations of steady and unsteady flows using discontinuous Galerkin methods. J. Comput. Phys., 376, 508-533.
[2] N. Gerhard, F. Iacono, G. May, S. Müller, R. Schäfer. 2015. A High-Order Discontinuous Galerkin Discretization with
Multiwavelet-Based Grid Adaptation for Compressible Flows. J. Sci. Comput., 62, 1, 25-52.
[3] V. Dolejšı́, and P. Solin. hp-discontinuous Galerkin method based on local higher order reconstruction. Appl. Math.
Comput. 279, 219-235.
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Turbomachinery flows pose significant challenges towards Computational Fluid Dynamics (CFD) due
to their complex geometry, high unsteadiness, strong multistage interdependence and often turbulent
nature. High-order methods provide an efficient approach for the simulation of such problems while
requiring limited modeling choices or a priori knowledge of the flow state. In this work, we present the
open-source high-order accurate CFD framework FLEXI1 in the context of two problems relevant for
turbomachinery. The first case shows the application to the wall-resolved Large Eddy Simulation of a
1-1/2 stage high-pressure turbine cascade [1, 4, 3]. We demonstrate that the code retains the excellent
scaling properties and numerical accuracy of spectral methods in the presence of (multiple) sliding mesh
interfaces. We show convincing results even in traditionally complex regions featuring high streamline
curvature, transition and relaminarization. For the second case, we apply the same framework to the
problem of particle-laden flow in a high-turn low-pressure turbine cascade [2]. The particle field at
the outlet displays substantial dependence on the temporal evolution of the fluid phase. This gives the
argument to perform full multi-stage simulations to obtain accurate inflow conditions for any subsequent
blade row rather than the common prescription of time-averaged boundary conditions. We are in the
progress of making the capability for particle simulation part of the open-source code, including full
integration with the sliding mesh approach.
REFERENCES
[1] H. G ALLUS: ERCOFTAC test case 6: axial flow turbine stage. In: Seminar and Workshop on 3D
Turbomachinery flow prediction III, Les Arcs, France, 1995.
[2] K. H ILLEWAERT, C. C. DE W IART ET AL . : DNS and LES of transitional flow around a high lift
turbine cascade at low Reynolds number. In: 2nd Int. Workshop on High-Order CFD Methods,
Cologne, Germany, 2013, von Karman Institute, Turbomachinery Dep., DLR, AIAA and AFOSR.
[3] T. VOLMAR , B. B ROUILLET, H. B ENETSCHIK ET AL . : Test case 6: 1-1/2 stage axial flow turbineunsteady computation. In: ERCOFTAC Turbomachinery Seminar and Workshop, 1998.
[4] R.E. WALRAEVENS AND H.E. G ALLUS: Testcase 6–1-1/2 Stage Axial Flow Turbine. Ercoftac
Testcase, S. 201–212, 1997.
1 www.flexi-project.org

2227

Anisotropic
Semih
Akkurt,
Element-Local
Freddie D. Witherden
Implicit Time
and Peter
Stepping
E. Vincent
for High Order Flux Reconstruction

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France
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Scale resolving simulations such as direct numerical simulation (DNS) and implicit large eddy simulation (ILES) with explicit time marching schemes are limited in terms of maximum allowable time
step. This limit becomes particularly severe for high Reynolds number wall-bounded flows. In order to
overcome the time step restriction, various implicit schemes have been developed. However, in the context of modern hardware architectures, which are characterised by relatively low memory and memory
bandwidth there are two issues. Firstly, implicit schemes introduce a coupling between adjacent solution
points and therefore requires solution of a non-linear system, which is solved by breaking it up into series
of linear problems. Apart from increasing memory requirement, solution of the resulting linear system
also results in a higher bandwidth, which is often a limiting factor. Secondly, high order Discontinuous
Galerkin (DG) type spatial discretisations lead to large memory requirements. In order to ameliorate
these issues, it is possible to build flux Jacobians based on only element-local information, neglecting
the coupling between elements to reduce the computational cost. In this work we take this further by focusing on boundary layer elements. Gradients in near wall elements in wall bounded flows are strong in
wall normal direction and weak in wall parallel directions. Therefore, in addition to removing elementelement coupling in the flux Jacobian, we will also remove the wall parallel coupling in anisotropic wall
adjacent elements that are in boundary layers. This results in a simplified flux Jacobian and a minor
increase in memory requirement while allowing an increased allowable time step compared to explicit
schemes. It will be demonstrated with turbulent channel flow and turbulent flow over an SD7003 aerofoil
simulations that this method results in reduced computational cost whilst remaining accurate.
REFERENCES
[1] Witherden F.D., Farrington, A.M., and Vincent, P.E. PyFR: An open source framework for solving advectiondiffusion type problems on streaming architectures using the flux reconstruction approach. Computer Physics Communications (2014) 185(11):3028-3040.
[2] Huynh, H.T. A flux Reconstruction Approach to High-Order Schemes Including Discontinuous
Galerkin Methods. 18th AIAA Computational Fluid Dynamics Conference. (2007)
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CODA – A new generation CFD software for advanced adaptive simulation
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Computational fluid dynamics, or CFD, uses applied mathematics, physics and computational
software to help designing aerodynamically efficient aircraft. A new partnership between Airbus, DLR
and ONERA will help keep European aerospace industry at the forefront of this field. For an aircraft
engineer, it is vitally important to know precisely how air will pass over and interact with every part of
an airplane. Creating high-quality modelling with computational fluid dynamics requires substantial
time, computational power and expense, which the CODA platform will optimize by bringing new
tools and development processes.
The development follows a top-down approach, identifying significant drivers in terms of application
range and software design is evaluated during the project to identify possible drawbacks during early
stages and is continuously monitored to keep maintainability and expandability. Development is
supported by modern software tools, such as distributed version control, web-based code reviews and
continuous integration. The kernel of the resulting design is a framework whose data structures and
methods serve as a basis for implementing lean modules, for example equations, space-discretizations
and time-integration methods.
The framework provides basic functionalities such as efficient implementation of loops,
parallelization, or the provision of required data. Based on this framework [1], the first versions of
CODA integrate two main approaches, the 2nd order Finite Volume method being largely assessed by
the partners during the last 2 decades [1] [2], and the more innovative hp adaptive high-order
discontinuous Galerkin method already analyzed in ONERA [3] and DLR [4] demonstrators.
Moreover DG methods appear very promising to improve accuracy and well-adapted to the new
heterogeneous HPC architectures.
We will present the status of the project, with focus on HPC and high-order capabilities.
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Multidiscplinary Design 128, pp. 315-335, Springer, 2015.
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We consider implicit and explicit time-marching discretisation schemes for the compressible NavierStokes equations, discretised using the Discontinuous Galerkin Spectral Element Method with GaussLobatto nodal points (GL-DGSEM), which is particularly attractive due to its ability to handle complex
geometries and achieve spectral convergence rates. We compare standard explicit time advancement
using Low-Storage Runge-Kutta (LSERK) methods and implicit strategies using Backward Differentiation Formulas (BDF) for both steady and unsteady flows over a laminar NACA0012 aerofoil. The main
focus is put on tailored and efficient solvers of linear system of equations arising from the Newton’s
method in the implicit schemes. We investigate the effectiveness of the GMRES solvers with different
preconditioners (Block-Jacobi, ILU) that have proven to give an excellent acceleration in the recent years
[1, 2]. In particular we explore coarse grid acceleration in the form of multi-level p-Multigrid method.
Additionally, we further exploit the tensor-product structure of GL-DGSEM with our static condensation
technique [3] that shows additional improvements over the implicit non-condensed strategies.
This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement MSCA ITN-EID-GA ASIMIA No 813605.
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ENATE (Enhanced Numerical Approximation of a Transport Equation) is a high-order exponential
scheme for convection-diffusion problems. In a one-dimensional setting it relates the nodal values of
a generic variable ϕ via an algebraic equation of a three-point stencil. The coefficients of this equation
contain integrals of some fluid and flow parameters. One important property is that the scheme allows
to obtain a machine-accurate solution of an inhomogeneous transport equation if these integrals can be
obtained analytically. A simple way of getting solutions in multidimensional problems while still using
the one-dimensional formulation is presented in [1]. Moreover, if the problem is such that the solution
is machine-accurate in the one-dimensional problem along coordinate lines, it will also be for the multidimensional domain. For instance, in a 2D problem the idea is to use coordinate splitting to obtain two
one-dimensional equations
(
)
∂ϕ
1
∂
ρuϕ − Γ
= S(x, y) + β(x, y),
∂x
∂x
2
(
)
(1)
∂ϕ
1
∂
ρvϕ − Γ
= S(x, y) − β(x, y).
∂y
∂y
2

β is updated iteratively by calculating ϕ1 and ϕ2 , solution of each of the two previous equations, and
estimating the change in β required to make ϕ1 = ϕ2 . In order to obtain a manageable equation, some
terms of the algebraic equations are neglected in the updating process, which prevents getting the final
solution in just one iteration. This idea can be carried over to the unsteady one-dimensional convection
diffusion equation by considering a pseudo-spatial coordinate η = ct where c is a positive constant. Thus,
(
)
∂
∂ϕ
1
ρuϕ − Γ
= S(x, η) + β(x, η),
∂x
∂x
2
(2)
∂
1
(ρcϕ) = S(x, η) − β(x, η).
∂η
2
Some results of ENATE following these lines in 2D and 3D problems will be presented, also with moving
objects.
REFERENCES
[1] Llorente, V.J. and Pascau, A. Extension of an exponential discretization scheme to multidimensional convection-diffusion problems. Internal report, Fluid Mechanics Group, University of
Zaragoza. To be submitted for publication.
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It is well recognized within the CFD community that high-order numerical methods have better accuracy
than low-order schemes with comparable computational cost. Additionally, the paradigm of high-order
methods has the advantage that it introduces the polynomial order as a new flexibility, which leads to
the possibility of improving the accuracy locally in regions of interest. In this work, we focus on the
engineering application of high-order methods combined with the Immersed Boundary Method (IBM).
The high-order method adopted in the current study is based on flux reconstruction (FR) approach proposed by Huynh [2]. It provides a differential framework for discontinuous finite element schemes, which
unifies several other high-order methods [5]. Additionally, the IBM treatment allows for the solution of
CFD problems with non-body fitted meshes [3]. It can handle complex geometries with large structure
deformation or moving bodies very efficiently. Here we select the volume penalization method [1]. This
method follows a basic physical intuition that the solid wall can be modelled as a porous medium with
vanishing viscosity. Volume penalization method imposes penalized source terms inside the solid to
simulate the effect of the boundary. The adoption of volume penalization comes from its robustness and
rigours proof of convergence. Since it is known that the IBM treatment leads to a loss of accuracy near
boundaries, we propose to improve the resolution through local polynomial refinement.
In this study, to handle the stiffness of the IBM penalization term, the Strang splitting method [4] is
implemented. The fluid equations are solved by an explicit Runge-Kutta method. The proposed method
is tested by different cases. We demonstrate the efficacy of the approach by simulating flows past static
solid bodies, including cylinder, airfoil and sphere. The capability of treating moving boundaries is
shown by simulating flow past a moving airfoil with plunging and pitching motions. As an example, the
mesh used for the IBM computation of flow past cylinder is shown in Figure 1a, where a locally uniform
grid with size h = 0.03D is used (D is the diameter of the cylinder). Local p-refinement is performed
near the wall. The distribution of polynomial order for each element is shown in Figure 1b. Here we use
P = 1 globally with P = 3 near the boundary. A comparison of the solution from the IBM simulation with
p-adaptation, IBM simulation with globally uniform order P = 3, and body-fitted simulation is shown
in Figure 2. We find that combining IBM and high-order methods can lead to a reasonable numerical
accuracy, which can be improved with locally adapting the polynomial orders. This research shows the
capability of developing high order methods with IBM for industrial applications.
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Figure 2: Comparison of IBM simulation with and without p-refinement, and standard high-order simulation.
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High-order (HO) methods are of concerted academic and industrial interest in recent years due to their
improved accuracy and their capability to deal with complex geometries [1]. Of particular note is the flux
reconstruction method [2], which unifies several existing HO schemes into a simpler and computationally
efficient approach that has been shown to work on all element types (including simplices) in two and three
dimensions. There is considerable interest to apply HO methods to industrially relevant problems. At
the same time, accurate and robust turbulence modeling techniques are essential for reliable results. As
outlined in the National Aeronautics and Space Administration’s CFD vision 2030 study, Large Eddy
Simulation (LES) still remains impractical for industrial cases - therefore, Reynolds-Averaged Navier
Stokes (RANS) and hybrid RANS-LES methods hold high significance in the near future [3].
Achieving fastest convergence to steady-state is important in the context of RANS simulations, for which
several convergence acceleration techniques are being investigated. Multigrid methods are an industry
standard in Finite Volume (FV) type schemes and are increasingly being applied to HO methods in the
form of p-multigrid [4]. They exploit the polynomial hierarchy of the solution space to represent errors
on a coarser resolution. A natural extension of this idea is hp-multigrid, where we can augument the
classical h-multigrid to the polynomial hierarchy.
In this paper we illustrate the application of high-order flux reconstruction methods to simulate compressible, turbulent flows on body-fitted meshes. The case in point is the turbulent flow over a flat plate
[5]. Turbulence is modeled through the RANS approach using the one-equation Spalart-Allmaras model.
Grid-coarsening for the h-levels is performed by removing every other line in each direction from the
original mesh. The system is driven to a steady-state solution using hp-multigrid convergence acceleration with local time-stepping using an explicit Runge-Kutta time-marcher. We show that the augumented
h-multigrid is highly effective with a 5X drop in convergence time as shown in Figure 1. We also analyse
the effect of variations in the hp-multigrid parameters: the number of h-levels, the fraction of correction
that is applied to finer levels, and the number of smoothing iterations performed on the h-levels.
This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the
Marie Skłodowska-Curie grant agreement number 813605 [6].
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Figure 1: Evolution of drag-coefficient (i) and skin-friction coefficient (ii) for flat-plate runs with hp-multigrid
compared with only p-multigrid for P5 demonstrating the accelerated convergence. Degree-of-freedom convergence of normalized drag-coefficient (iii) and skin-friction coefficient (iv) compared between FV- and HO-methods
demonstrating the power of the latter.
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In the present work the Local Discontinuous Galerkin (LDG) method [1] with polynomial adaptivity is
applied to the Large Eddy Simulation of the parallel blade-vortex interaction (BVI).
The BVI phenomenon occours on helicopter and drone rotors in manoeuvring conditions and it produces
impulsive changes in the pressure distributions, vibrations and noise. In order to deeply understand the
mechanism of noise generation related to the pressure field and three dimensional perturbations growth,
to focus on the interaction between the vortex and the three dimensional structures in boundary layer
and wake, accurate 3D unsteady numerical simulations of turbulent flows are necessary. For this reason
it is very iportant the use of a numerical code based on high order schemes such as LDG. Moreover
in the LDG approach the numerical resolution can be varied on each element and in time, adapting to
the requirement of the simulated flow and saving a large amount of computing resources. In the used
numerical code the criterion for variation of the polynomial order is based on a refinement indicator
especially suited for LES and based on the structure function [2]. The local polynomial representation
directly provides a means to separate large from small scale modes, thus providing the starting point for
the definition of the subgridscale models. In the present simulations the subgrid scales contribution is
represented with a sophisticated dynamic anisotropic subgrid model [3], suitable and well tested for wall
resolved LES and complex separated turbulent flows.
Different BVI configurations are simulated highlighting the effect of the vortex on the pressure distributions, on the boundary layer separation and on the resulting forces.
REFERENCES
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For industrial CFD, multigrid methods and convergence acceleration is critical for quick turnaround
times. It is well established that high-order methods like Discontinuous-Galerkin (DG) and Flux Reconstruction (FR) offer significant advantages over traditional 2nd order Finite-Volume methods. They are
more efficient for a given level of accuracy, can effectively utilize modern computer architectures like
GPUs and are quasi mesh-independent. A drawback is that these methods are less mature and robust
than their FVM counterparts. This has been the motivating factor in studying the numerical properties
and stability limits of such schemes for under-resolved simulations of turbulent flows [1, 2, 3].
By contrast, literature related to the analysis of these methods for convergence acceleration via multigrid
remains scarce. In this work we examine Flux Reconstruction, first introduced by Huynh [4], in combination with h/p-multigrid. The multigrid schemes are examined by means of the non-modal analysis
(NMA) presented by Fernández et al. in [5], enabling the quantification of short-term dissipative errors.
Although the Von Neumann analysis has been consistently applied to high-order methods, the potentially
large number of eigenmodes hides the true behaviour of the scheme. This is especially true in the highwavenumber range, where all eigenmodes contribute in similar proportions to a scheme’s properties. The
NMA overcomes this limitation by obtaining a single dissipation curve for the whole wavenumber range.
We apply the NMA to Flux Reconstruction discretizations of the linear diffusion and convection-diffusion
equations. The type of cycle (V-cycle or W-cycle) and the sweep pattern are shown to have an influence
on the dissipation properties of the linear multigrid operator (see figure 1a). In this regard, the non-modal
analysis can support existing evidence on the behaviour of multigrid schemes, e.g. on the effect of increasing coarse-level sweeps. The analysis is carried for polynomial orders up to P = 6, and an increase
in the multigrid efficiency is observed for higher polynomial orders (c.f. figure 1b). In addition to pure
p-multigrid where a single mesh is used, the use of supplementary meshes in hp-multigrid cycles is also
explored. This study shows how these observations made in 1D apply also to 2D cartesian meshes. In
2D, the focus is on the multigrid stability in the presence of mixed convection-diffusion and high aspectratio cells, both of which are found to decrease the error dissipation rate. Finally, the hp convergence
of linear multigrid operators is validated and their performance is assessed following the 1D and 2D
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(a) Short-term dissipation of three multigrid operators
at polynomial order P = 4: V-cycle multigrid with
sweep pattern 1-1-1-1-1 (blue), V-cycle multigrid with
sweep pattern 1-2-3-4-5 (red) and W-cycle multigrid
with sweep pattern 1-2-4-8-16 (yellow).

−100
−200
−300
π/4
π/2
3π/4
φ = κ h/(P + 1), wavenumber

π

(b) Short-term dissipation of V-cycle multigrid operators for increasing polynomial orders, from P = 1 (dark
blue) up to P = 6 (cyan). Damping increases with the
polynomial order.

Figure 1: results of the non-modal analysis.
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Accurate simulation of turbulent flows with complex unsteady features, such as massive separation,
remains beyond the current capabilities of industrial CFD methods. A major challenge in simulating
turbulent flows with large-scale unsteady features is the invalidity of the common physical assumptions
made in RANS-type approaches. This requires resolving the turbulence at a reasonable level of accuracy through large eddy simulation (LES) implying considerable computational cost. Performing such
simulations at the industrial scale requires using efficient and scalable numerical methods with geometrical flexibility, like the high-order discontinuous Galerkin (DG) method. One of the most interesting
properties of the DG method is the possibility of locally adapting the spatial resolution by either reducing the mesh size (h-adaptation) or by locally modifying the degree of the polynomial approximation
(p-adaptation). This feature is of interest for the development of adaptive algorithms to be used in scaleresolving simulations of turbulence on complex geometries. Error estimation strategies must in this case
be specifically tailored for turbulent flow simulations on irregular meshes.
In this work we present a statically adaptive p-adaptive algorithm for the simulation of turbulent flows.
Based on our previous research [1] a new refinement indicator has been developed based on an estimate
of the H1 -norm of the error of the instantaneous momentum field. The proposed error estimate can
be implemented as a simple post-processing operation requiring only knowledge of the instantaneous
solution within an element and its immediate neighbours. Thanks to its dependence on the gradient vector
components, it could also be employed for anisotropic adaptive approaches. The p-adaptive algorithm
used in this research therefore allows for the refinement and coarsening of the local polynomial degree
as a function of the maximum over time of the error measure. The computational gain provided by the
adaptive algorithm is studied by performing p-adaptive LES simulations of the flow past a NACA0012
airfoil at Reynolds number Re = 50 000 and incidence angle α = 5◦ [2]. This analysis illustrates the
efficiency of the developed algorithm for scale-resolving simulations of flows of industrial interest.
REFERENCES
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Analytical methods to quantify numerical errors of dissipative and dispersive type are common in ordinary and partial differential equations. A classic approach includes the von Neumann analysis (or time
Fourier approach), which enables the quantification of dissipative and dispersive errors in low and high
order methods. In this presentation, we review our recent findings regarding von Neumann analyses for
relatively new numerical techniques that include: high order Discontinuous Galerkin methods in nonuniform grids[1], lattice Boltzmann[2] and finite volume Weno schemes[3]. Additionally, we propose a
new data-driven technique to retrieve time and space errors. We compare the errors induced for linear
advection-diffusion equations to then assess their usefulness to compute under-resolved turbulent flows.
This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement MSCA ITN-EID-GA ASIMIA No 813605.
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ABSTRACT
This minisymposium provides a forum in which researchers and practitioners will report and discuss
recent advances in numerical methods for wave problems as well as state-of-the-art science and engineering applications involving wave phenomena. Numerical methods of interest include (but are not
limited to) ADER-DG, space-time DG (Tent Pitching), space-time parallel multigrid, adaptive mulitresolution (MR), IMEX, pseudo-time, local time-stepping, and fast boundary element formulations as well
as their frequency-domain counterparts. Presentations describing approximate representations of boundary conditions, homogenization of heterogeneous and dispersive media, stochastic modeling, and novel
solution schemes and software architectures for exascale HPC systems are also welcome. Applications
of interest include water waves and coastal modeling, dynamics of solids, dynamic fracture, forward and
inverse scattering, waves in random or dispersive media, photonics and metamaterials, electromagnetics,
acoustics, hyperbolic heat conduction, compressible gas dynamics, medical and seismic imaging, and
multiphysics wave problems.
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High resolution geophysical seismic imaging by full waveform inversion can be tackled either in time
or frequency domains. While it has been proven that frequency-domain can be an approach of choice
under the acoustic approximation of the wave equation, taking benefit of recent developments of the
computational facilities and optimized finite differences schemes, most of the successful and large scales
applications still rely on the time domain formulation. Application of 3D large scale frequency-domain
wave modeling is currently limited by the high computational burden resulting from the resolution of
huge sparse linear system, i.e., the discretized wave equation. Recent attempts are made using the finite
difference discretization of the wave equation, mainly for visco-acoustic media [4]. However, elastic,
visco-elastic or anisotropic effects have a great effect on onshore seismic imaging techniques. It is thus
necessary to perform the anisotropic visco-elastic wave modeling to incorporate all these effects. Study
on 3D frequency-domain modeling in the framework of onshore seismic imaging is relatively rare. We
would like to investigate the 3D frequency-domain anisotropic elastic wave modeling to prepare for
further imaging. In terms of discretization method, the spectral element method (SEM,[2]) has been
investigated particularly in seismic imaging and seismology. SEM fits well the applications for seismic
exploration where we can presume the continuity of the solution and media. We investigate the performance of direct solvers for solving the linear system related to the frequency-domain wave modeling.
The widely used full-rank version of MUMPS and STRUMPACK solvers are compared [1, 3]. Numerical experiments show a loss of scalability of MUMPS when more than about a hundred MPI processes
are used. Resorting to a hybrid MPI/OpenMP implementation can improve the scalability performances
of MUMPS, however, the number of threads which can be used simultaneously is limited by the CPU
architecture. As a comparison, STRUMPACK has a better MPI scalability and it can also benefit from
OpenMP if MPI scaling limit is reached. Thus STRUMPACK might be better suited for larger-scale
modelings. We realize a modeling with 30 wavelengths in each dimension (DOF ≈ 1.41e7) on a relatively modest size HPC platform.
REFERENCES
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Causal Spacetime Discontinuous Galerkin (i.e., cSDG or Tent Pitching) methods have proven very effective in solving hyperbolic systems, see for example [1, 2]. Their intrinsic asynchronous algorithmic
structure suggests that they might be particularly well-suited to the requirements of emerging exascale
HPC platforms where synchronous barriers are expected to seriously degrade scalability. In traditional
schemes, synchronous barriers are associated with time-marching solvers and, in the case of parallel–
adaptive solvers, the ubiquitous Domain Decomposition Method (DDM) where the domain decomposition must be recomputed periodically to restore load balance. Parallelization via the DDM works well
with non-adaptive cSDG schemes on grids with uniform element size. Under these restrictions, a static
decomposition suffices to maintain load balance. However, after years of effort, we found no way to
update domain decompositions fast enough to keep up with the intensely dynamic mesh refinement generated by parallel–adaptive cSDG methods and the resulting highly nonuniform rates of advancement in
time. Since dynamic mesh adaptation is one of the most powerful features of cSDG solvers, especially
in multiscale problems and for tracking fast-moving features such as shocks and brittle fractures, we
decided to abandon the DDM and consider alternative approaches to parallelization.
We describe a new framework for parallel–adaptive cSDG schemes in which we sacrifice the data locality of the DDM to obtain a barrier-free design and adopt novel probabilistic methods for independently
balancing data distribution and computational load across distributed and potentially heterogeneous HPC
platforms. We recover data locality via gather/scatter operations that construct local fragments of a global
space-like front mesh, our only distributed data structure. Adaptive meshing functions and numerically
intensive finite element computations execute as embarrassingly parallel operations on these fragments
in local memory. The relatively coarse granularity of these operations, especially for high-order formulations, leads to a latency-tolerant scheme. We describe a scalable architecture and an MPI-based
distributed implementation that manages latency to preserve scalability.
REFERENCES
[1] R. Abedi, R. B. Haber and B. Petracovici. A spacetime discontinuous Galerkin method for elastodynamics with element-level balance of linear momentum. Comp. Methods Appl. Mechs. Engrg.
195 (2006), pp. 3247–3273.
[2] R. Abedi, R.B. Haber and P.L. Clark, Effect of random defects on dynamic fracture in quasi-brittle
materials, Int J Fract 208 (2017), pp. 241–268.
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Immersed finite element methods are applied to solve interface problems on interface-independent meshes
that allow interface elements that are cut by the interface. Here we propose an immersed discontinuous
Galerkin method to solve acoustic-acoustic, elastic-elastic and acoustic-elastic interface problems on
Cartesian meshes with interface elements that consist of more than one fluid, more than one solid or
a combination of fluids and solids separated by interfaces. These problems are modeled by either the
same PDE system with discontinuous coefficients as is the case for acoustic-acoustic and elastic-elastic
interface problems or by different PDE systems as for acoustic-elastic interface problems. These PDE
systems are coupled by jump conditions across the interfaces. We present a stable weak DG formulation combined with a piecewise polynomial immersed finite element (IFE) space. The IFE space is
such that on each interface element we use a piecewise polynomial space satisyfing the interface jump
conditions while on non-interface elements we use standard polynomial spaces. We discuss the stability
of the method and a time-marching algorithm. We conclude with several numerical examples showing
the performence of our method by solving interface problems for acoustic-elastic wave propagation in
heterogeneous media.
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The causal Spacetime Discontinuous Galerkin (cSDG) method [1] can be used
directly, without relaxation, to solve hyperbolic problems. It has proven very effective in this
role due to its local conservation properties, linear computational complexity, unconditional
stability, powerful adaptive meshing capabilities, and other favorable properties. Here we
focus on extensions of cSDG solution technology to address parabolic PDEs by using
hyperbolic pseudo-time relaxation and direct enforcement of parabolic fluxes.
Localization of the cSDG method follows from a causality constraint that governs the
formation of patches (spacetime clusters of elements that must be solved simultaneously).
That is, all patch boundary facets must be space-like. This limits the durations of spacetime
elements within the patch to be proportional to the element diameter and the reciprocal of the
wave speed. For simple parabolic equations, such as the Fourier heat equation, the stability
limit of an explicit method is proportional to the square of the element diameter and the
reciprocal of the diffusion coefficient. We demonstrate that the cSDG method can solve
parabolic PDEs directly, provided that a similar stability limit is imposed on spacetime
element durations. We present numerical convergence studies for 1D and 2D problems that
demonstrate convergence rates and stability limits for different polynomial orders.
We describe two methods for solving parabolic PDEs. The first enforces parabolic
numerical fluxes on inter-element boundaries within a patch. The second, a dual-time method,
introduces a pseudo-time dimension to transform the original parabolic problem into a
hyperbolic system on physical spacetime x pseudo-time. This transformation enables the use
of hyperbolic fluxes on inter-element faces and provides several advantages. We compare
numerical results obtained with the two methods.
We compare the cSDG parabolic solver with another DG scheme in which spacetime
elements are formed by extruding a space mesh in time. This yields an implicit method
wherein the entire spacetime domain must be solved simultaneously. We present simple linear
and nonlinear numerical examples to demonstrate the basic properties of the two methods and
compare results obtained with the hyperbolic and parabolic conduction models for the
response of a composite material exposed to a laser heat source.
REFERENCES
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Causal Spacetime Discontinuous Galerkin (cSDG) methods, sometimes called Tent-Pitching methods,
are highly effective hyperbolic system solvers. These asynchronous solution schemes employ unstructured spacetime meshes that satisfy a so-called causality constraint wherein the spacetime solution domain is subdivided into clusters of spacetime elements called patches such that all inter-patch boundaries
are spacelike with respect to the characteristic structure of the governing equations. This structure leads
to an asymmetric dependency graph between patches where the solution in any single patch depends
only on solutions in adjacent predecessor patches and, for patches with facets on the spacetime domain
boundary, prescribed initial or boundary data. The dependency graph defines a partial ordering of patches
that enables patch-by-patch direct solvers. Since the patch ordering is only partial, local patch solutions
and adaptive meshing operations can be executed in parallel.
In practice, we generate the spacetime mesh incrementally, one patch at a time subject to the causality
constraint, and immediately compute the local solution on each new patch as soon as it is generated.
Various adaptive meshing functions can be performed at the same patch-level granularity [1], leading
to fine-grained adaptive meshing with capabilities to track dynamic solution features, such as dynamic
crack nucleation, extension and branching, with unmatched precision [2]. However, this extreme form
of adaptive meshing presents unique load balancing challenges that seem insurmountable in traditional
parallel schemes based on the domain decomposition method (DDM).
Production adaptive cSDG implementations have previously been limited to two dimensions in space
(E2 × R) and the aforementioned load balancing challenges have frustrated attempts at scalable, parallel–
adaptive realizations of the method. This presentation will describe a scalable, distributed parallel–
adaptive cSDG implementation that abandons the DDM for a probabilistic load balancing scheme executed at patch-level granularity as well as new spacetime meshing capabilities in up to E3 × R.
REFERENCES
[1] R. Abedi, S.-H. Cheng, J. Erickson, Y. Fan, M. Garland, D. Guoy, R. Haber, J. Sullivan, S. Thite and
Y. Zhou. Spacetime meshing with adaptive refinement and coarsening, in 20th Ann. Symp. Comp.
Geometry, New York, USA, June 8–11, 2004, pp. 300–309.
[2] R. Abedi, R.B. Haber and P.L. Clark, Effect of random defects on dynamic fracture in quasi-brittle
materials, Int J Fract 208 (2017), pp. 241–268.
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CONTROLLING NONLINEAR ELASTIC SYSTEMS IN STRUCTURAL
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The main task of inverse dynamics is the determination of forces acting on mechanical systems, such
that a desired motion of particular points of the system considered is achieved. In this class of problems,
a distinction between fully actuated and underactuated systems is made - a system is called underactuated, if it has more degrees of freedom than available control forces. Crane systems for example,
represent an important class of such underactuated systems. Cranes can be modelled systematically as
finite-dimensional mechanical system subject to holonomic constraints (see [1]). To solve the inverse
dynamics of such discrete mechanical systems, servo constraints have been successfully applied. In this
approach the equations governing the motion of the discrete mechanical system are supplemented by
algebraic servo constraints. The servo constraints serve the purpose of partially prescribing the motion
of the mechanical system. For crane systems, the resulting set of differential algebraic equations (DAEs)
has typically a differentiation index that ranges between three and five. After the application of index
reduction techniques the DAEs can be solved by means of specific time-stepping schemes (see [2, 3] and
references therein).
In principle the same approach can also be applied to the inverse dynamics of flexible mechanical systems. To this end a discretization in space needs to be applied first to generate the discrete mechanical
system. Then servo constraints can be appended leading again to DAEs. However, the index of the
resulting DAEs can be quite large hindering their numerical solution.
In our contribution we consider an alternative approach to the inverse dynamics of flexible mechanical
systems. In contrast to a sequential discretization in space and time we apply a simultaneous spacetime discretization of the problem at hand. In particular, we will introduce the method of characteristics
for inverse dynamics and compare it with a space-time finite element formulation. We will focus on
mechanical systems whose motion is governed by quasilinear hyperbolic partial differential equations.
In this context, the inverse dynamics of a nonlinear elastic rope will be investigated.
REFERENCES
[1] Yang, Y., Betsch, P. and Zhang, W. Numerical integration for the inverse dynamics of a large class
of cranes. Multibody System Dynamics (2019) 1–40.
[2] Seifried, R. and Blajer, W. Analysis of servo-constraint problems for underactuated multibody systems. Mechanical Sciences (2013) 4(1):113–129.
[3] Altmann, R., Betsch, P. and Yang, Y. Index reduction by minimal extension for the inverse dynamics
simulation of cranes. Multibody System Dynamics (2016) 36(3):295–321.
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DIFFERENCE POTENTIALS FOR 3D TIME-DEPENDENT EQUATIONS
WITH LACUNAE
Sergey Petropavlovsky1 , Semyon Tsynkov2,∗ and Eli Turkel3
1

2

National Research University Higher School of Economics, Moscow 101000, Russia
North Carolina State University, Box 8205, Raleigh, NC 27695, USA, tsynkov@math.ncsu.edu
3
Tel Aviv University, Ramat Aviv, Tel Aviv 69978, Israel, turkel@tauex.tau.ac.il

Key Words: Hyperbolic partial differential equations, Calderon’s projections, Huygens’ principle
We consider interior and exterior initial boundary value problems (IBVPs) for the three-dimensional
wave (d’Alembert) equation. A given problem is first reduced to an equivalent operator equation with
respect to the unknown sources defined only at the boundary of the original domain. This boundary
operator equation employs Calderon’s projections and actual physical sources, which always makes it
well-posed provided that the original IBVP is well-posed. By applying the Huygens’ principle, we recast
the Calderon boundary equation in a form that involves only finite and non-increasing pre-history of the
solution in time. Next, this equation is discretized and solved by the method of difference potentials [1].
To enable high order accuracy, we use fourth order accurate compact finite difference scheme [2] as
a core discretization for the method of difference potentials. A key advantage of this method is that
it employs only regular structured grids (most often, Cartesian) yet handles general non-conforming
boundaries with no deterioration of accuracy. The use of lacunae or, equivalently, the Huygens’ principle, leads to sub-linear complexity of the overall numerical algorithm in long-time simulations. In
other words, the proposed method that is based on boundary operator equations appears asymptotically
cheaper than the cost of a typical (volumetric) explicit scheme on the grid of the same dimension [3]. In
addition, on multi-processor (or multi-core) platforms, our algorithm benefits from what can be thought
of as effective parallelization in time. Finally, it is particularly well suited for solving multiple similar
problems, e.g., problems formulated on the domain of a fixed given shape but with different boundary
conditions. In this case, once the discrete Calderon’s operators have been precomputed, including yet
another boundary condition entails minimum additional cost. We will present the results of numerical
simulations demonstrating the geometric flexibility and efficiency of the proposed methodology.
Work supported by the US Army Research Office (ARO) under grant #W911NF-16-1-0115 and by the US–Israel
Binational Science Foundation (BSF) under grant #2014048.

REFERENCES
[1] V. S. Ryaben’kii. Method of Difference Potentials and Its Applications, volume 30 of Springer Series
in Computational Mathematics. Springer-Verlag, Berlin, 2002.
[2] F. Smith, S. Tsynkov, and E. Turkel. Compact high order accurate schemes for the three dimensional
wave equation. J. Sci. Comput., pages 1–29, 2019.
[3] S. Petropavlovsky, S. Tsynkov, and E. Turkel. A method of boundary equations for unsteady hyperbolic problems in 3D. J. Comput. Phys., 365:294–323, July 2018.
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DIRECT AND INVERSE FORMULATIONS FOR WAVE PROPAGATION
IN LAYERED STRUCTURES
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The aim of the present work is to give an overview of techniques implemented to assist ultrasonic inspections for damage detection in composite materials. This techniques consist in obtain the optimum
parameters (frequency and angle of incidence) to be used in the experimental procedure and recuperate
certain defect characteristics with inverse problems.
In a composite plate problem, the elastic layers are modelled with the classical theory of wave propagation in elastic materials and the interfaces are modelled with the aid of the Quasi Static Approximation
(QSA), introduced in [1]. Each elastic layer can be treated as isotropic or anisotropic and the defects are
modelled by reducing the stiffness constants generated by the QSA.
The optimum parameters are identified by analysing the modes which are most sensible to defects at
interfaces, the solution algorithm is constructed with the aid of the invariant embedding technique, which
is numerically unconditionally stable, even for evanescent waves at high frequencies [2]. Moreover, for
plate problems with wave scattering, there is a convolution problem, which can be solved by a leastsquares approach [3].
Furthermore, cylindrical coordinates are used to model composite pipe problems and the next step is to
implement a wave scattering model under this condition and elaborate an inverse problem to recuperate
the defect characteristics.
REFERENCES
[1] BAIK, J. M., THOMPSON, R. B. ”Ultrasonic scattering from imperfect interfaces: A quasi-static
model”, Journal of Nondestructive Evaluation, v. 4, n. 3, pp. 177-196, 1984.
[2] LEIDERMAN, R., JUNQUEIRA, B. F., CASTELLO, D. A., BRAGA, A. M. B. ”Identifying the
ultrasonic inspecting fields that most strongly interact with adhesive bonding defects”, the Brazilian
Society of Mechanical Sciences and Engineering, 2018.
[3] LEIDERMAN, R., CASTELLO, D. A. ”Scattering of ultrasonic waves by heterogeneous interfaces: Formulating the direct scattering problem as a least-squares problem”, The Journal of
Acoustic Society of America, v. 135, n. 1, 2014.
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RECONSTRUCTION OF MATERIAL PROFILES USING AN EXPLICIT
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This paper presents a full-waveform inversion (FWI) method for the reconstruction of the
material profile of elastic media using two-dimensional spectral elements. The FWI method
attempts to estimate the spacial variation of elastic material parameters using the surficial
response of the domain to impact loads. For the simulation of elastic waves in the half-space,
perfectly-matched-layer (PML) absorbing boundaries are used to truncate the semi-infinite
extent and to remove artificial reflections from the truncated domain boundaries. The FWI
method is implemented based on a PDE-constrained optimization framework, which seeks the
optimal values of elastic moduli of the PML-truncated domain while minimizing Lagrangian
functional. The Lagrangian consists of a least-squares objective functional and regularization
terms, augmented by the weak imposition of PML-endowed elastic wave equations via
Lagrange multipliers. To alleviate the ill-posedness of the inverse problem, Tikhonov and total
variation regularization schemes are used. A quadratic spectral element is used to construct the
semi-discrete equations of motion for both state and adjoint problems, which are solved by an
explicit time integration method. The full-waveform inversion approach with spectral elements
has been implemented with a parallel algorithm based on the message-passing interface (MPI)
to accommodate a large-scale inverse problem.
Numerical examples with various grid scales are presented to show the effect of spatial-scale
variation on the inversion result. The accuracy and efficiency of inversion results, as well as the
extension to real-world problems, are discussed. The large-scale full-waveform inversion
method can be applied to various engineering problems such as structural health monitoring,
geophysical probing, and site characterization.

REFERENCES
[1] A. Fathi, L. F. Kallivokas, and B. Poursartip: Full-waveform inversion in three-

dimensional PML-truncated elastic media, Computer Methods in Applied Mechanics and
Engineering, Vol. 296, pp.39-72. 2015.
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EXPLICIT AND IMPLICIT HYBRID HIGH-ORDER METHODS FOR
THE ACOUSTIC WAVE EQUATION
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There are two main approaches to derive a fully discrete method for solving the second-order acoustic
wave equation in the time regime. One is to discretize directly the second-order time derivative and
the Laplacian operator in space. The other approach is to transform the second-order equation into a
first-order hyperbolic system. Firstly, we consider the time second-order form. We devise, analyze the
energy-conservation properties, and evaluate numerically a hybrid high-order (HHO) scheme for the
space discretization combined with a Newmark-like time-marching scheme. The HHO method uses as
discrete unknowns cell- and face-based polynomials of some order 0 ≤ k, yielding for steady problems
optimal convergence of order (k + 1) in the energy norm [1]. Secondly, inspired by ideas presented in [2]
for hybridizable discontinuous Galerkin (HDG) method and the link between HDG and HHO methods
in the steady case [3], first-order explicit or implicit time-marching schemes combined with the HHO
method for space discretization are considered. We discuss the selection of the stabilization term and
energy conservation and present numerical examples.
REFERENCES
[1] D.A. Di Pietro, A. Ern, and S. Lemaire. An arbitrary-order and compact-stencil discretization of
diffusion on general meshes based on local reconstruction operators. Computational Methods in
Applied Mathematics. 14 (2014) 461-472.
[2] M. Stanglmeier, N.C. Nguyen, J. Peraire, and B. Cockburn. An explicit hybridizable discontinuous
galerkin method for the acoustic wave equation. Computer Methods in Applied Mechanics and
Engineering, 300:748–769, March 2016.
[3] B. Cockburn, D. A. Di Pietro, and A. Ern. Bridging the hybrid high-order and hybridizable discontinuous galerkin methods. ESAIM: Mathematical Modelling and Numerical Analysis,
50(3):635–650, May 2016.
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For the discretisation of time-dependent partial differential equations, the standard approaches are explicit or implicit time stepping schemes together with finite element methods in space. An alternative
approach is the usage of space-time methods, where the space-time domain is discretised, and the resulting global linear system is solved at once. In any case, CFL conditions play a decisive role for stability.
In this talk, the model problem is the second-order wave equation. First, a space-time variational formulation of the wave equation and its conforming discretisation via a space-time approach, including a
CFL condition, are motivated and discussed, see [2, 3]. Second, we recall a stabilised space-time finite
element method for the wave equation, using piecewise multilinear ansatz and test functions, where unconditional stability and error estimates are stated. This method was analysed in [1, 3, 4]. For the main
part of this talk, we have a focus on the extension of this stabilisation to an arbitrary polynomial degree,
which results in a higher-order space-time finite element method for the wave equation with piecewise
polynomial, continuous ansatz und test functions. In the last part of the talk, numerical examples for a
one-dimensional spatial domain and a two-dimensional spatial domain are presented.
REFERENCES
[1] Steinbach, O., Zank, M.: A stabilized space–time finite element method for the wave equation.
In: Advanced Finite Element Methods with Applications. Selected papers from the 30th Chemnitz FEM Symposium 2017, (T. Apel, U. Langer, A. Meyer, O. Steinbach eds.), Lecture Notes in
Computational Science and Engineering, pp. 315–342. Springer (2019)
[2] S TEINBACH , O., AND Z ANK , M. Coercive space-time finite element methods for initial boundary
value problems. Electron. Trans. Numer. Anal. 52 (2020), 154–194.
[3] Z ANK , M. Inf–sup stable space–time methods for time–dependent partial differential equations.
volume 36 of Monographic Series TU Graz: Computation in Engineering and Science. Feb 2020.
[4] Zlotnik, A.A.: Convergence rate estimates of finite-element methods for second-order hyperbolic
equations. In: Numerical methods and applications, pp. 155–220. CRC, Boca Raton, FL (1994)
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The heterogeneity of composite material has an essential role in the structural response.
In order to take the macroscopic effect of composite material into consideration, the
structure should be analyzed according to the material’s scale. The common approaches
used for dynamic multiscale analysis are mathematically based, and consider the linear
elastic domain. In this domain, the main challenge of the analysis is to capture
dynamic’s high order effects such as dispersion and attenuation.
Three issues to be addressed in multiscale analysis are the characterization of the
mesoscopic model, the homogenization’s methodology, and the bridging between the
scales.
In this work, a unique non-linear multiscale analysis approach for modeling the
behavior of heterogeneous structures, subjected to dynamic load was developed, based
on the principles of Split Hopkinson Pressure Bar (SHPB). The essence of the approach
is using the waves traveling on SHPB’s bars for isolating the mesoscale effects on the
macroscopic dynamic response, which is one of the great challenges of multiscale
analysis.
Adopting the proposed approach enables the isolation of non-local effects in problems
which are too complicated to be solved by the conventional closed form solutions
approach. An additional benefit of this approach relies on its experimental basis. By
that, the parameters, defining non-local effects, can be measured by a SHPB test. Thus,
multiscale analysis of concrete, in the dynamic domain, can be directly calibrated to
match the physical properties of the material’s dynamic behaviour.
The proposed framework is verified by a comparison against direct numerical
simulations (DNS). In each example a heterogeneous structure, consists of a pair of a
structure and a heterogeneous unit cell, subjected to an impact load, is considered. The
problem is analyzed by the proposed nonlinear multiscale approach and the results are
compared to DNS and conventional linear static homogenization. The ability to
describe the mesoscopic stresses’ distribution in a macroscopic region, at a desired
time, is demonstrated and verified against DNS. The mesoscopic stresses’ distribution
is reconstructed by imposing the corresponding macroscopic strain and strain rate of
the macroscopic model, on the mesoscopic model. The presented approach is shown to
provide good results for the macroscopic response, as well as the mesoscopic one.
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ABSTRACT
Various wave propagation problems can be modelled in the frequency domain by the Helmholtz equation.
Efficiently solving the Helmholtz equation at high frequencies (when the wavelength is small compared
to the computational domain) in complex geometrical and/or material configurations is the subject of
intense research, with recent promising contributions focused on high-order finite element methods coupled with optimized Schwarz Domain Decomposition (DD) schemes. Sweeping preconditioners for DD
have recently gained a lot of interest because of their fast convergence, promising a number of DD iterations that is quasi independent of the number of subdomains. These preconditioners however have two
major drawbacks: they rely on intrinsically sequential operations (they are related to an LU-type factorization of the underlying iteration operator) and they are naturally only suited for layered-type domain
decompositions (where the layered structure allows to explicit the LU factorization as a double sweep
across the subdomains). In this talk, we will present a family of generalized sweeping preconditionners
where sweeps can be done, in parallel, in several directions, for “checkerboard-type” domain decompositions. This contribution relies on the availability of accurate, high-order transmission conditions
between the subdomains. In particular, we will show how an accurate treatment of cross-points is key to
an accurate and efficient preconditioner.
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RBF NETWORKS BASED ON SOBOLEV TRAINING TO
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ACOUSTIC WAVE EQUATION
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In this work, we introduce a methodology to numerically solve the Acoustic Wave Equation using a
coarse discretization in space and a high resolution in time aiming at mimicking the real process of field
data acquisition. Our approach considers the Physics informed radial basis network together with the
so-called Sobolev training.
The training process of the RBF network [1] comprises some steps. First, one interpolates the acquired
data set using the Gaussian radial functions. All the input data is generated by the Pysit solver which
provides samples of the acoustic wavefield u. Then, one computes the first derivative of the wavefield,
u̇, with respect to time using finite differences. At this point, we assume that the wavefield approximation u belongs to a Sobolev space H 1 [2]. It is possible to approximate those derivatives since u has an
analytical form given by each Gaussian kernel function. Since the available spatial resolution is relatively rough, we use a Physics-based approach which considers the acoustic PDE [3] to reconstruct the
wavefield approximation.
We designed a numerical experiment with 300 × 150 grid points from which we extracted 50 equispaced
points, to emulate the receivers positions. At each sampled position we used all the available temporal
wavefield information to perform the RBF network interpolation with Sobolev training. The mean square
error of the proposed approach is about 14% compared to the reference solution provided by Pysit.
Overall, we observed that Sobolev training is an essential ingredient to improve the accuracy of the
wavefield approximation as well as to reduce the network training time. Besides that, it can perform
better approximations using a small number of sampled points.
REFERENCES
[1] R. J. Schilling, J. J. Carroll, and A. F. Al-Ajlouni, “Approximation of nonlinear systems with radial
basis function neural networks,” IEEE Transactions on Neural Networks, vol. 12, no. 1, pp. 1–15,
Jan 2001.
[2] W. Czarnecki, S. Osindero, M. Jaderberg, G. Swirszcz, and R. Pascanu, “Sobolev training for neural
networks,” in NIPS, 2017.
[3] N. F. Bengt Fornberg, “Solving pdes with radial basis functions,” Acta Numerica, vol. 24, pp. 215–
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Discontinuous Finite Element Methods (DG FEM) have proven flexibility and accuracy for solving wave
problems in complex media. However, they require a large number of degrees of freedom, which increases the corresponding computational cost compared with that of continuous finite element methods.
Among the different variational approaches to solve boundary value problems, there exists a particular
family of methods, based on the use of trial functions in the form of exact local solutions of the governing equations. The idea was first proposed by Trefftz in 1926 [1], and since then it has been further
developed and generalized. A Trefftz-DG variational formulation applied to wave problems reduces to
surface integrals that should contribute to decreasing the computational costs. Trefftz-type approaches
have been widely used for time-harmonic problems, while their implementation for time-dependent simulations is still limited. Indeed, contrary to standard DG methods which end up with a semi-discrete
system of ordinary differential equations in time integrated by using an appropriate scheme, Trefftz-DG
methods applied to wave problems lead to a global sparse and huge matrix including time and space
discretizations. This significantly hampers the deployment of this technology for solving industrial problems. In this work, we develop a Trefftz-DG framework for solving mechanical wave problems including
elasto-acoustic equations. We have investigated the potential of Tent Pitcher algorithms [2, 3]. It consists
in constructing a space-time mesh made of patches that can be solved independently under a causality
constraint. We have obtained very promising numerical results illustrating the potential of Tent Pitcher
in particular when coupled with a Trefftz-DG method involving only surface terms. In this way, the
space-time mesh is composed of elements which are 3D objects at most. It is also worth noting that
this framework naturally allows for local time-stepping which is a plus to increase the accuracy while
decreasing the computational burden.
REFERENCES
[1] E. Trefftz. Ein Gegenstück zum Ritzschen Verfahren Proc. 2nd Int. Cong. Appl. Mech., Zürich
(1926), pp. 131-137.
[2] R. Abedi, R. B. Haber, S. Thite, and J. Erickson. An h-adaptive spacetime-discontinuous Galerkin
method for linear elastodynamics. European Journal of Computational Mechanics (2006).
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Solving the 3-D Helmholtz equation, which describes the time-harmonic solutions of the wave equation,
is at present still a challenging problem. In application fields, the FDTD method and other time-domain
methods are regularly used for this purpose: A time-harmonic forcing term is included, then, after simulating for some time, the solution becomes approximately periodic and a solution to the Helmholtz
equation can be extracted. In the numerical analysis literature, such methods have been studied and
improvements to the basic methodology have been derived, see e.g. [1, 2].
In this work we describe a new methodology for solving Helmholtz problems in the time-domain.
Our contributions are as follows. (i) We introduce an efficient, optimized spatial finite-difference discretization into the time-domain framework. This discretization, that was designed specifically for the
Helmholtz equation, can be used with relatively few degrees of freedom per wavelength [3], thereby
leading to lower overall cost. (ii) We introduce a modified leap-frog scheme that is exact for the frequency one is interested in. This simplifies the time stepping, and also leads to the next point. (iii) We
explicitly provide two associated schemes: A scheme for the discrete Helmholtz problem and a scheme
for the discrete wave equation. These schemes are such that the limiting-amplitude principle holds in
discrete form. In particular, time-discretization errors that generally lead to differences between the
time-periodic solutions of the discrete time-dependent scheme and the discrete Helmholtz equation are
absent. The time-domain method can now be used as a preconditioner in an iterative method for the
discrete Helmholtz equation.
The new scheme performs well in examples and is easy to implement. The time-discretization method
can also be combined with other spatial discretization methods, i.e. contributions (ii) and (iii) are valid
for any discrete Helmholtz equation with a matrix that satisfies certain spectral bounds.
REFERENCES
[1] M.-O. Bristeau, R. Glowinski and J. Périaux. Controllability methods for the computation of timeperiodic solutions; application to scattering. J. Comput. Phys. (1998) 147: 265–292.
[2] M.J. Grote, F. Nataf, J.H. Tang and P.-H. Tournier. Parallel controllability methods for the
Helmholtz equation, arXiv:1903.12522
[3] C.C. Stolk. A dispersion minimizing scheme for the 3-D Helmholtz equation based on ray theory.
J. Comput. Phys. (2016) 314: 618–646.
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UNSTRUCTURED MULTI-PATCH DG-IGA FORMULATION FOR
WAVE PROPAGATION
Hélène Barucq1 , Henri Calandra2 , Julien Diaz1 , Stefano Frambati1,2,∗
1

Project-Team Magique-3D, Inria, E2S UPPA, CNRS, France, firstname.lastname@inria.fr
2
Total R&D, France, firstname.lastname@total.com

Key Words: multivariate splines, isogeometric analysis, multi-patch DG-IGA, wave propagation
Wave propagation problems in geophysics and in engineering often require different tools. In geophysics,
one has to contend with heterogeneous and often discontinuous physical properties determined by subsoil
structures such as strata and salt domes, often represented via unstructured meshes. Recent works highlighted the advantages of discontinuous Galerkin (DG) schemes, able to achieve high-order approximations while relying on block-diagonal matrices, well-suited for parallelization. Engineering simulations,
on the other hand, often involve homogeneous materials with complex, but known, geometries. Isogeometric analysis (IGA) [1], which replaces polynomial bases by B-spline (or NURBS) bases coming from
CAD models, has been shown to have higher efficiency per degree of freedom, better convergence in
high energy modes and an improved CFL condition for wave propagation.
Recent works have started to bridge the chasm between these two worlds, by formulating a DG scheme
over disconnected IGA patches, retaining the numerical advantages of the IGA formulation while allowing for the block-diagonal mass matrix characteristic of DG methods [2]. However, the tensor-product
structure of conventional B-spline patches is not well-suited for applications in the natural sciences,
where CAD models are not available, discontinuities are often localized and can have arbitrary topology,
and inverse problems require a highly flexible geometric description.
We propose an innovative multi-patch DG-IGA scheme based on unstructured splines promising to recover the good numerical properties of the standard multi-patch DG-IGA scheme, while allowing for
more flexible and local geometry description. We improve on the known construction algorithms for
multivariate B-spline bases [3] and exploit knot multiplicity to carve out disconnected sub-regions of our
simulation domain, that are coupled via DG fluxes. We show that our approach can reproduce, for extreme choices of parameters, both the pure DG scheme on unstructured meshes, and a pure IGA scheme,
thus allowing to fine-tune the level of domain decomposition and thus the size of the blocks in the mass
matrix. Finally, we evaluate the performances of this novel scheme in wave propagation applications.
REFERENCES
[1] T. J. R. Hughes, J. A. Cottrell, and Y. Bazilevs, Isogeometric analysis: CAD, finite elements,
NURBS, exact geometry and mesh refinement, CMAME., 2005.
[2] J. Chan and J.A. Evans, Multi-patch discontinuous Galerkin isogeometric analysis for wave propagation: Explicit time-stepping and efficient mass matrix inversion, CMAME, 2018.
[3] Y. Liu and J. Snoeyink, Quadratic and cubic B-splines by generalizing higher-order Voronoi diagrams, proceedings of the XXIII annual symposium on Computational geometry, ACM, 2007.
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In aerospace applications such as in the ArianeGroup rocket, pyrotechnics shocks occurring during the
first launch phases, can damage satellites. Significant numerical efforts are being made to simulate the
propagation of these shocks in order to verify the mechanical strength of the various components. A
crucial step is to identify the a temporal signal at the source in order to perform behavior predictions at
system scale. For this purpose, numerical models are used. The rich frequency content of the source
makes this stage difficult and defeats traditional EF methods with time integration scheme. Identifying
the shock at source remains an important issue at present. An alternative for processing in the range
of medium and high frequencies are the Trefftz methods. Unlike the finite element method, the Trefftz
methods are using shape functions verifying the inner equation, in order to reduce the degrees of freedom.
One of those is the Variational Theory of Complex Rays (VTCR) [1]. It solves linear problems in the
frequency domain and it uses plane waves as shape functions. It was developed for 2D and 3-D acoustics,
for 3D plate assemblies, for plates with heterogeneities and for composite shells in [2]. In this paper,
we re-visit the tools necessary to identify, by using the VTCR, a source signal issued from a pyrotechnic
cutting test. This is a flat plate test performed as part of the CNES HSS3 program. The bottleneck
resides in the reconstruction of the transient response, rich in high frequency, in the time domain from
the VTCR. To do this, we couple VTCR [3] to the exponential envelope method [4], which reduces the
calculation costs in the frequency domain. The next step is to define an inverse problem that best exploits
the characteristics of the different sensors.
REFERENCES
[1] P. Ladevèze, A new computational approach for structure vibrations in the medium frequency range
(1996) Comptes Rendus Académie des Sciences Paris, série II, pp. 849–856.
[2] A. Cattabiani, A. Barbarulo, H. Riou, P. Ladevèze, Variational theory of complex rays applied to
shell structures : in-plane inertia, quasi-symmetric ray distribution, and orthotropic materials (2015)
Computational Mechanics DOI: 10.1007/s00466-015-1214-6.
[3] M. Chevreuil, P. Ladevèze, P. Rouch, Transient analysis including the low- and the medium frequency ranges of engineering structures. (2007) Comput. Struct., 85(17-18):1431–1444.
[4] Jon F. Hall, James L. Beck, Linear system response by DFT : analysis of recent modified method
(1993) Earthquake engineering and structural dynamics, Vol 22, 599-615
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ABSTRACT
Advances in computational science and engineering have allowed scientists to perform
simulations that involve increasingly complex multi-physics and multiscale problems.
However, in order to make reliable predictions and suitable decision-making, an essential task
is to assess the accuracy of the predictions and design suitable adaptive strategies.
The topic of error estimation and adaptation, globally referred to as model verification, goes
now far beyond classical discretization error assessment and mesh refinement. It also
encompasses adaptive modeling, whose main objective is to adaptively enrich surrogate
models derived, for instance, from homogenization techniques, model reduction, or response
surface techniques. It further involves novel topics relevant to engineering applications, such
as goal-oriented procedures, the assessment of errors due to the modeling of uncertainty, the
control of simulation complexity in order to perform real-time simulations for optimization or
online command of systems, or model adaptation from experimental data.
Objectives of the mini-symposium will be to present both latest fundamental contributions to
error estimation and adaptive methods, as well as new developments in all aspects of
computational mechanics and applied mathematics, in relation to emerging applications in
which model adaptivity and control are of primal importance. We anticipate contributions on
the following topics:
¥ Estimation of discretization and modeling errors for linear, nonlinear, coupled, or timedependent problems;
¥ Stability, convergence, and optimality analysis of adaptive methods;
¥ Goal-oriented approaches;
¥ Control of hierarchical, reduced-order, and multiscale modeling strategies;
¥ Error estimation and adaptive schemes for uncertainty quantification and optimal control;
¥ Applications of methods to linear, nonlinear, coupled, or time-dependent problems;
¥ Model enrichment from data (e.g. full-field measurements and data assimilation);
¥ Use of adaptive techniques in the industrial context and for specific applications such as
biomedical engineering.

2271

Jens
A
Fully
Lang,
Adaptive
RobertMultilevel
Scheichl and
Stochastic
David Silvester
Collocation Strategy for Solving Elliptic Pdes with Random Data
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

A Fully Adaptive Multilevel Stochastic Collocation Strategy for Solving
Elliptic PDEs with Random Data
Jens Lang¹, Robert Scheichl² and David Silvester³
1

Technische Universität Darmstadt, Department of Mathematics, Dolivostraße 15, 64293 Darmstadt,
Germany, lang@mathematik.tu-darmstadt.de, https://www.mathematik.tu-darmstadt.de/~lang/
2
Ruprecht-Karls-Universität Heidelberg, Institute for Applied Mathematics and Interdisciplinary
Center for Scientific Computing, Im Neuenheimer Feld 205, 69120 Heidelberg, Germany,
r.scheich@uni-heidelberg.de, https://ganymed.math.uni-heidelberg.de/~rscheichl/
3
The University of Manchester, Department of Mathematics Manchester M13 9PL, United Kingdom,
d.silveste@manchester.ac.uk, https://personalpages.manchester.ac.uk/staff/david.silvester/

Key Words: multilevel methods, hierarchical methods, adaptivity, stochastic collocation,
PDEs with random data, sparse grids, uncertainty quantification, high-dimensional
approximation
We present a fully adaptive strategy for solving elliptic PDEs with random data in this talk. A
hierarchical sequence of adaptive mesh refinements for the spatial approximation is combined
with adaptive anisotropic sparse Smolyak grids in the stochastic space in such a way as to
minimize the computational cost. The novel aspect of our strategy is that the hierarchy of
spatial approximations is sample dependent so that the computational effort at each
collocation point can be optimized individually. We present results from a rigorous analysis
for the convergence and computational complexity of the adaptive multilevel algorithm and
we provide optimal choices for error tolerances at each level. Numerical examples
demonstrate the reliability of the error control and the significant decrease in the complexity
that arises when compared to single level algorithms and multilevel algorithms that employ
adaptivity solely in the spatial discretization or in the collocation procedure.

REFERENCES
[1] J. Lang, R. Scheichl and D. Silvester, A Fully Adaptive Multilevel Stochastic Collocation

Strategy for Solving Elliptic PDEs with Random Data, arXiv:1902.03409
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The subject of the talk will be concerned with a mathematical formulation for constructing reduced-order
models tailored for the approximation of quantities of interest. The main idea is to formulate a minimization problem that includes an equality or inequality constraint on the error in the goal functional so that
the resulting model is capable of delivering predictions of the quantity of interest within some prescribed
tolerance. The formulation will be applied and tested to the so-called Proper Generalized Decomposition (PGD) method. Such a paradigm represents a departure from classical goal-oriented approaches in
which a reduced model is first derived by minimization of the energy, or of residual functionals, and
then adapted via a greedy approach by controlling the error with respect to quantities of interest using
dual-based error estimates. Numerical examples will be presented in order to demonstrate the efficiency
of the proposed approach. In particular, we will consider the case of a delaminated composite material
simulated in terms the Proper Generalized Decomposition approach.
REFERENCES
[1] Kergrene, K., Prudhomme, S., Chamoin, L., and Laforest, M. Approximation of constrained problems using the PGD method with application to pure Neumann problems. Computer Methods in
Applied Mechanics and Engineering (2017) 317:507–525.
[2] Kergrene, K., Prudhomme, S., Chamoin, L., and Laforest, M. A new goal-oriented formulation
of the finite element method. Computer Methods in Applied Mechanics and Engineering (2017)
327:256–276.
[3] Kergrene, K. and Chamoin, L. and Laforest, M. and Prudhomme, S. On a goal-oriented version of
the proper generalized decomposition method. Journal of Scientific Computing (2019) 81:92–111.
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The computation of the elemental matrices in finite element formulations based on self-equilibrated (zero
divergence) approximations of the stress field is a computationally demanding task, particularly for threedimensional problems. We present in this communication the extension to these models of the efficient
approach that was recently proposed for two-dimensional problems [1].
This approach departs from the approximation of each component of the first Piola-Kirchhoff stress tensor on a master element using a complete polynomial basis. The basis is then constrained so that after
each physical element is mapped, as in [2], the corresponding Cauchy stresses for that element are symmetric and have zero divergence. The symmetry leads to one constraint for each component of the basis
in 2D, while requiring zero divergence results in two constraints for each component. This procedure
is applicable to polynomial approximations of high degree, resulting in closed form expressions for the
elementary matrices involved.
The application to three-dimensional problems requires the consideration of a larger number of constraints (three for symmetry and three for the divergence). Furthermore the conditions to avoid divisions
by (near) zero coefficients are more complex, producing more elaborate expressions. All these results
will be summarised in the presentation.
REFERENCES
[1] Jonatha Reis and J. P. Moitinho de Almeida, An efficient implementation of stress based Finite
Element approximations for two-dimensional elasticity. Submitted for publication.
[2] H.A.F.A Santos and J. P. Moitinho de Almeida, A family of Piola-Kirchhoff hybrid stress finite
elements for two-dimensional linear elasticity. Finite Elements in Analysis and Design, 33-49, 85,
2014.
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The talk will deal with a novel integrated adaptive finite element method for numerical approximation
of partial differential equations. Traditional approaches for adaptivity rely on a well-established iterative
sequence of steps [1]: solve, estimate, mark, refine. The “solve” step usually requests to solve exactly,
or to very small precision, the arising system of linear algebraic equations. Then “estimate” consists
in computing local quantities that measure the error between the numerical approximation and the exact
solution. These are subsequently used to mark and refine the current mesh elements and thus define a new
approximation space, before returning to the “solve” stage. It can be noted that the information provided
by the error estimator is only used to provide bounds on the error and to define the new approximation
space. In the proposed method, we will formulate a new paradigm where the error estimator is also used
to update the numerical approximation, hence the terminology integrated. More precisely, (i) in each
linear algebraic step, the update is performed using a p-robust geometric multigrid as in [2]; and (ii) in
each refinement step, a new approximation space is defined simultaneously with the new iterate. The
resulting approach thus delivers: a sequence of adapted meshes/spaces, and a sequence of numerical
approximations along with associated error estimates. We will show that the choice of error estimators
for the total error, algebraic error, and discretization error proposed in [3] leads to a contraction of
the total error at each step of the integrated methodology. This result is similar to what is presented
in [1, 4, 5] for exact solvers under the so-called interior node condition, and in [2] for a linear algebraic
(finite-dimensional) problem. Numerical experiments will illustrate the performance of the approach on
selected examples.
REFERENCES
[1] R. Nochetto, K. Siebert, and A. Veeser, Theory of adaptive finite element methods: an introduction,
in Multiscale, nonlinear and adaptive approximation, Springer, Berlin, 409–542, 2009.
[2] A. Miraçi, J. Papež, and M. Vohralı́k, A multilevel algebraic error estimator and the corresponding
iterative solver with p-robust behavior, HAL preprint 02070981, 2019.
[3] J. Papež, U. Rüde, M. Vohralı́k, and B. Wohlmuth, Sharp algebraic and total a posteriori error
bounds for h and p finite elements via a multilevel approach. Recovering mass balance in any
situation, HAL preprint 01662944, 2019.
[4] P. Daniel, A. Ern, I. Smears, and M. Vohralı́k, An adaptive hp-refinement strategy with computable
guaranteed bound on the error reduction factor, Computers and Mathematics with Applications,
76(5):967–983, 2018.
[5] J. Cascón, C. Kreuzer, R. Nochetto, and K. Siebert, Quasi-optimal convergence rate for an adaptive
finite element method, SIAM Journal on Numerical Analysis, 46(5):2524–2550, 2008.
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The non-intrusive coupling method [1] is a local analysis method that aims to separate
the macroscopic and local scales both from mesh, operator, and loading viewpoints. This
method has demonstrated that it can be used for a large set of problems such as those with local
plasticity, and it has been implemented in an industrial code. In order to reduce the complexity
of a given problem, a coarse model is defined on the total domain with its properties (geometry,
connectivity, operator, solver) and a separated fine model is set locally with its different
properties. The solution is obtained iteratively by exchanging data on the interface between the
global and local models.
However, the issue of certification and optimal driving of such a method has been
addressed in very few works until now [2]. In the present work, we which to tackle this subject
using the concept of constitutive relation error (CRE) [3] which is a generic tool able to certify
the quality of a numeric solution. The main goal is to control the solution of the non-intrusive
global-local algorithm, in terms of global error norm or error in specific quantities of interest,
and to optimally drive this algorithm according to quantitative error estimation. Since the
flexibility in the analysis is important, the identification of the contribution of each error source
by means of error indicators is needed. Three error sources can be emphasized: discretization
error (which is associated with the local mesh), convergence error (associated with the number
of iterations of the algorithm), and modeling error (associated with the size of local zone).
The talk will start with an overview of the methodology in non-intrusive coupling
methods, then error estimation using the CRE concept and its decomposition into various source
contributions for adaptive control will be presented. Finally, we will extend the approach to
problems with highly concentrated moving sources [4], e.g. advection-diffusion problems,
which require a new definition of both the global-local algorithm and the driving strategy.
REFERENCES
[1] L. Gendre, 0. Allix, P. Gosselet, F. Comte Non intrusive and exact globale/local techniques

for structural problems with local pasticity, Computational Mechanics, 44(2) :233-245,
2009
[2] M. Tirvaudey, L. Chamoin, R. Bouclier, J.-C. Passieux, A posteriori error estimation and
adaptivity in non-intrusive couplings between concurrent models, to be published
[3] L. Chamoin, P.Dièz, Verifying calculations, forty years on : an overview of classical
verification techniques for FEM simulations, SpringerBriefs, 2016
[4] A. Cosimo, A. Cardona, S. Idelsohn, Global–Local ROM for the solution of parabolic
problems with highly concentrated moving sources, Computer Methods in Applied
Mechanics and Engineering, vol. 326, pp. 739-756
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Fractures, with their extreme thickness-to-width ratio and a permeability which can be orders-of-magnitude
different from the one of the surrounding background, tend to dominate flow and transport patterns in
fractured porous media. In the numerical simulation of flow and transport phenomena in fractured porous
media, the creation of computational grids that resolve the numerous complex interfaces and intersections
remains one of the major bottlenecks. For this reason, several discrete-fracture-matrix (DFM) models of
fractured media has been proposed [1]. The main feature of DFM is the reduction of the dimensionality
of the fractures to lower-dimensional objects. In general, these models are discretized by means of finite
volume (FV) methods.
In this talk, we discuss a simple method based on adaptive mesh refinement to simply obtain equidimensional representations of fractured media [2]. The key concepts are to start from an initially uniform coarse mesh and, then, to hierarchically refine elements which have non-empty overlaps with the
embedded fractures. This create non-uniform meshes with a large number of elements close to the interfaces, which do, however, not need to be explicitly resolved. We employ a finite element (FE) method to
approximate flow and transport problems. Beside the established mathematical soundness, FE method is
locally conservative [3] and, combined with corrected flux correction stabilizations, it ensures the positivity of the concentrations in the transport problem []. We show, by means of numerical examples, that
the proposed method is able to reproduce the numerical results obtained with meshes that resolves the
fractures. Moreover, we perform a comparison between approximations of DFM and equi-dimensional
models for transport problems. Finally, we will briefly discuss efficient solutions methods for the proposed discretization method.
REFERENCES
[1] Flemisch B. et al., Benchmarks for single-phase flow in fractured porous media. Advances in Water
Resources, Vol. 111 (2018)
[2] Favino M. et al., Fully-Automated Adaptive Mesh Refinement for Media Embedding Complex
Heterogeneities: Application to Poroelastic Fluid Pressure Diffusion. Computational Geosciences
(in press), doi=10.1007/s10596-019-09928-2
[3] Hughes, T.J.R. et al., The continuous Galerkin method is locally conservative, Journal of Computational Physics, Vol. 163 (2000)
[4] Kuzmin, D. et al., Flux-corrected transport: principles, algorithms, and applications, Springer, 2012
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We extend the applicability of the popular interior-penalty discontinuous Galerkin (dG) method discretizing advection-diffusion-reaction problems to meshes comprising extremely general, essentially
arbitrarily-shaped elements. In particular, our analysis allows for curved element shapes, without the
use of (iso-)parametric elemental maps. This approach permits the fitted resolution of problems on complicated geometries. We propose its use as a numerical geometrical multiscale strategy.
dG methods naturally permits local mesh and order adaptivity. However, deriving robust error estimators
allowing for curved/degenerating mesh interfaces as well as developing stable adaptive algorithms able
to exploit such flexibility is non-trivial. We present recent work on a posteriori error estimates for dG
methods of interior penalty type which hold on general mesh settings, including elements with degenerating and curved faces. The exploitation of general meshes within mesh adaptation algorithms will also
be discussed.
REFERENCES
[1] A. Cangiani, Z. Dong, E.H. Georgoulis, and P. Houston. hp-Version Discontinuous Galerkin Methods on Polygonal and Polyhedral Meshes. SpringerBriefs in Mathematics, Springer, 2017.
[2] A. Cangiani, Z. Dong, E.H. Georgoulis. hp-Version discontinuous Galerkin methods on essentially
arbitrarily-shaped elements. ArXiv (2019):1906.01715.
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Combining the well-known Darcy’s law with conservation of mass gives rise to the Darcy flow system: a
set of equations describing fluid flow in saturated porous media. A typical example includes the flow of
groundwater, deep beneath the Earth’s surface. The aim of this talk is to consider the safety assessment
of radioactive waste facilities, whereby non–sorbing radioactive solutes can be transported from their
potential burial sites, by the Earth’s groundwater, back up to the surface. In particular, we are interested
in computing the time taken for this transport to take place in order to assess the effectiveness of a given
burial site. Here, the time–of–flight of the radioactive solute can be expressed as a functional of the fluid
flow, which is referred to as the travel time functional. Here, a mixed finite element method is employed
to numerically approximate the fluid flow, based on employing the Raviart-Thomas H(div)–conforming
finite element. Based on this numerical approximation, standard a posteriori dual–weighted–residual
theory is applied in order to estimate the error in the travel time functional; this is then used to drive
an adaptive mesh refinement algorithm to estimate the travel time within some user–defined tolerance.
We consider both a simple test problem, to showcase the effectiveness of the derived a posteriori error
estimate, and a more realistic application to a domain based on the geological units found at the Sellafield
site in the UK.
This talk extends the work presented in [1]; in particular, the key aspect in the construction of the underlying dual problem requires the evaluation of the Gateaux derivative of the travel time functional. In
[1] this was computed based on employing a simple one-sided difference approximation. In this work
we evaluate the Gateaux derivative analytically by considering a backward–in–time, linearised–adjoint
IVP for the transport problem itself. Furthermore, we present the necessary theory for both cases where
the fluid flow approximation is continuous or discontinuous across element edges; the latter case being
typical of the Raviart–Thomas approximations computed previously.
REFERENCES
[1] K. A. Cliffe, J. Collis, and P. Houston, ”Goal–oriented a posteriori error estimation for the travel
time functional in porous media flows”, SIAM Journal on Scientific Computing, Vol. 37, Issue 2,
B127–B152, (2015), DOI: https://doi.org/10.1137/140960499.
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The rapidly growing computational power and advances in numerical methods have
pushed forward the applications of numerical simulations in more and more complex
physical systems. However, reliable use of numerical simulations in practice is still
challenging as their accuracy often suffers from many error sources, including modeling
errors and discretization errors. In this work, we focus on the discretization errors
assuming the chosen physical model is accurate. Assessing and reducing these errors is
essential for the successful use of numerical simulations in practice, yet the errors cannot
be managed easily for complex systems, even by experienced practitioners.
Adjoint-based methods provide a robust way of quantifying the uncertainties in chosen
outputs of interest due to finite-dimensional discretizations, and they are able to localize
the output error for mesh adaptation purpose [1, 2]. However, adjoint-based methods
require solving a dual liner system of the same size, or larger when solving on enriched
spaces, as the flow primal problem. These extra memory and computational costs, in
addition to the implementation costs, prevent the effective use of adjoint-based methods
in time-dependent problems or in a many-query setting.
In this paper, we present a surrogate model based on neural networks to predict both
the errors in the output of interest and the local error indicators for mesh adaptation,
directly from the solution field without solving the adjoint variables. The model is
built on our previous work [3], with extensions to more complex geometries and more
general systems. The proposed network is able to learn spatially-invariant features and
multi-scale feature hierarchies from the state solution fields, supervised by the data
from adjoint-based methods. The network model can achieve comparable performance
to standard adjoint-based methods in real-time simulations, with less computational
cost and easier deployment. We expect the model to be important in enabling reliable
numerical predictions for unsteady problems or in a many-query setting, including PDEbased optimization and uncertainty quantification problems.
REFERENCES
[1] R. Becker and R. Rannacher, “An optimal control approach to a posteriori error
estimation in finite element methods,” Acta Numerica, vol. 10, pp. 1–102, May 2001.
[2] K. J. Fidkowski and D. L. Darmofal, “Review of output-based error estimation and
mesh adaptation in computational fluid dynamics,” AIAA Journal, vol. 49, pp. 673–
694, April 2011.
[3] G. Chen and K. Fidkowski, “Output-based error estimation and mesh adaptation using convolutional neural networks: Application to a scalar advection-diffusion problem,” in AIAA Scitech 2020 Forum, American Institute of Aeronautics and Astronautics, Jan. 2020.

2280

Xiaodong
Mesh
Adaptation
Li, Steven
Using
John
Adjoint
Hulshoff
Methods
and Stefan
and Reduced-Order
Hickel
Models for Large Eddy Simulation
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

MESH ADAPTATION USING ADJOINT METHODS AND
REDUCED-ORDER MODELS FOR LARGE EDDY SIMULATION
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Large Eddy Simulation (LES) has the potential to deliver reliable flow predictions in applications involving mixing layers, large pressure gradients or high unsteadiness. Although LES is an attractive
method for high-fidelity simulations, defining a computational mesh for obtaining an accurate solution
with tractable computing cost is a challenging task. It is natural to consider adaptive mesh refinement
(AMR) techniques [1] to automatically construct the mesh. The adjoint method provides estimates of
local contributions to the error in a chosen physical output (e.g. lift, drag), allowing the construction of
an goal-oriented adapted mesh. In adjoint-based AMR for unsteady problems, the primal flow problem
is advanced forward in time while adjoint problem is solved backward in time. Due to the nonlinearity
of Navier-Stokes equations, solving adjoint problem requires storage of the primal flow solutions. Since
large averaging periods are needed for most statistical outputs of interest, the required storage quickly
becomes prohibitive for practical problems.
In order to make adjoint-based AMR affordable for LES, we consider a reduced-order model (ROM),
based on proper orthogonal decomposition (POD), to circumvent the storage difficulty of primal flow
states. The use of a ROM in place of the full-order solution is compared for an unsteady Burgers problem with a multiple-frequency forcing term designed to introduce large fluctuations of the solution. The
statistical output quantity considered here is expressed as a volume-integrated function of the flow solution. The results demonstrate that using the ROM does not significantly affect the performance of
AMR, which itself is considerably more efficient than uniform refinement. Specifically, ROM-driven
AMR with four POD modes can produce the same accurate results as full-order flow-driven AMR when
four POD modes capture 99.9% of total energy. More importantly, the calculation from one-mode ROM
significantly outperforms uniform refinement even though in this case one POD mode only accounts for
65-75% of total energy during AMR. The results imply this approach will be useful for more challenging
problems.
References
[1]

J. Slotnick et al. CFD vision 2030 study: a path to revolutionary computational aerosciences. Contractor Report NASA/CR–2014-218178. Washington, DC 20546-0001: National Aeronautics and
Space Administration, 2014, p. 58.
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3D woven composites
Textile composites offer an excellent alternative to metallic alloys in the aerospace engineering, due to
their high stiffness and strength, lightweight and excellent fatigue resistance. For example, CFM international (SAFRAN & GE) has developed, in their new engine LEAP-X, the fan blades using an advanced
3D woven carbon composite. In order to achieve computational feasibility and efficiency, traditional
computational analyses of 3D woven composites involve the use of homogenization, usually under the
assumption of periodicity instead of conducting full field computational analyses. By doing so, a modeling error is induced due to the difference between the homogenized model and the heterogeneous one.
The key goal of this work is to demonstrate the use of a posteriori modeling error estimation techniques
as in [1] and [2] for 3D woven composites assuming linear elasticity. As a result, a new promising algorithm referred to as Patch Wise Moving RVE (PWMRVE) is developed to first estimate the modeling error
and second to detect areas where refining the material model is necessary in order to steer an adaptive
process reducing then the modeling error. Hence, this method couples a fine material description in some
regions of the domain and a coarse, less accurate macroscopic model in other regions. Therefore, in a
comparison with a full field computation, this process could reduce the computational cost considerably
without any major influence on the accuracy of the analysis. The PWMRVE algorithm is implemented
in the finite element code Z-set [3], and was demonstrated using several numerical examples.
REFERENCES
[1] Tarek I. Zohdi and J.Tinsley Oden and Gregory J. Rodin, E. Finite element and finite volumes.
Hierarchical modeling of heterogeneous bodies. Computer Methods in Applied Mechanics and Engineering (1996) 138:273 - 298.
[2] J.Tinsley Oden and Tarek I. Zohdi and Tarek I. Zohdi. Analysis and adaptive modeling of highly
heterogeneous elastic structures. Computer Methods in Applied Mechanics and Engineering (1997)
148:367 - 391.
[3] Z-set, Non-linear material & structure analysis suite, www.zset-software.com.
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The Multiscale Finite Element Method (MsFEM) is a Finite Element type approximation method for
multiscale problems, where the basis functions used to generate the approximation space are precomputed as solutions to problems posed on local elements and ressembling the global problem of interest.
These basis functions are thus specifically adapted to the problem at hand. Once these local basis functions have been computed, a standard Galerkin approximation of the global problem is performed. Many
ways to define these basis functions have been proposed in the literature over the past years. While a
priori error estimates have been established for all these variants, a posteriori estimates are much less
frequent and we refer e.g. to [1] for some contribution in that direction.
In this work, we introduce and analyze a specific MsFEM variant, the construction of which is inspired
by component mode synthesis techniques [Hetmaniuk and Lehoucq, M2AN 2010; Hetmaniuk and Klawonn, ETNA 2014]. However, in contrast to these approaches, we do not solve local eigenvalue problems
but rather consider enrichment by highly oscillatory basis functions that are solutions to local equilibrium problems and satisfy Dirichlet boundary conditions (on the boundary of the local elements) given
by (possibly high order) polynomials.
After having discussed the performance of this new approach, we present a posteriori error estimates that
are useful to appropriately choose the degrees of the polynomial functions used as boundary conditions
on each edge of the coarse mesh.
Joint work with U. Hetmaniuk (University of Washington), C. Le Bris and P.-L. Rothé (ENPC and Inria).
REFERENCES
[1] L. Chamoin and F. Legoll, A posteriori error estimation and adaptive strategy for the control of
MsFEM computations. Computer Methods in Applied Mechanics and Engineering (2018) 336:1–
38.
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Topology optimization is widely used to obtain the optimal layout distribution of material in a given
domain. The approach we use in this work is the Solid Isotropic Material Penalization (SIMP) [1],
where the properties of elements are regularized through a penalization of the relative density. This
approach allows to have intermediate densities, instead of just a void-material distribution (0-1 values).
This procedure is guided by a minimization algorithm, which uses the Finite Element Method (FEM) to
compute the objective function and constraints.
However, the solution of this algorithm has a irregular boundary where intermediate-density elements
define a diffuse zone, not appropriate for manufacturing. Refining the mesh [2] along the diffuse zone,
allows to achieve a sharper definition of the geometry. On the other hand, the quality of the FE results
depends on the analysis mesh, so h-adaptive mesh refinement techniques allows to refine the mesh where
the FE solution is less accurate, improving the quality of the solution. As topology optimization is an
iterative algorithm, the h-adapted meshes are specially useful as they improve the quality of the solution
at a controlled computational cost.
Results show that the accuracy in the final optimized shape in stress controlled optimization processes
depends on the control of the quality of the finite element solution, being the accuracy on the geometry
representation also strongly influenced by the mesh size along the diffuse boundaries. Thus, the use of
h-adaptive techniques is strongly required to reduce the computational cost of the iterative optimization
process, while preserving the accuracy of the results.
Acknowledgements: The authors gratefully acknowledge the financial support of Conselleria d’Educació,
Investigació, Cultura i Esport (Generalitat Valenciana, project Prometeo/2016/007), Ministerio de Economı́a,
Industria y Competitividad (project DPI2017-89816-R) and Ministerio de Educación (FPU16/07121).
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[1] M. P. Bendsøe. Optimal shape design as a material distribution problem. SMO, 1(4):193–202, 1989.
[2] O. C. Zienkiewicz and J. Z. Zhu. Adaptivity and mesh generation. IJNME, 32(4):783–810, 1991.
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The parametric modeling of complex numerical problems is a fundamental aspect of most modern engineering projects, which implies several challenges, such as dealing with high dimensional spaces and
their accurate error estimation [4]. The Proper Generalized Decomposition (PGD), as reduced order
method, can have an important role in this framework, decreasing the computational effort of the simulations while maintaining an acceptable level of accuracy [1]. Naturally, assessing the quality of the
solutions obtained, specially when looking at local quantities, is essential to obtain the best results at a
minimal cost.
We present in this work an error estimation method, focused on using local error quantities to drive
adaptivity processes on the PGD solutions of a linear elastic 2D problem. The adaptive process is performed in the space domain and uses the errors obtained simultaneously from two complementary PGD
approximations, one compatible and one equilibrated [2].
The strategy to deal with the complementary problem follows the work of [3], approximating PiolaKirchhoff stresses in a local reference system while enforcing divergence free conditions. The PGD
approximations are obtained by implementing the algebraic PGD method from [5], which allows to
encapsulate the PGD methodology into a simple and fast algorithm [6].
The adaptivity process results show high levels of accuracy, with the local quantities being favored by the
estimator, which is capable of identifying the essential aspects of the problem. It detects and refines areas
of stress concentration that come from the geometry, considers the errors introduced by the variations of
the parameters of the problem, such as singularities in the transition between material properties, and it
captures the particular problems introduced by the local error assessment.
REFERENCES
[1] A. Ammar, The proper generalized decomposition: A powerful tool for model reduction. International Journal of Material Forming, 89-102, 3, 2010.
[2] J. P. Moitinho de Almeida, A basis for bounding the errors of proper generalised decomposition
solutions in solid mechanics. International Journal for Numerical Methods in Engineering, 961984, 94, 2013.
[3] H.A.F.A Santos and J. P. Moitinho de Almeida, A family of Piola-Kirchhoff hybrid stress finite
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Flux equilibration is a powerful a posteriori error estimation technique. In the basic setting of the discretization of the Poisson equation −∆u = f with Lagrange elements, it hinges on the introduction of a
divergence conforming field σ, called an equilibrated flux, such that ∇ · σ = f globally in Ω. In practice,
using the “hat function” partition of unity, the construction of σ can be localized, leading to the resolution
of uncoupled “vertex patch” problems, involving a few degrees of freedom [1].
One key asset of this approach is that the resulting estimator ηK := σ + ∇uh 0,K is polynomial-degreerobust (or p-robust for short), which means that ηK ≤ C∇(u − uh )0,ωK , where ωK is the usual “patch”
around the element K, and C is a constant that is independent of the employed polynomial degree p. The
p-robustness of the estimator is a crucial property when dealing with high-order methods and p-adaptive
refinement processes.
Here, we discretize Maxwell’s equations ∇ × ∇ × E = J, where ∇ · J = 0, with Nédélec elements. In
this case, it is challenging to construct an equilibrated flux H such that ∇ × H = J globally in Ω by
localization, because the divergence constraint on J is typically lost when employing a partition of unity
argument.
We propose a novel a posteriori estimator, that relies on a “quasi-equilibration” technique where in
each edge-patch ωe of the mesh, we construct a field He satisfying ∇ × He = J locally in the patch. In
turn, we define edge-based a posteriori error estimators ηe := He + ∇ × E0,ωe . We show that ηe ≤
C∇ × (E − Eh )0,ωe , where C is independent of p, i.e. that the propose estimator is p-robust.
In this talk, we quickly review the concept of flux equilibration for the Poisson equation, and show
the associated difficulties when applied to Maxwell’s equations. Then, we present the idea of quasiequilibration as well as the actual construction of the proposed estimator. We also briefly sketch the
proof showing that the estimator is p-robust. We finally present numerical experiments that highlight the
main features of the propose estimator.
REFERENCES
[1] Ern, A. and Vohralı́k M., Polynomial-degree-robust a posteriori estimates in a unified setting for
conforming, nonconforming, discontinuous Galerkin, and mixed discretizations SIAM J. Numer.
Anal. (2015) 53(2):1068–1081.
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We show that an optimal finite element mesh refinement algorithm for a prototypical elliptic PDE can
be learned by a recurrent neural network with a fixed number of trainable parameters independent of the
desired accuracy and the input size, i.e., number of elements of the mesh. The data consisting of mesh
elements, coefficients of the finite element solution and right-hand side data is fed into the network as an
element-by-element input stream. The recurrent network then decides which elements are to be refined
with classical methods.
This bypasses one of the bottlenecks in the design of adaptive methods, namely the construction of
error estimators and marking schemes. Therefore, this new approach opens the door to future efficient
black-box refinement schemes based on recurrent neural networks which tackle problems far beyond the
current state of the art of the theory, including anisotropic refinement and hp-refinement.
Numerical experiments underline the findings of this work.
REFERENCES
[1] Jan Bohn, Michael Feischl Recurrent Neural Networks as optimal mesh refinement strategies. arxivpreprint: 1909.04275
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The aim of this work is to show the applicability of the reduced basis model reduction in non-linear
systems undergoing bifurcations. Bifurcation analysis, i.e., following the different bifurcating branches,
as well as determining the bifurcation point itself, is a complex computational task. Reduced Order
Models (ROM) can potentially reduce the computational burden by several orders of magnitude.
We develop a unique framework that can take into account complex PDEs coming from very different
physical context, from continuum to quantum mechanics passing through fluid dynamics.
We first focus on non-linear structural mechanics [1], showing an application of ROM to Von Kármán
plate equations and to the deformation of a 3D hyperelastic beam. Here, in the search of the bifurcation
points, it is crucial to supplement the full problem with a generalized parametric eigenvalue problem.
Then we consider the Navier-Stokes equations for a viscous, steady and incompressible flow in a planar
straight channel with a narrow inlet [2]. Within this application we adopted a deflation technique paired
with arc-length continuation to easy the detection of the bifurcations.
Finally, we show the results of the bifurcating phenomena for quantum bosons in Bose-Einstein condensates (BEC) [3]. This class of Schroedinger equations entails an entire cascade of different branches that
increases the computational difficulties of such a problem.
In collaboration with M. Pintore, M. Hess, C. Canuto, A.Quaini, and A. T. Patera.
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[2] M. Pintore, F. Pichi, M. Hess, G. Rozza and C. Canuto. Efficient computation of bifurcation stability
diagrams with a deflated approach to reduced basis spectral element method. Submitted, 2019.
[3] F. Pichi, A. Quaini and G. Rozza. A Reduced Order technique to study bifurcating phenomena:
application to the Gross-Pitaevskii equation. ArXiv preprint, arXiv:1907.07082, 2019.
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DAKOTA SOFTWARE FOR OPTIMIZATION, UNCERTAINTY
QUANTIFICATION AND MODEL CALIBRATION
800
DANIEL T. SEIDL∗ , JOHN A. STEPHENS∗ , BRIAN M. ADAM∗
AND GIANLUCA GERACI∗
Sandia National Laboratories
P.O. Box 5800, Albuquerque, NM 87185
{dtseidl,jasteph,briadam,ggeraci}@sandia.gov
∗

Key words: Uncertainty Quantification, Optimization, Model Calibration, Software
ABSTRACT
Driven by Sandia National Laboratories’ applications, the Dakota project (http://dakota.sandia.gov)
invests in both state-of-the-art research and robust, usable software for optimization and uncertainty
quantification (UQ). Dakota enables the users to run, with a minimal setup overhead, a variety of algorithms ranging from advanced parametric analysis for design exploration to model calibration, risk
analysis, and quantification of margins and uncertainty with computational models. Dakota’s methods
include optimization, uncertainty quantification, parameter estimation, and sensitivity analysis, which
may be used individually or as components within surrogate-based, sampling-based and other advanced
strategies as multilevel/multifidelity UQ [1, 2]. The software is available publicly under an open source
license and is used broadly by academic, government, and corporate institutions. In this minisymposium
we will accept contributions on recent developments and improvements to Dakota in the areas of algorithms and its ease of use, and application of Dakota capabilities to engineering and scientific problems.
REFERENCES
[1] Dakota, a multilevel parallel object-oriented framework for design optimization, parameter estimation, uncertainty quantification, and sensitivity analysis: Version 6.7 theory manual. Technical
Report SAND2014-4253, Sandia National Laboratories, Albuquerque, NM, Updated November
2018. Available online from http://dakota.sandia.gov/documentation.html.
[2] Dakota, a multilevel parallel object-oriented framework for design optimization, parameter estimation, uncertainty quantification, and sensitivity analysis: Version 6.7 users manual. Technical
Report SAND2014-4633, Sandia National Laboratories, Albuquerque, NM, Updated November
2018. Available online from http://dakota.sandia.gov/documentation.html.
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AN OPEN-SOURCE COMPUTATIONAL INTERFACE BETWEEN EOF-LIBRARY
AND DAKOTA FOR MULTI-PHYSICS/PHASE/SCALE SIMULATION AND DATA
ANALYTICS

Anjali Sandip¹* and Juris Vencels²
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Finite element and finite volume methods have been the popular choice in the past to solve problems
involving multi-physics/phase/scale phenomena and complex geometry. Finite element has been
preferred for structural mechanics, while finite volume has pre-dominantly been used in fluid
mechanics. Recently, there has been a growing body of research that has developed software programs
that integrate these two methods, to jointly utilize the key capabilities of each to accurately describe
complex multi-physics/phase/scale phenomena [1, 2]. Despite the progress made, the predictive
capabilities of the computational models developed using these programs remains a major
impediment. This is primarily due to the lack of data analytics tools in integrated finite element and
finite volume software programs [3]. The objective of this study was to fill this gap. Here, data
analytics toolbox, Dakota was integrated into EOF-Library -- an open-source library that interfaces
Elmer, finite element program, with OpenFOAM, finite volume program, during runtime.
Furthermore, the coupled software was successfully applied to benchmarks. The framework
developed provides researchers with tools to develop robust predictive models of multiphysics/phase/scale applications utilizing the full capabilities of both finite element and finite volume
methods.

REFERENCES
[1] Geiger, S., Roberts, S., Matthäi, S. K., Zoppou, C., & Burri, A. (2004). Combining finite element
and finite volume methods for efficient multiphase flow simulations in highly heterogeneous and
structurally complex geologic media. Geofluids, 4(4), 284-299.
[2] Ruiz-Baier, R., & Lunati, I. (2016). Mixed finite element–discontinuous finite volume element
discretization of a general class of multicontinuum models. Journal of Computational Physics, 322,
666-688.
[3] Groen, D., Knap, J., Neumann, P., Suleimenova, D., Veen, L., & Leiter, K. (2019). Mastering the
scales: a survey on the benefits of multiscale computing software. Philosophical Transactions of
the Royal Society A, 377(2142), 20180147.
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The Dakota software package is a widely-used collection of tools for performing
optimization, sensitivity analysis, uncertainty quantification, and model calibration on black
box computational simulations. Begun as an internal research project at Sandia National Labs
more than 25 years ago, we estimate it now has thousands of users worldwide in academia,
government, and industry. This talk is a brief introduction to and review of Dakota's history
and capabilities. Special attention is given to recent developments in algorithms, such
as multilevel/multifidelity sampling methods and a new low-rank approximation model based
on functional tensor trains, and also in Dakota’s general usability, including improvements to
its graphical user interface, HDF5 output, and a new feature to perform evaluations in batches.
SAND2020-0474 A

Sandia National Laboratories is a multimission laboratory managed and operated by
National Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of
Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-NA0003525.
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Uncertainty Propagation in Combined Crash then Burn Scenario
Sasha A. Tan-Torres1*, Lauren Beghini1, Christopher Dillon2, Nicholas Francis2, Alexander Hanson1, Andrew
Murphy2
1
2

Sandia National Laboratories, Livermore, CA
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*Corresponding author: stantor@sandia.gov
The purpose of this study is to understand the effects of uncertainties associated with a mechanical impact
scenario on a subsequent thermal event, with application to accidents involving a crash and fire. While
supporting experiments are critical, the cost and time to experimentally investigate even a modest subset of
crash-and-burn scenarios is prohibitive. To fully explore the crash-and-burn parameter space requires
simulations. The value and efficacy of the simulations are evaluated through solution verification and
uncertainty quantification and propagation from the initial mechanical analysis to the thermal analysis.
A container model was selected to be used as a starting point for the crash scenario. Using Dakota
optimization software and Sierra Solid Mechanics, the model was subjected to a suite of impact conditions,
varying uncertainties in the impact angle, material properties, and material models. A set of deformed
geometries was created from the analysis, which were then used as a basis for a subsequent burn thermal
analysis. A “burn” analysis was conducted on each geometry and an assessment of the sensitivity to each
uncertainty was conducted. This analysis highlights the differences and challenges between a serial crash then
burn analysis and a traditional burn analysis on a pristine geometry.

*Sandia National Laboratories is a multimission laboratory managed and operated by National
Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell
International, Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under
contract DE-NA0003525.
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UNCERTAINTY QUANTIFICATION IN ELECTROMAGNETIC
PROBLEMS OF HIGHLY RESONANT CAVITIES USING DAKOTA
Salvatore Campione*, J. Adam Stephens, Nevin Martin, Aubrey Eckert, Larry K.
Warne, Gabriel Huerta, Robert A. Pfeiffer, and Adam Jones
Sandia National Laboratories, P.O. Box 5800 MS-1152, Albuquerque NM 87185 USA

Key Words: Uncertainty quantification, Dakota, Electromagnetics, Highly resonant cavities.
The electromagnetic problem of high-quality factor resonant cavities is very sensitive to small
parameter changes [1, 2], leading to large variations of shielding effectiveness (SE). This
problem benefits from uncertainty quantification (UQ) analyses, which provide insight into
how variability in key parameters drives uncertainty in the cavity response. These cavities can
be modelled via numerical simulations (generally slow, limiting a full UQ analysis with a large
number of samples) or analytical formulations (quick turnaround while still capturing the
physical phenomena). We will use analytical models [2] to first perform a sensitivity analysis
to rank and down-select important parameters of a slotted cylindrical cavity (a sample result is
shown in Fig. 1 for the dependence of SE versus slot length κ, width w, and depth d), and then
perform a UQ analysis. These results are generated using Dakota [3] and are compared to fullwave numerical results. These analyses are pivotal to develop strategies to collect credibility
evidence for these electromagnetic problems.

Fig. 1. Sensitivity analysis of shielding effectiveness versus cavity slot parameters.
REFERENCES
[1] S. Campione, I. C. Reines, L. K. Warne, J. T. Williams, R. K. Gutierrez, R. S. Coats, and

L.I. Basilio, Preliminary Survey on the Effectiveness of an Electromagnetic Dampener to
Improve System Shielding Effectiveness, Sandia National Laboratories Report,
SAND2018-10548, Albuquerque, NM, 2018.
[2] S. Campione, J.A. Stephens, N. Martin, A. Eckert, L.K. Warne, G. Huerta, R.A Pfeiffer,
and A. Jones, Developing uncertainty quantification strategies in electromagnetic problems
involving highly resonant cavities, under review, 2020.
[3] B. M. Adams, L. E. Bauman, W. J. Bohnhoff, K. R. Dalbey, M. S. Ebeida, J. P. Eddy, et
al., Dakota, A Multilevel Parallel Object-Oriented Framework for Design Optimization,
Parameter Estimation, Uncertainty Quantification, and Sensitivity Analysis: Version 6.11
User’s Manual, Sandia National Laboratories, Albuquerque, NM 2019.
This work was partially supported by the Laboratory Directed Research and Development program at Sandia National
Laboratories. Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and
Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of
Energy’s National Nuclear Security Administration under contract DE-NA-0003525.
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UTILIZING ACTIVE SUBSPACES FOR CARDIOVASCULAR
UNCERTAINTY QUANTIFICATION VIA DAKOTA
Casey M. Fleeter1 , Andrew M. Kahn2 , Daniele E. Schiavazzi3 , and Alison L. Marsden1,4
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Key Words: Cardiovascular Modeling, Uncertainty Quantification, Multifidelity Estimators
Patient-specific cardiovascular models contain multiple sources of uncertainty which make deterministic
simulations meaningless, motivating a transition to a stochastic framework that allows analysts to quantify uncertainty in simulation outputs. Despite many advancements in the computational tools to analyze
numerical models subject to uncertain inputs, standard approaches are challenged by the large number
of random inputs and high computational cost of realistic three-dimensional simulations. Multilevel
multifidelity (MLMF) estimators were previously shown to effectively reduce the variability in model
output expectations with a computational cost that is several orders of magnitude less expensive than traditional methods [1]. To achieve these improvements, we offload the computational cost to the solution
of computationally inexpensive low-fidelity models. However, the MLMF framework relies on strong
correlations between the model fidelities, as well as an identical parameterization of the random inputs.
By leveraging the concept of active subspaces [2], we are able to improve accuracy for outputs such as
wall shear stress which are captured only approximately in low fidelity models. Further, active subspaces
allows us to construct multi-fidelity estimators between high- and low-fidelity models characterized by
a dissimilar parameterization. In this way, we can explore the uncertainties in three-dimensional parameters which are not present in our low-fidelity one- or zero-dimensional (lumped parameter) models.
By combining active subspace sampling with uncertainty quantification algorithms implemented in the
Sandia National Laboratory’s DAKOTA toolkit, we can further reduce the variance in multilevel and
multifidelity uncertainty quantification approaches. Active subspaces have been shown to improve convergence in multifidelity uncertainty propagation for patient-specific geometries of the aorto-iliac and
coronary arteries compared to their natural parameterization.
REFERENCES
[1] Fleeter, C.M., Geraci, G., Schiavazzi, D.E., Kahn, A.M., and Marsden, A.L., Multilevel and multifidelity uncertainty quantification for cardiovascular hemodynamics, Computer Methods in Applied
Mechanics and Engineering, 2020.
[2] Geraci, G., and Eldred, M.S., Leveraging Intrinsic Principal Directions for Multifidelity Uncertainty
Quantification, Sandia Report SAND2018-10817, 2018.
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Key words: Uncertainty quantification, efficient uncertainty propagation, safety analysis
ABSTRACT
Computational models have played a crucial role in the transition of engineering practice towards the
current digital environment. Recent advances in computational methods lead to hyper-resolution highfidelity first-principle based computer codes which provide an analyst with a plethora of information
on the design at hand. However, this comes at an ever increasing computational cost. For many applications in reliability engineering, safety analysis or (robust) design optimization, a multitude of such
expensive simulation runs are required. Since it is not always possible or practical to resort to highperformance computing centres, there exists a need for efficient techniques for the propagation of such
high-dimensional uncertainty.
This mini-symposium is aimed at gathering expert researchers, academics and practicing engineers concerned with the application of novel and efficient probabilistic and non-probabilistic methodologies for
uncertainty quantification in such high-dimensional context. Both fundamental developments in the field
of efficient uncertainty quantification and reliability analysis as well as innovative applications ranging
from micro-mechanical modelling of heterogeneous random media, to large scale structural mechanics
and industrial systems are welcomed
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B-SPLINE CHAOS: AN ISOGEOMETRIC APPROACH FOR
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Christoph Eckert1 , Michael Beer2 and Pol D. Spanos3
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Isogeometric analysis which is essentially obtained from the finite element method through the exchange
of basis by B-spline has become well established in engineering analysis and design procedures. This
concept is considered in context with the methodology of uncertainty quantification. In this regard it
is noted that many random processes used in several stochastic applications can be approximated by
the polynomial chaos expansion. Ordinarily, the basis of these series are orthogonal polynomials which
herein are replaced by B-spline basis functions. The B-spline chaos exposes to be superior to the Legendre polynomial chaos in terms of accuracy. Thus it is optimal for any uniform system input and
simultaneously much more efficient for complex simulations. This result is proven by solving several
stochastic differential equations.
REFERENCES
[1] Eckert, C., Beer, M. and Spanos, P.D. A polynomial chaos method for arbitrary random inputs
using B-splines Probabilistic Engineering Mechanics (2020) 60:103051.
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1

KU Leuven, Department of Mechanical Engineering, Technology campus De Nayer, Jan De
Nayerlaan 5, St.-Katelijne-Waver, Belgium
2
Universidad Tecnica Federico Santa Maria, Dept. de Obras Civiles, Av. España 1680, Valparaiso,
Chile
3
Institute for Risk and Reliability, Leibniz Universität Hannover, Callinstr. 34, 30167 Hannover,
Germany
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This paper presents a highly efficient and accurate approach to determine the bounds on the first excursion
probability of a linear model that is subjected to a combination of aleatory, epistemic and mixed aleatoryepistemic uncertainty. Specifically, we consider transient time-domain simulations of linear models,
where the loading is represented as an imprecise stochastic process [1], and where the uncertainty in
structural parameters of the model is represented as a set of intervals. Traditionally, determining these
bounds involves solving a double loop problem, where the aleatory uncertainty has to be fully propagated
for each realization of the epistemic uncertainty or vice versa. When considering realistic structures such
as building models, often containing thousands of degrees of freedom, such approach becomes quickly
computationally intractable, even using large scale computing facilities.
In this paper, we introduce an approach to decouple this propagation by applying operator norm theory. In practice, the method determines those epistemic parameter values that yield the bounds on the
probability of failure, given the epistemic uncertainty. The probability of failure, conditional on those
epistemic parameters, is then computed using the recently introduced framework of directional importance sampling[2]. Two case studies involving a modulated Clough-Penzien spectrum are included to
illustrate the efficiency and exactness of the proposed approach.
REFERENCES
[1] M. Faes and D. Moens, Imprecise random field analysis with parametrized kernel functions, Mech.
Syst. Signal Process., 2019, vol. 134, p. 106334.
[2] M. Valdebenito, M. Misraji, C. Mayorga, H. Jensen, Reliability estimation in stochastic linear dynamics applying directional importance sampling, in: 29th European Safety and Reliability Conference (Esrel 2019), Hannover, Germany, 2019 (September 22-26 2019).
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Mona M. Dannert∗,1 , Esther Voelsen1 , Rodolfo M.N. Fleury1 , Amelie Fau2 and Udo
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Key Words: Stochastic finite element method, random fields, sparse polynomial chaos expansion
In terms of finite element (FE) method, uncertainty quantification is an important field of research. When
material parameters are considered as random fields, they are classically discretized by Karhunen-Loève
expansion. As the stochastic dimension increases with every term of this series expansion, an FE analysis
can become highly dimensional even with only one random field input parameter.
In previous research, stochastic collocation method [1] has been investigated for non-linear FE problems
considering random field material parameters [2]. This method evaluates the stochastic moments from a
set of pre-defined samples using Smolyak algorithm. However, it has been found that this algorithm can
become unstable.
As an alternative, this contribution investigates sparse polynomial chaos (PC) expansion [3]. Here, the
quantity of interest is described by an orthonormal basis, defined by a set of multi-indices. This set
is selected by least-angle regression, performing a leave-one-out cross-validation. The applicability for
non-linear finite element problems is studied using the toolkit UQLab [4]. As an example, the damage
propagation of a concrete beam is simulated using random field input parameters.
REFERENCES
[1] D. Xiu, J. Hesthaven. High-order collocation methods for differential equations with random inputs.
Siam J. Sci. Comput. (2005) 27/3, 1118–1139
[2] Dannert, M.M. Fau, A., Fleury, R.M.N., Broggi, M., Nackenhorst, U. and Beer, M. A collocation
scheme for deep uncertainty treatment. 13th International Conference on Applications of Statistics
and Probability in Civil Engineering (ICASP13), Seoul, South Korea (2019)
[3] Sudret, B. Polynomial chaos expansions and stochastic finite element methods. In: Risk and Reliability in Geotechnical Engineering (Chap. 6), Phoon, K.-K. and Ching, J. (Eds.), CRC Press (2015),
pp.265–300
[4] Marelli, S. and Sudret, B. UQLab: A framework for uncertainty quantification in Matlab, Proc. 2nd
Int. Conf. on Vulnerability, Risk Analysis and Management (ICVRAM), Liverpool, United Kingdom
(2014), pp.2554–2563
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Reliability based sensitivity analysis investigates the dependence of the failure probability on
model parameters. In this study, the relevant model parameters are distribution parameters
related to the probabilistic characterization of the model input. For sensitivity analysis, local
and global approaches can be distinguished. Local reliability sensitivity methods compute the
partial derivatives of the failure probability or the reliability index with respect to model
parameters. Global reliability sensitivity analysis aims at determining the influence of a model
parameter on the failure probability over the entire range of possible values for this parameter.
It is often based on Sobol indices.
In this presentation, local reliability based sensitivity analysis is considered and the reliability
analysis is carried out by the moving particles method, cf. [1], where a threshold is associated
to each sample, samples are moved to new positions in the design space and the number of
moves for the initial samples (the particles) to reach the failure region are counted and yield an
estimator for the failure probability, which is based on a Poisson process. The estimator is of
comparable accuracy and efficiency as the subset simulation estimator. For local reliability
based sensitivity analysis, it is important to avoid repeated evaluations of the limit state
function. To this end, an extension of the moving particles method to local reliability based
sensitivity analysis is presented that is completely based on the already evaluated samples for
the reliability estimate and thus avoids repeated evaluations of the limit state function. The
method is discussed in detail and illustrated by means of examples.
REFERENCES
[1] C. Walter, Moving Particles: A parallel optimal multilevel splitting method with

application in quantiles estimation and meta-model based algorithms. Structural Safety,
Vol. 55, pp. 10–25, 2015.
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In this presentation, improvement of accuracy in multiscale stochastic stress analysis of
heterogeneous material with considering microscopic geometrical randomness by using the
mesh superposition method. In particular, a unidirectional fiber reinforced composite material
is considered as a target material. When analyzing the stress distribution in composite
considering the variation of Fiber’s location with the finite element method, it is necessary to
update the mesh significantly and it is difficult to generate an appropriate mesh for a large
geometrical variation. From this reason, we focused on the mesh superposition method [1] as a
method that can easily generate a numerical model. This method enables to generate a finite
element model easier even if the internal structure is complex, because matrix and inclusion
can be expressed by global mesh and local mesh independently. Especially, focusing on
stochastic stress analysis of heterogeneous materials considering microscopic geometric
randomness using this mesh superposition method. In fact, stochastic homogenization,
multiscale stochastic stress analysis of composites [2] have been reported and noticed in recent.
However, in the original mesh superposition method, the analysis accuracy may be degraded
due to mesh overlap conditions. Therefore, we proposed an improvement method [3] and the
homogenization theory and based analysis.
In this research, stochastic homogenization and multiscale stress analysis of fiber reinforced
composite with considering microscopic geometrical randomness in performed by using the
improved mesh superposition method. In this presentation, outline of the problem setting and
the proposed approach are explained. Comparing the numerical results of the improvement
method with the conventional mesh superposition method and a standard finite element method
in performed the effectiveness of the proposed approach is discussed.
Acknowledgement: This work was supported by JSPS KAKENHI Grant Number 16K05995
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Response analysis and optimization of nanomechanical oscillators is of paramount importance
to emerging nanotechnologies, including the detection of chemicals and biological species
related to specific diseases. In general, nanomechanical oscillators can exhibit nonlinear
response behavior due to geometrical configurations and various damping mechanisms, are
subject to various intrinsic sources of stochastic noise (e.g. adsorption-desorption and thermally
induced noises), whereas, in order to enhance their detection sensitivity, current technology
enables the fabrication of large arrays, composed of hundreds to tens of thousands of
nanomechanical oscillators, coupled by electric, magnetic, or elastic forces [1-2]. Thus, to
properly analyze and optimize such systems, the development of accurate and computationally
efficient techniques for obtaining the response of the corresponding nonlinear, stochastic and
high-dimensional governing equations is necessary. In this regard, the recently developed
Wiener path integral technique (e.g., [3]) is enhanced herein and coupled with an efficacious
variational formulation for determining joint response probability density functions of a 100degrees-of-freedom nonlinear nanomechanical system under stochastic excitation.
Comparisons with pertinent Monte Carlo simulations demonstrate the accuracy and
computational efficiency of the technique.
REFERENCES
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The soil’s parameters in practical geotechnical engineering problems are characterized by significant
uncertainty such as the Young’s modulus, cohesion and friction angle. The representation of these parameters is typically done by means of random variables or fields. We will opt for the random field
representation. Discretization of the governing problem equations with the Galerkin Finite Element
method allows one to take into account the aforementioned material uncertainty. This is accomplished
by assigning discrete values resulting from the random field to the elements of the discretized domain.
These uncertain parameters can be of high stochastic dimension leading to costly calculations. Sampling
methods are a straightforward choice when dealing with high stochastic dimension. One popular sampling method is Multilevel Monte Carlo (MLMC) (1). Its efficiency is based on the principle of variance
reduction by employing a hierarchical spatial discretization of the problem. Most of the samples are
then taken on coarser meshes and a decreasing amount on finer meshes. Even with this state-of-the-art
method, computation of the stochastic responses remains very costly. Improvements such as Multilevel Quasi-Monte Carlo (MLQMC) (2) achieve a cost reduction by basing its sample point set on a
deterministic rule. A benchmark comparison between these two methods was presented in (3) for a civil
engineering problem. We present a novel method, p-refined Multilevel Quasi-Monte Carlo (p-MLQMC),
which reduces the computational cost even further. This multilevel method employs a hierarchical spatial
discretization based on p-refinement instead of h-refinement. We combine it with a rank-1 lattice rule
(4), yielding faster convergence compared to the method based on Monte Carlo points. This algorithm
is benchmarked on a geotechnical problem, the assessment of the stability of the slopes of natural or
man-made excavations. The slope stability problem is represented as a 2D model with plain strain. The
uncertainty resides in the cohesion of the soil and is represented by means of a log-normal random field
resulting from a Karhunen–Loève expansion. The quantity of interest is the safety factor of the slope,
i.e., the percentage of the slope’s own weight it can carry without collapsing. We achieve a computational gain of a factor 20 with respect to the classical MLMC method. We also demonstrate that the
computational cost in terms of the tolerance, ε, is proportional to ε−1 for p-MLQMC instead of ε−2 for
MLMC.
References
[1] Giles, M. B. Multilevel Monte Carlo path simulation. Operations Research (2008)56(3):607–617.
[2] Giles, M. B. and Waterhouse, B. J. Multilevel Quasi-Monte Carlo path simulation. Radon Series on
Computational and Applied Mathematics (2009)8:1–18.
[3] Blondeel, P., Robbe, P., Van hoorickx, C., Lombaert, G., and Vandewalle, S. Multilevel sampling
with Monte Carlo and Quasi-Monte Carlo methods for uncertainty quantification in structural engineering. 13th International Conference on Applications of Statistics and Probability in Civil Engineering, ICASP13, Seoul, South Korea (2019).
[4] Nuyens, D., Suryanarayana, G., and Weimar, M. Rank-1 lattice rules for multivariate integration in spaces of permutation-invariant functions. Advances in Computational Mathematics (2016)
42(1):55–84. ISSN 1572-9044.
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In this presentation, a sensitivity-based multiscale stochastic stress analysis of a
unidirectional fiber reinforced composite material considering a random variation of the fiber
arrangement is discussed. In recent, researches on stochastic homogenization / multiscale
stochastic stress analysis of heterogeneous materials have been reported, and those are being
attractive from a viewpoint of verification and validation in computational mechanics. In
particular, a geometrical randomness of a microstructure in heterogeneous materials has a
significant influence on its microscopic stress field, and therefore the influence should be
precisely estimated for the purpose of reliability assessment of composite structures. From
this background, a sensitivity-based multiscale stochastic stress analysis with a local
sensitivity analysis has been reported [1], and for a more practical problem, which can be
observed in reports on random field modelling of a microstructure of composites [2], it should
be extended to a non-uniform fiber arrangement with a large random variation.
In this case, mesh updating is one of key features for accurate analysis with employing a
sensitivity based approach. In order to avoid inaccuracy due to a mesh distortion or change of
the stress evaluation point accompanied with the mesh updating, the mesh superposition
method is one of attractive approaches. Since the conventional mesh superposition method
sometimes gives a fluctuated strain / stress field due to a mesh overlapping condition, in
particular, for composite materials, one of the authors proposed an improved approach[3] and
the authors extended it to the homogenization theory-based multiscale analysis.
In this time, the proposed approach is applied to the efficient sensitivity-based multiscale
stochastic stress analysis of FRP, and validity / effectiveness of the proposed approach is
discussed with comparison of Monte-Carlo simulation and conventional approaches.
Acknowledgement: This work was supported by JSPS KAKENHI Grant Number 16K05995
REFERENCES
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[2] G. Stefanou et al., Stochastic finite element analysis of composite structures based on
mesoscale random fields of material properties, Comp. Meth. Appl. Engng., Vol. 326,
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A 3D modeling technique based on the additive manufacturing (AM) has been widely applied
to various industries because of its productivity. However, it is known that an inaccuracy or
randomness in size or other properties of structures fabricated by the AM is sometimes observed.
From this reason, influence of such randomness on mechanical responses of the structure
fabricated by the AM should be investigated and taken into account in a design process.
In this paper, the Fused Deposition Modeling (FDM) method is considered. The melted resin
paths are fabricated in each layer, and those are piled up by the FDM process. This causes
complexity of microstructure, namely, the microstructure becomes heterogeneous and influence
of its randomness on the apparent mechanical properties will not be negligible.
For this problem, some results on stochastic homogenization analysis of a resin structure
fabricated by 3D modeling device have been reported [1]. However, a microstructure was very
simplified in this report, and assumed to be periodic. In fact, the microstructure is very complex
and not uniformly distributed, and a detailed analysis should be performed for validation.
From these backgrounds, stochastic analysis of a resin structure fabricated by the FDM method
with a detailed numerical model, which is constructed from a microscopic observation of a
specimen, is performed in this study. The moving window micromechanics technique, Monte
Carlo (MC) simulation and finite element analysis are used to assess the effects of
microstructural randomness refering to a literature[2]. Probabilistic properties of the elastic
constants of the material and microstructure is also experimentally investigated, and those
influence on the apparent mechanical property of a specimen is analyzed.
In this presentation, a detailed analysis model creation procedure considering the
characteristics of random fields obtained from specimen observation is introduced, and the
results of MC simulation considering a uniaxial tensile test of the resin specimen using a model
produced by the modeling method are shown. Also, validity of the numerical analysis is
discussed with the experimental ones.
Acknowledgement : This work was supported by JSPS KAKENHI Grant Number 16K05995
REFERENCES
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A fundamental issue behind this work was to extend the generalized stochastic perturbation
technique (SPT) beyond its widely available existing limits [1], i.e. on some non-Gaussian
variables and processes with finite probabilistic moments and it is done for uniform and
triangular distributions. Theoretical expansion and computational implementation have been
provided here as the extension of the Finite Element Method [2] using the tenth order
approach verified as accurate enough many times before. Moment Generating Functions
(MGF) have been used to derive automatically even order central moments of these PDFs
necessary in Taylor expansions. It needs to be emphasized that the Response Function
Method (RFM) based on the Least Squares Method (LSM) has been employed to recover
analytical functions relating structural response and the given uncertainty sources via special
series of the FEM experiments. Statistical optimization inherent in this LSM procedure
enabled for determination of the optimal order polynomial bases minimizing fitting variance
and maximizing its correlation. Such probabilistic characteristics as expected values,
coefficients of variations, skewness and kurtosis have been computed in several engineering
case studies and contrasted with the crude Monte-Carlo simulation as well as with the semianalytical SFEM modeling to verify and validate the proposed methodology; therefore,
differential SPT method is compared with statistical one (MCS) as well as with integral also
(SAM). Numerical illustrations include some elastic and inelastic problems in solid
mechanics with both material and geometrical uncertain parameters. The basic probabilistic
characteristics are observed each time as the functions of input coefficient of variation or as a
function of the incremental analysis progress and their comparison with two concurrent
probabilistic techniques enables for final validation of the proposed extension of the SPT. The
most fundamental research finding is that three different probabilistic computer methods
chosen for a comparison in the given engineering problems with uncertainty coincide very
well, which confirms applicability of the iterative generalized stochastic perturbation
technique (and ISFEM) in case of triangular and uniform distributions as the input random
variables.

REFERENCES
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ABSTRACT
Despite continuing advances in computational and data science, model inadequacy remains a
concern in all areas of modeling and simulation for science and engineering applications. This
inadequacy, or model form error, may be introduced by an incomplete understanding of the
underlying physical phenomena and conditions and/or by the use of low-fidelity, reduced-order,
or other approximate models, which are often necessitated by a limited computational budget.
Validation and calibration of a model correction, through the use of experimental data, higherfidelity computational data, and machine learning, can improve the predictive capability of
a given model and, arguably, increase the range of applicability of the computational model.
However, these techniques are subject to the challenges of traditional model calibration, such
as formulation and parameter estimation, and require careful consideration, as they are often
problem specific. Quantifying the uncertainty and assessing the validity of these models in
predictive and many-query settings is an active area of research.
Topics of particular interest include: Model correction techniques; Model discrepancy, model
inadequacy, or model form error; Automated detection of model error; Surrogate model errors;
Stochastic modeling; Uncertainty quantification and propagation; Machine learning.
∗ Sandia

National Laboratories is a multimission laboratory managed and operated by National
Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security Administration
under contract DE-NA0003525.
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Waterflooding is the most common oil secondary recovery strategy, in which water is injected
through wells to maintain or increase reservoir pressure and displace oil from the pores of the
reservoir rock towards the producing wells [1]. In that context, computational simulation is
often applied during field development and management. However, the computational burden
of large-scale reservoir simulation is very high, specially in the presence of uncertainties.
To consider the uncertainties and study their effects on the quantities of interest (QoIs), several
uncertainty propagation methods are available in the literature. Here, to reduce the
computational cost with respect to the classical methods, the probabilistic learning
methodology (PLoM) proposed in [2] can be used for risk analysis and oil recovery
performance in reservoir development and management applications.
In this work, risk analysis is carried out by applying the probabilistic learning methodology.
The risk of optimal water injection strategies in a waterflooding process is addressed
considering a set of geological and economic uncertainties.
The reservoir computational model considers a two-phase (oil and water) immiscible flow with
a heterogeneous permeability field adopted from Matlab reservoir simulation toolbox (MRST).
The reservoir with one vertical producer (pressure-controlled by constant bottom-hole pressure
(BHP) of 1 bar) and a vertical injector (rate-controlled with an injection rate) is considered,
which has a size of 20x20x5m³. The production period is fixed to 2 years.
In the numerical study, the input is the injection history characterized by 8 constant values for
different timesteps (each one of a 90-day duration) and, also, the random permeability field.
The quantities of interest (QoIs) are the bottom-hole pressure (BHP) of injection well, the
cumulative water and oil production along the injection, and the water breakthrough time. The
methodology is applied to generate risk curves of each quantities of interest for different
production strategies.
REFERENCES
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Modern science makes use of computer models to reproduce and predict complex physical systems. Every model involves parameters, which can be measured experimentally (e.g., mass of a solid), or not (e.g.,
coefficients in the k − ε turbulence model). The latter parameters can be inferred from experimental data,
through a procedure called calibration of the computer model. However, some models may not be able
to represent reality accurately, due to their limited structure : this is the definition of model error.
The ”best value” of the parameters of a model is traditionnally defined as the best fit to the data. It
depends on the experiment, the quantities of interest considered, and also on the supposed underlying
statistical structure of the error. Bayesian methods allow the calibration of the model by taking into
account its error. The fit to the data is balanced with the complexity of the model, following Occam’s
principle. Kennedy and O’Hagan’s innovative method [1] to represent model error with a Gaussian process is a reference in this field. Recently, Tuo and Wu [3] proposed a frequentist addition to this method,
to deal with the identifiability problem between model error and calibration error. Plumlee [2] applied
the method to simple situations and demonstrated the potential of the approach.
In this work, we compare Kennedy and O’Hagan’s method with its frequentist version, which involves
an optimization problem, on several numerical examples with varying degrees of model error. The
calibration provides estimates of the model parameters and model predictions, while also inferring model
error within observed and not observed parts of the experimental design space. The case of non-linear
costly computer models is also considered, and we propose a new algorithm to reduce the numerical
complexity of Bayesian calibration techniques.
REFERENCES
[1] Marc C. Kennedy and Anthony O’Hagan. Bayesian calibration of computer models. Journal of the
Royal Statistical Society: Series B (Statistical Methodology), 63(3):425–464, 2001.
[2] Matthew Plumlee. Bayesian calibration of inexact computer models. Journal of the American Statistical Association, 112(519):1274–1285, 2017.
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43(6):2331–2352, 12 2015.
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Propagating parametric uncertainty in complex models for computational mechanics is challenging due
to many, well-known, factors: large dimensionality of uncertain parameters, stiffness and non-linearity
of physics, accuracy and generality of surrogate or reduced-order models, geometry and boundary conditions complexity. We propose an approach to solve probability density function (PDF) equations directly,
which promises to overcome these challenges gracefully while still providing comprehensive uncertainty
quantification. Governing partial differential equations (PDEs), subject to stochasticity, imply a jointPDF of the solution variables at every point in the computational space-time domain. The transport
equation for this joint-PDF can be derived exactly from the original PDEs whether the stochasticity is
due to chaotic dynamics (e.g. turbulence) [1] or to model parameter uncertainty [2]. For the latter scenario, solving the PDF equations provides comprehensive information, the full field of the joint-PDFs,
but is difficult using conventional discretization due to the potentially large dimensionality of the PDF
and unclosed terms in the equation. We present a computationally efficient approach that, inspired by turbulence modelling [1], leverages the Eulerian-Lagrangian equivalence of computational mechanics and
solves the PDF equations using a stochastically equivalent system of Lagrangian samples. The unclosed
terms in the PDF equation translate to unclosed terms in the ODEs of the Lagrangian samples and we
present a framework for closure that is based on series expansion along the parameter dimension. The
method is implemented in a solid mechanics mini-application, NimbleSM, and results from a canonical
linear-elasticity problem are presented to shed light on the accuracy of the closure and the computational
cost versus accuracy trade-off of the PDF method.
∗ Sandia
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Inc., for the U.S. Department of Energys National Nuclear Security Administration under contract DENA0003525.
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Probabilistic approaches to model error and selection are becoming increasingly prevalent in
computational science. The Bayesian paradigm naturally integrates uncertainties from both
experimental data and model formulation, including initial or boundary conditions, model form
and parameters, and numerical approximation. While model improvement is an enterprise
that is continuously enabled by the availability of cost-effective high-performance computing
infrastructure, model error is unavoidable in many situations. This problem is attributed to
the incomplete understanding of the underlying physics, likely in addition to large and possibly poorly characterized uncertainties in calibration and validation data. Put simply, infinite
amounts of data may still result in inadequate models.
The foundation of model discrepancy research is widely credited to Kennedy and O’Hagan
[1], who explicitly model the difference between the simulation and observation. The simulation model parameters and the discrepancy function parameters are estimated simultaneously
through a Bayesian framework that relies on Gaussian process emulators. However, the already
challenging problem of “correcting” an inadequate model is further complicated when experimental data is collected at varying experimental settings. Furthermore, the validity of the
original physical model, the inadequacy model, and the combined model for the prediction of
quantities of interest remains in question.
This presentation introduces a general approach to calibrating a model discrepancy function
when the model is expected to perform for multiple experimental configurations and give predictions as a function of temporal and/or spatial coordinates. A generalized approach and
implementation of model discrepancy detection, construction, and propagation into a predictive
setting is presented in the context of Bayesian model calibration. Demonstration of the proposed
approach and comparisons to the classical approach are given.
∗ Sandia

National Laboratories is a multimission laboratory managed and operated by National
Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security Administration
under contract DE-NA0003525.
REFERENCES
[1] M. C. Kennedy and A. O’Hagan. Bayesian calibration of computer models. Journal of the
Royal Statistical Society. 63:425-464, 2001.
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∗
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Sorbonne Université, Université Paris-Diderot SPC, CNRS, Laboratoire Jacques-Louis Lions
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Key words: Error estimation, Adaptivity, Algebraic solver, Linearization, Convergence, Optimality
ABSTRACT
In the past few decades, simulation of physical phenomena has become an essential procedure for many applications in engineering and beyond. The scientific community now contemplates problems with ever-increasing
complexity and has to rely on discretization methods combined with linear and nonlinear iterative algebraic solvers
in order to obtain numerical solutions at an acceptable cost. In turn, this requires users to handle algebraic and linearization errors in addition to the standard discretization errors. The control of all error components is paramount
to the topic of simulation because: (i) such errors could invalidate numerical predictions; (ii) their interplay opens
a vast territory for adaptivity, way beyond the traditional adaptive mesh or polynomial degree refinement.
Algebraic and linearization solvers, and the associated algebraic and linearization errors they inevitably generate,
are most commonly treated separately from the discretization of the system by considering linear and nonlinear
algebra arguments. However, there has recently been a rise in the development of integrated strategies where all
error components are treated simultaneously rather than in a sequential manner. As a result new questions and
challenges arise such as convergence analysis, cost optimality, and robustness.
The purpose of the minisymposium will be to expose recent advances on the challenges brought about by the
interplay between discretization, algebraic, and linearization errors. We expect contributions on the following
topics:
• Norm and/or goal-oriented a posteriori error estimation and adaptivity;
• Stopping criteria for linear and nonlinear solvers;
• Dedicated procedures under inexact solvers;
• Design of algebraic solvers on hp grids;

• Robustness with respect to h, p, and material properties;

• Convergence and optimality of integrated strategies.
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A POSTERIORI ERROR ESTIMATES FOR FLOW IN FRACTURED
POROUS MEDIA
∗

Jhabriel Varela1 , Elyes Ahmed2 , Eirik Keilegavlen3 , Jan Nordbotten4 and Florin Radu5
1∗ , 3, 4, 5

University of Bergen, P.O. Box 700, N-5020, Bergen, Norway, jhabriel.varela@uib.no,
eirik.keilegavlen@uib.no, jan.nordbotten@uib.no, florin.radu@uib.no
2
SINTEF ICT, Department of Applied Mathematics, P.O. Box 124, Blindern, NO-0314, Oslo, Norway
elyes.ahmed@sintef.no
Key Words: Mixed-dimensional Equations, Fractured Porous Media, A Posteriori Error Estimates
In the last decade, the amount of research invested in modeling flow in fractured porous media has
increased considerably. Several methods are employed for representing fractures inside the rock matrix.
Among them, the Discrete Fracture Matrix (DFM) model representing the fractures as lower-dimensional
entities has been widely used in the recent years [1]. However, currently, there is no proper way to
estimate the errors associated with the application of numerical approximations to solve general fracture
networks in a DFM model. This issue is reflected in benchmark problems such us [2, 3]
Motivated by filling this gap, in this work, we present a sharp and fully computable a posteriori error
estimate based on a mixed-dimensional model [4] following the approach of [5]. In addition, the error
contributions are identified and distinguish. To demonstrate the validity of our results, we apply the
estimator to two- and three-dimensional benchmarks from [2, 3].
REFERENCES
[1] Inga Berre, Florian Doster, and Eirik Keilegavlen. Flow in fractured porous media: A review of conceptual models and discretization approaches. Transport in Porous Media, 130(1):215–236, 2019.
[2] Bernd Flemisch, Inga Berre, Wietse Boon, Alessio Fumagalli, Nicolas Schwenck, Anna Scotti, Ivar
Stefansson, and Alexandru Tatomir. Benchmarks for single-phase flow in fractured porous media.
Advances in Water Resources, 111:239–258, 2018.
[3] Inga Berre, Wietse Boon, Bernd Flemisch, Alessio Fumagalli, Dennis Gläser, Eirik Keilegavlen,
Anna Scotti, Ivar Stefansson, and Alexandru Tatomir. Call for participation: Verification benchmarks
for single-phase flow in three-dimensional fractured porous media. arXiv preprint arXiv:1809.06926,
2018.
[4] Jan Martin Nordbotten, Wietse M Boon, Alessio Fumagalli, and Eirik Keilegavlen. Unified approach
to discretization of flow in fractured porous media. Computational Geosciences, 23(2):225–237,
2019.
[5] Martin Vohralı́k. Unified primal formulation-based a priori and a posteriori error analysis of mixed
finite element methods. Mathematics of Computation, 79(272):2001–2032, 2010.
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ALGEBRAIC ERROR ESTIMATES AND EFFICIENT SOLUTION OF
LINEAR ALGEBRAIC SYSTEMS ARISING IN GOAL-ORIENTED
MESH ADAPTATION
Vı́t Dolejšı́1 and Petr Tichý2
1

Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic,
dolejsi@karlin.mff.cuni.cz
2
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Key Words: goal-oriented error estimates, algebraic errors, BiCG method, mesh adaptivity
Goal-oriented error estimates play an important role in the numerical solution of partial differential equations when we are not interested in the approximate solution itself but in an approximation of the given
quantity of interest. In order to derive its a posteriori error estimate, the dual problem to the original one
has to be defined and solved.
The discretization of primal and dual problems lead to two algebraic systems which are very often solved
iteratively. Then the approximate primal and dual solutions suffer from algebraic errors. The question of
algebraic errors in goal-oriented error estimates was treated in [1] where the iterative solver is controlled
in such a way that the algebraic error has to be sufficiently smaller than the discretization one. However,
this technique is based on an alternative solution of the primal and dual problems which is not quite
suitable in an efficient control of the computational process.
We present a new numerical algorithm which allows a simultaneous solution of the primal and dual
algebraic problems. This algorithm is based on the BiCG iterative solver in combination with suitable
stopping criteria. Particularly, we employ a definition of algebraic error similarly as in [1] and in addition,
we combine it with a modification of the technique from [2]. The estimates of algebraic errors can be
evaluated directly inside the BiCG iterative loops with negligible computational costs.
We present the algorithm together with the estimates of algebraic errors and demonstrate its efficiency
by several numerical examples. Particularly, we deal with the numerical solution of purely diffusion
and convection-dominated problems. This approach is robust for meshes generated by the goal-oriented
anisotropic hp-adaptation technique. The presented results are summarized in [3].
REFERENCES
[1] Meidner, D., Rannacher, R. and Vihharev, J. Goal-oriented error control of the iterative solution of
finite element equations. J. Numer. Math. (2009), 17:143–172.
[2] Strakoš, Z. and Tichý, P. On efficient numerical approximation of the bilinear form c A−1 b. SIAM
J. Sci. Comput. (2011) 33(2):565–587.
[3] Dolejšı́, V. and Tichý, P. On efficient numerical solution of linear algebraic systems arising in
goal-oriented error estimates. Journal of Scientific Computing (2020), 83:5.
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COUPLED PARAREAL - OPTIMIZED SCHWARZ WAVEFORM
RELAXATION METHOD FOR ADVECTION-DIFFUSION PROBLEMS
Duc Quang Bui1 , Caroline Japhet1 , Yvon Maday2 and Pascal Omnes3,1
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2
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3
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Key Words: Parallel-in-time, space-time domain decomposition, advection-diffusion equation
Parareal method [1, 2, 3] is a numerical method to solve time-evolutionary problems in parallel, which
uses two propagators: the coarse - fast and inaccurate - and the fine - slow but more accurate. Instead of
running the fine propagator on the whole time interval, we divide it as many time sub-intervals as we have
processors, where we can run the fine propagator in parallel to obtain the desired solution, by iteratively
improving the coarse propagator and through parareal steps. Furthermore, each local subproblem can be
solved by an iterative method, and instead of doing this local iterative method until convergence, one may
perform only a few iterations of it, during parareal iterations. Propagators then become much cheaper
but lose their accuracy, and we hope that the convergence on these local subproblems will be achieved
across parareal iterations.
In this contribution, we propose to couple the parareal alogorithm with a well-known iterative method, the
Optimized Schwarz Waveform Relaxation (OSWR) method [4], and perform only a few OSWR iterations
in the fine propagator and with a simple coarse propagator deduced from the Backward Euler method. We
present the analysis of this coupled method for a one-dimensional advection reaction diffusion equation.
We can prove that for this case the convergence is at least almost linear. We also give some numerical
illustrations for 2D problems, which show that the convergence is much faster in practice.
REFERENCES
[1] Lions, J.L., Maday, Y. and Turinici, G.. A parareal in time discretization of pde’s. C.R. Acad. Sci.
Paris, Serie I. (2001) 332:661–668.
[2] Baffico, L., Bernard, S., Maday, Y., Turinici, G. and Zérah, G. (2002). Parallel-in-time moleculardynamics simulations. Physical Review E, 66(5), 057701.
[3] Gander, M.J. and Vandewalle, S. Analysis of the parareal time-parallel time-integration method.
SIAM J. Sci. Comp. (2007) 29(2):556–578.
[4] Gander, M.J. and Halpern, L. Optimized Schwarz waveform relaxation methods for advection reaction diffusion problems. SIAM J. Numer. Anal.. (2007) 45(2):666–697.
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EQUILIBRATED STRESS APPROXIMATION AND ERROR
ESTIMATION WITH APPLICATION TO SOLID MECHANIC
Fleurianne Bertrand
1

Humboldt-Universität zu Berlin, Unter den Linden 6, 10099 Berlin, fb@math.hu-berlin.de

Key Words: equilibtrated stress approximation, a posteriori error estimation
A stress equilibration procedure for linear elasticity is presented with emphasis on the
behavior for nearly incompressible materials. It is based on the displacement-pressure
approximation computed with a stable finite element pair and constructs an H(div)conforming, weakly symmetric stress reconstruction. Thjs construction leads to reconstructed
stresses in the Raviart-thomas space which are weakly symmetric.The computation is
performed locally on a set of vertex patches. The resulting error estimator constitute a
guaranteed upper bound for the error with a constant that depends only on the shape regularity
of the triangulation.

REFERENCES
[1] F. Bertrand and D. Boffi, The Prager-Synge theorem in reconstruction based a posteriori

error estimation, accepted for publication, AMS MOC75.

[2] F. Bertrand, B. Kober, M. Moldenhauer, G. Starke, Weakly symmetric stress equilibration and a
posteriori error estimation for linear elasticity, arXiv:1808.02655
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OPTIMAL CONVERGENCE RATES FOR GOAL-ORIENTED FEM
WITH QUADRATIC GOAL FUNCTIONAL
Roland Becker1 , Michael Innerberger∗2 and Dirk Praetorius3
1
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2
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3
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Key Words: adaptivity, goal-oriented algorithm, optimal convergence rates, finite element method, nonlinear goal
On a bounded Lipshitz domain Ω, we consider a linear elliptic PDE
−div(A∇u) +b · ∇u + cu = f + div(f )
in Ω,
u=0

with solution u ∈

H01 (Ω)

on ∂Ω,

and a quadratic goal functional of the form
G(u) := K u, uH −1 ×H01 ,

where K : H01 (Ω) → H −1 (Ω) is linear and bounded. We propose a goal-oriented adaptive FEM algorithm
(GOAFEM) that approximates the quantity of interest G(u) by values G(u ) in the -th step. To this end,
our GOAFEM solves the primal as well as a dual problem, where the goal functional is always linearized
around the discrete primal solution at hand. Our algorithm employs a variant of the marking strategy
which was proposed in [1] for a linear goal functional. For bounded K , we show that the error in the
goal functional converges, i.e.,

1/2
|G(u) − G(u )| ≤ C η (u ) η (u )2 + ζ (z )2
−→ 0 as  → ∞,

where the a-posteriori error estimators η (u ) and ζ (z ) bound the discretization error of the primal and
dual problem, respectively. Moreover, if K is compact, this convergence is even rate-optimal, i.e., our
GOAFEM leads to linear convergence

1/2
η (u ) η (u )2 + ζ (z )2
≤ C (#T − #T0 )−α
with optimal algebraic convergence rate α > 0. Numerical examples underline our theoretical findings.
REFERENCES
[1] Feischl, M. and Praetorius, D. and van der Zee, K. G. An abstract analysis of optimal goal-oriented
adaptivity. SIAM J. Numer. Anal. (2016) 54(3):1423–1448.
[2] Becker, R. and Innerberger, M. and Praetorius, D. Optimal convergence rates for goal-oriented FEM
with quadratic goal functional. In preparation (2020).
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OPTIMAL STEP-SIZES AND ADAPTIVE NUMBER OF SMOOTHING
STEPS IN p-ROBUST MULTIGRID SOLVERS
Ani Miraçi∗1,2 , Jan Papež1,2 and Martin Vohralı́k1,2
1

2
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Key Words: Finite Element Method, Multilevel Solver, A posteriori Estimate, p-Robustness
In this work, we study a second order elliptic diffusion problem discretized by the conforming finite
element method of arbitrary polynomial degree p ≥ 1. To treat the arising linear system, we propose a
geometric multigrid method with zero pre- and one post-smoothing by an overlapping Schwarz (block
Jacobi) method. We develop optimal (adaptive) choice of the step sizes in the level-wise error correction
step, and provide a thorough error contraction analysis; this also induces an a posteriori estimator for the
algebraic error. Based on previous work [2], we show the two following results and their equivalence:
1) the solver contracts the algebraic error independently of the polynomial degree p; 2) the estimator
represents a two-sided p-robust bound on the algebraic error. The p-robustness results are obtained by
careful application of the work done in [1]. We also present a simple and effective way for the solver
to adaptively choose the number of post-smoothing steps, which yields yet improved error reduction.
We present numerical tests confirming the p-robust behavior of the solver and illustrating the adaptive
smoothing. Moreover, the tests indicate numerical robustness with respect to the number of levels J even
in low regularity settings as well as robustness with respect to the jumps in diffusion coefficient.
REFERENCES
[1] Schöberl, J., Melenk, J. M., Pechstein, C. and Zaglmayr, S., Additive Schwarz preconditioning for
p-version triangular and tetrahedral finite elements, IMA J. Numer. Anal., 28 (2008), pp. 1–24.
[2] Miraçi, A., Papež, J. and Vohralı́k., M. A multilevel algebraic error estimator and the corresponding iterative solver with p-robust behavior. (2019) HAL preprint 02070981.
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SEMISMOOTH AND SMOOTHING NEWTON METHODS FOR
NONLINEAR SYSTEMS WITH COMPLEMENTARITY
CONSTRAINTS: ADAPTIVITY AND INEXACT RESOLUTION
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We consider in this paper nonlinear algebraic systems with complementarity constraints stemming from
numerical discretizations of nonlinear complementarity problems. The particularity is that they are nondifferentiable, so that classical linearization schemes like the Newton method cannot be applied directly.
To approximate the solution of such nonlinear systems, an iterative linearization algorithm like the semismooth Newton-min or an interior-point algorithm can be used [1, 5]. In this work, we focus on the
smoothing methods, where the nondifferentiable nonlinearity is smoothed. In particular, we consider a
smoothing Newton algorithm based on the smoothed min or Fischer–Burmeister function, and a smoothing interior-point algorithm. The corresponding linear system is approximately solved using any iterative
linear algebraic solver. We then prove an upper bound for the L2 norm of the residual and derive an a
posteriori error estimate that allows to distinguish the smoothing, linearization, and algebraic error components [4, 3]. These ingredients are then used to formulate adaptive criteria for stopping the linear and
nonlinear solver when the corresponding error components do not affect significantly the overall error.
This lead us to propose an adaptive algorithm ensuring important savings in terms of the number of cumulated algebraic iterations. We apply our analysis to the system of variational inequalities describing
the contact between two membranes [2], discretized with the finite volume method. Numerical experiments confirm the performance of the adaptive stopping criteria. In particular, we show that the proposed
algorithm, in combination with the GMRES algebraic solver, is very promising in comparison with other
methods.
REFERENCES
[1] I. B EN G HARBIA , J. DABAGHI , V. M ARTIN , AND M. VOHRAL ÍK, A posteriori error estimates
for a compositional two-phase flow with nonlinear complementarity constraints, Comput. Geosci.,
(2020), https://doi.org/10.1007/s10596-019-09909-5.
[2] J. DABAGHI , V. M ARTIN , AND M. VOHRAL ÍK, Adaptive inexact semismooth newton methods for
the contact problem between two membranes, HAL preprint 01666845, 2018, https://hal.inria.
fr/hal-01666845v2.
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ABSTRACT
The safe and reliable design of engineering structures and systems, as well as the online assessment of
their reliability and safety depends largely on high resolution numerical models that approximate their
physical behaviour. However, these high resolution results often come at an undesirably high computational cost, as solving these models for relevant responses sometimes takes hours or even days. In
the context of uncertainty quantification, reliability analysis and design optimization, these models have
to be solved multiple times in an often iterative context. This impedes their application in a reliability
engineering context, unless high-performance computing facilities are readily available. Both machine
learning approaches, as well as surrogate modelling techniques can provide a solution to this problem
by respectively representing the physical system following a data-driven black box approach, and constructing a more efficient emulator of the real numerical model.
This mini-symposium is aimed at gathering experts researchers, academics and practicing engineers concerned with the efficient combination of computationally intensive numerical simulation codes with efficient surrogate models and/or data-driven black box approaches to present their recent findings, methodological developments, as well as innovative applications.
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A BAYESIAN IDENTIFICATION FRAMEWORK FOR MULTISCALE
ANALYSIS OF NANOCOMPOSITES
Vissarion Papadopoulos, Stefanos Pyrialakos*, Ioannis Kalogeris, Gerasimos
Sotiropoulos
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This work proposes a Bayesian framework for determining the mechanical properties of carbon based
nanocomposites. In particular bayesian analysis, in the form of the Markov Chain Monte Carlo (MCMC)
technique, is applied for the uncertainty quantification of the parameters that characterize the CNT/polymer
interface by using experimental measurements on large-scale structures. The aforementioned interface
is described with the cohesive zone formulation [1] and a bilinear bond-slip constitutive law. Typically,
predicting the response of such systems requires multiscale analysis approaches, i.e. the FE2 method
[2], investigated in this work. Despite its accuracy, FE2 is associated with immense computational cost
for large-scale problems and, therefore, its application to the Bayesian setting, which requires multiple model evaluations, is prohibitive. To overcome this problem, a surrogate modeling technique is
developed which utilizes artificial neural networks, trained to predict the stress-strain relationship of representative volume elements (RVE) of the microstructure. The data set over which the neural network is
trained, is obtained by analyzing a limited number of different RVE configurations using a detailed finite
element analysis. The elaborated methodology is validated through numerical examples from 2D and
3D elasticity and it is shown that is capable of producing highly accurate results as well as a significant
cost reduction. With the appropriate adjustments this procedure can be effectively utilized in any kind of
nano-composite model and for various types of microscopic non-linearity.
REFERENCES
[1] Barenblatt G.I. The mathematical theory of equilibrium cracks in brittle fracture. Advances in Applied Mechanics, Vol. 7, (1962), p. 55-129
[2] Feyel F. A multilevel finite element method (FE 2 ) to describe the response of highly non-linear
structures using generalized continua, Computer Methods in Applied Mechanics and Engineering
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Sampling approaches for uncertainty quantification for real world engineering problems are
associated with large computational time and cost. This cost comes from the expensive
deterministic simulation. Using surrogate models is a common way to overcome this issue in
engineering applications. Conventional Neural Network(NN) can be used for building such
surrogates. However, these conventional neural networks are build based on input output pairs.
These conventional models often fail to satisfy the underlying physics and it is not possible to
verify that the predicted output satisfies underlying physics.
In this contribution, a physics-informed neural network based on a hybrid model of machine
learning and classical Finite Element Method (FEM) is presented for forward propagation of
uncertainty. The method used FEM during both training and prediction stages. A surrogate
model based on neural network for high dimensional problem is constructed by constraining
the predictions of the neural network with the discretized partial differential equation of the
system. During the training stage the predicted solution from FEM-neural network hybrid is
used to compute the residual using stiffness matrices and force vectors. This residual is used a
custom loss function from NN. This makes the whole training unsupervised as it does not need
any output values. Hence the need for expensive FEM solves are avoided. The FEM_NN
hybrid model also gives an estimate of the accuracy of prediction by means of the calculated
residual along with the prediction. The framework does not require mandatory expensive solves
of the discretized equation as it substitutes the prediction of the neural network for computing
the residual. This reduces the expensive training phase of the problem and can be applicable to
real-world FEM simulations. The trained neural network is then sampled in a Monte Carlo
(MC) manner to evaluate the statistics of the Quantities of Interest (QoI). The resulting
FEM_NN hybrid is physics confirming and data efficient.
The efficacy of the framework is presented by a series of testcase examples. The results are
compared with classical MC results. The suitability of the method for the uncertainty
quantification of expensive real-world simulations is studied and presented.
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Obtaining a precise estimation of the probability of failure for a given structure is critical when doing its
reliability analysis. The Monte-Carlo estimator is easily implemented, non-intrusive to the simulations
and un-biased [5]. However, it requires to simulate the structure for a large number of realizations of
input random variables. Each simulation usually consists in solving the finite element problem on a
discretized structure [1]. For complex mechanical problems, the computational cost may be important.
Therefore, some reliability analysis are based on a metamodel built from a few calls to the solver and
allows to quickly approximate the structural response. To accurately estimate the probability of failure,
the metamodel has to be precise close to the limit state delimitating the safe and failure zones. One of
the common methods to construct a metamodel is kriging [3]. It presents the advantage of providing an
estimation of the uncertainty on the output for any input location. This estimation of uncertainty allows
to couple the metamodel with the Monte-Carlo estimator, which enables to define an adaptative strategy
to improve the quality of the metamodel near the limit state [2].
The discretization of the structure leads to an error in the structural response and thus in the estimation
of the probability of failure. This work presents an innovative method to guarantee the state of samples
used to construct the metamodel utilizing bounds that may be computed by processing finite element
results [4]. The state of each sample is thus calculated on a coarse mesh far from the limit state and on a
finer mesh close to it, reducing total CPU time.
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Applications. Elsevier Science, 1978.
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All engineering problems consider uncertainties. These ranges from small production uncertainties to
large scale uncertainties coming from outside such as a variable wind speed. Currently, modern methods for uncertainty propagation have large difficulties on estimation of statistics for large scale problems
which considers hundreds of these uncertain parameters. Due to the complexity of the problem and limitations of the modern methods, a common approach for modelling large scale problems is to select few
important parameters and model statistics for these parameters. However, this can lead to an important
problem. In this paper, an application of UptimAI’s UQ propagation algorithm is used to discuss a new
problem arising from high dimensional spaces, where a large number of parameters have negligible impact on the final solution. In other words, when a problem consists of a great number of uncertain design
parameters, common practice is to focus on the most important ones and neglecting the non-influential
ones. However, a combination of a great number of non-influential parameters can lead to completely
different results. This is especially a problem for modelling large dimensional statistical models, where
a common approach is to perform sensitivity analysis and neglect the non-influential variables, i.e. set
the noninfluential variables into nominal value. Therefore, using common approach of neglecting the
non-influential variables lead to a dramatic error and hence, we call this problem ”many times nothing
killed a horse”.
This problem cannot be observed for cases with smaller number of design parameters, which are commonly solved in statistical modelling. The reason for this issue is that the combined influence of neglected variables is extremely small and such that has no influence on the final output.
Application of UptimAl’s UQ propagation algorithm to modern engineering problems and the possibilities of mitigation of the cumulative influence of non-influential parameters is discussed in detail.
The problem is shown on a case of economic load dispatch (ELD) problem, which consist of 140 dimensions. On this problem, we applied UptimAI’s UQ propagation algorithm to obtain an accurate statistic
for the problem. Using the accurate model obtained by UptimAI’s algorithm, we compare statistics of
using only important variables and using all variables. This lead to a significant difference between re-
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sults and such that put a large question mark on standard approach. Obtained results are validated with
Monte Carlo simulation applied directly to ELD problem.
Application of UptimAl’s UQ propagation algorithm to modern engineering problems and the possibilities of mitigation of the cumulative influence of non-influential parameters is discussed in detail.
REFERENCES
[1] Das, S. and Suganthan, P.N. Problem Definitions and Evaluation Criteria for CEC 2011 Competition on Testing Evolutionary Algorithms on Real World Optimization Problems. Technical report,
Dec. 2010.
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Abstract
A spline chaos expansion, referred to as SCE, is introduced for uncertainty
quantification analysis. The expansion provides a means for representing an output
random variable of interest with respect to multivariate orthonormal basis splines
(B-splines) in input random variables. The multivariate B-splines are built from a
whitening transformation to generate univariate orthonormal B-splines in each
coordinate direction, followed by a tensor-product structure to produce the
multivariate version. SCE, as it stems from compactly supported B-splines, tackles
locally prominent responses more effectively than the polynomial chaos expansion
(PCE). The approximation quality of the expansion is demonstrated in terms of the
modulus of smoothness of the output function, leading to the mean-square convergence
of SCE to the correct limit. Analytical formulae are proposed to calculate the mean
and variance of an SCE approximation for a general output variable in terms of the
requisite expansion coefficients. Numerical results indicate that a low-order SCE
approximation with an adequate mesh is markedly more accurate than a high-order PCE
approximation in estimating the output variances and probability distributions of
oscillatory, nonsmooth, and nearly discontinuous functions.
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Surrogate modeling based on generalized Polynomial Chaos expansions has become an important tool
in uncertainty quantification. Many models of complex systems require simulations with long run-times
and cannot be used directly in a Monte Carlo context, for instance. One remedy consists in replacing
the original model with a surrogate model, which can be easily solved many times for different input
parameters. The construction of the surrogate model then becomes the main computational burden.
We consider Polynomial Chaos surrogates which are constructed based on an experimental design through
collocation or non-intrusive projection. The computational effort is dominated by the size of the experimental design, which in turn is connected to the size of the polynomial basis required to ensure a specific
surrogate accuracy. If the parametric dimension is large or the solution exhibits large variations in the
parameter domain, a significant number of polynomials may be required.
We report on different techniques established recently to enhance the Polynomial Chaos accuracy. The
first strategy is based on conformal maps. Conformal maps have been used to enhance sparse quadrature
methods [1], here, we introduce a transformed Polynomial Chaos basis. This method shows favorable
approximation properties for holomorphic functions with poles near the imaginary axis. Such a situation
may occur for dynamical systems in the frequency domain operated close to a resonance. We will show
that the transformed basis maintains orthogonality properties, which are useful for obtaining statistical
information and sensitivity measures. We will also identify and analyze cases, where conformal maps
may not lead to significant improvements. The second strategy employs adjoint sensitivity information
for error estimation and extrapolation, which has been introduced in [2]. Adjoint error correction may
lead to a doubled convergence rate with an often small or even negligible effort. We will demonstrate
significant convergence gains for a number of test problems. Eventually, conformal mappings and adjoint
extrapolation can be combined to obtain even higher accuracies.
REFERENCES
[1] Jantsch, P., and Webster, C.G. Sparse grid quadrature rules based on conformal mappings. Sparse
Grids and Applications-Miami 2016. Springer, Cham, 2018.
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The behaviour of fire insulation panels in the civil engineering design practice is often assessed through
the component additive method (CAM). The CAM requires the temperature-dependent thermal material
properties of the panels, which are calculated by heat transfer models calibrated using experimentally
measured temperature records.
Here, calibration refers to the practice of determining the parameters of a computational model given experimental, noisy measurements. A powerful way to achieve this is to update an initial prior probability
distribution of the model parameters through Bayes’ theorem to a posterior, data-informed distribution [1].
This problem is typically solved through computationally expensive Markov chain Monte Carlo (MCMC,
[2]) approaches. To speed up these algorithms it has become common practice to replace the original
computational model in MCMC with inexpensive to evaluate surrogates [3, 4].
Recently, we proposed a variant of polynomial chaos expansion (PCE) based stochastic spectral embedding (SSE) that can be used in conjunction with standard MCMC algorithms to produce adaptive
surrogate models that are more accurate in regions of high posterior probability. In this contribution, we
apply this algorithm to calibrating the thermal material properties in heat transfer problems and show that
the proposed framework allows a more efficient and accurate computation of posterior quantities than a
purely PCE accelerated non-adaptive approach [4].
REFERENCES
[1] Beck, J.L. and Katafygiotis, L.S. Updating Models and Their Uncertainties. I: Bayesian Statistical
Framework. Journal of Engineering Mechanics (1998) 124(4):455–461.
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[3] Marzouk, Y.M. and Najm, H.N. Dimensionality reduction and polynomial chaos acceleration of Bayesian inference in inverse problems. Journal of Computational Physics (2009)
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Load Application Method.
Wind turbine blades are subjected to wind pressure distribution that depends on the external
environment and the inertial loads from their rotational velocity, acceleration, and the turbine
control. To simulate these effects, numerical tools are used [1]. Allowing a coupled nonlinear
aero-hydro-servo-elastic simulation in the time domain representing the multibody 1D beam
finite element model (FEM). Nevertheless, when the mechanical analysis comes in detail, a
shell FEM with applied loads in 3D spatial space must be used to analyze the fatigue.
Therefore, the loads estimated by beam simulations need to be transformed into an equivalent
3D distributed loads for the shell FEM.
In the literature, it can be founded numerous ways to transfer the loads, called load application
method (LAM) [2]. Each of these LAM differs in the stress distribution and the deflection of
the blade. Subsequently, fatigue analysis of the whole blade can be performed by defining the
cycle counting method and multi-axial damage criteria for composite materials [3]. However,
this process is computationally expensive, since it is required to calculate the stress history in
the shell FEM of the blade for each time instant of the aero-elastic simulation for different
mean wind speed, others authors use a damage equivalent load (DEL) to estimate the fatigue
damage [4] directly from the 1D simulations.
To reduce the number of calls of the aero-elastic and shell FEM simulations a Deep Neural
Network (DNN) was trained to predict the cumulated fatigue damage in different nodes of the
blade given the average wind speed, turbulence intensity and shear exponent for 10 minutes
simulated. Additionally, the DNN’s hyperparameters as learning rate, number of layers,
number of neurons, activation function per layer, are optimized using a Gaussian process,
resulting in a specific architecture that minimizes the mean squared error of the predictions.
REFERENCES
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NREL/TP-500-38230. National Renewable Energy Lab.(NREL), Golden, CO (United
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model uncertainty in wind turbine reliability assessment, Renewable Energy, 2019.
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20-30% of patients are dissatisfied after a Total Knee Arthroplasty (TKA) [1]. This patient dissatisfaction
can have multiple causes, including a too low surgical precision or an unknown patient-specific ideal implant position. Currently soft tissue loading is not considered in pre-operative planning, which can lead
to a non-optimal implant position. Accounting for soft tissues in pre-operative planning requires a computationally efficient knee model that generates an accurate estimation of Tibio-Femoral (TF) kinematics
and Collateral Ligament (CL) strains for each patient. Evaluation of a knee model however has a high
computational cost and doesn’t allow optimization or uncertainty quantification. The goal of this study is
to design a surrogate model that is an accurate approximation of the knee model and is computationally
efficient.
A Deep Neural Network (DNN) was used as a surrogate model and implemented in Tensorflow 1.12
[2]. The DNN implementation accounts for variability in geometry of femur and tibia and is trained on
80 training and 18 validation samples. The inputs to the DNN are thus two triangular mesh structures
(femur and tibia). The 3D surfaces of femur and tibia are transformed to a 2D matrix before going to the
DNN in order to be able to apply a 2D convolutional layer. An input matrix is constructed separately for
femur and tibia which is based on a transformation of the vertices to sphere coordinates.
The validation MAE and RMSE are 0.097 and 0.134 respectively, which represents the error computed
over each of the eight output parameters (TF kinematics and CL strains) that were normalized to [0.0, 1.0]
based on the training data. An average error of 9.7% is too large to apply the DNN. The RMSE is also
larger compared to the MAE, indicating some outliers exist.
In order to apply the DNN a further reduction in error is necessary. This can be obtained by a larger
training sample size and addition of extra features, such as a relative position between femur and tibia.
When the error is reduced large enough, the DNN can allow a fast implant position optimization that
accounts for soft tissue loading for pre-operative planning of TKA.
E-mail: laura.bartsoen@kuleuven.be
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Thermoacoustic instability is detrimental for the structural integrity of modern gas turbine combustors.
To achieve a reliable thermoacoustic instability prediction, uncertainty quantification (UQ) studies are
essential to account for the impact of uncertainties in system parameters (e.g., operating conditions,
acoustic boundary conditions, etc.) on the instability prediction results. UQ of thermoacoustic instability has been investigated via surrogate modeling, where adjoint-based response surface modeling,
polynomial chaos expansion (PCE) and Gaussian Process (GP) have been individually considered. The
challenge of successfully employing surrogate models lies in the conflict between a large input parameter
space that has to be explored by the analysis procedure, and a small number of training samples that can
be afforded due to the improved fidelity and increased expense of the thermoacoustic solver. To address
the above-mentioned dilemma, instead of solely relying on one single surrogate modeling technique, a
combination of them may yield better model building efficiency and output approximation accuracy.
In the current work, we explore the potential of three composite surrogate models in terms of accelerating the thermoacoustic instability prediction: adjoint-enhanced GP (a-GP), PCE-enhanced GP (p-GP)
[1] and PCE-adjoint-enhanced GP (p-a-GP). In the first part of the study, we adopt an active learning
scheme to train these three models adaptively, thus allowing us to systematically assess their individual
training efficiency. Then, we estimate the generalization error of these trained models via an auxiliary
testing set. We focus not only on the approximation error of the output, but also on the output sensitivities, i.e., the derivatives of the output against the inputs. Our preliminary results indicate a superior
performance achieved by a-GP when compared with p-GP: a-GP only requires half the training sample
size, while achieving root-mean-square-errors 3 ∼ 5 times smaller in both output and output sensitivities
approximation. Meanwhile, p-a-GP shows no distinct advantages over a-GP, although a more complicated model structure is employed. In the second part of the study, this trained a-GP model is integrated
into our previously developed UQ framework to address two case studies: one robust design task for a
linear thermoacoustic analysis and one global sensitivity task for a nonlinear thermoacoustic analysis.
REFERENCES
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In reliability analysis of engineering systems, the quantity of interest is the probability of failure of the
system. The influence of selected uncertainties (input random variables B) on the failure probability
provides useful information for decision making. This influence may be quantified by conditioning the
failure probability on B. A similar quantity is of interest in the context of reliability-based design optimization (RBDO), where B contains the design parameters rather than random inputs. However, evaluating the conditional failure probability for each realization of B requires solving a reliability problem
in the space of all random inputs not present in B. Engineering models, which are both computationally expensive and a function of many random inputs, quickly render even a single reliability analysis
infeasible. Thus, estimating the full functional relationship between the conditional failure probability
and B (as required for decision support) or re-evaluating it at each iteration within an RBDO program is
typically very costly.
To address this challenge, we propose to solve the resulting series of reliability problems associated
with a set of samples of B with a combination of sequential sampling techniques, supervised dimensionality reduction and adaptive surrogate modelling. The proposed algorithm features an information reuse
strategy, which is based on the sequential sampling method and controlled importance sampling (IS) [2]:
we reuse selected biasing densities from previous reliability computations based on which we estimate
the current failure probability with the controlled IS approach. For the sake of efficiency, the sampling
sequence is run with surrogate models, which are reconstructed in a local low-dimensional subspace [1]
in each step of the sequence such that the computational cost remains manageable even for computationally expensive and high-dimensional models. The method is showcased with a number of engineering
examples.
REFERENCES
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Machine learning and data mining techniques are nowadays being used in many business
sectors to exploit the data in order to detect trends, discover certain features and patterns, or
even predict the future. However, in the field of aerodynamics, the application of these
techniques are still in their beginnings. This paper focuses on exploring the benefits that
machine learning and data mining techniques can offer to aerodynamicists in order to extract
knowledge from the CFD data and to make quick predictions of aerodynamic coefficients. For
this purpose, this paper covers all the required aspects in any machine learning project, such as
data analysis, feature scaling, model construction, and accuracy measurement. Three databases
(NACA0012 airfoil, RAE2822 airfoil and 3D DPW wing) have been used and results show that
machine-learning techniques have a huge potential also in this field.

Figure 1: Main steps of a machine learning process
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Machine Learning for Predicting Defects in Sheet Metal Forming under
Uncertainty
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Machine Learning (ML) is an emerging field in Mechanical Engineering. In fact, there has been
a growing interest in developing ML applications to solve problems related to metal forming
processes, such as detection and prediction of forming defects (e.g. [1]); material parameters
identification (e.g. [2]); process classification and selection (e.g. [3]) and process design and
optimization (e.g. [4]). This work aims to compare the performance of various ML-based
regression metamodeling techniques when applied to defects prediction in sheet metal forming
processes. In order to accomplish this, two study cases were considered, a U-Channel forming
process and a Square Cup forming process. For each study case, three materials were
considered, and numerical simulations were performed, in order to establish a database for each
combination of study case and material. The output parameters analysed for the U-Channel case
were springback and maximum thinning, while for the Square Cup case, maximum thinning
and maximum equivalent plastic strain were considered. Each database was used to train and
test the various ML metamodels, and their predictive performances were evaluated and
compared. The ML-based metamodeling techniques tested were: Gaussian Processes (GP),
Multi-layer Perceptron (MLP), Decision Trees (DT), Random Forest (RF), k-Nearest
Neighbours (kNN), Support Vector Machines (SVM) and Kernel Ridge Regression (KRR). In
addition, Response Surface Methodology (RSM) metamodels were generated and their
performance was evaluated and compared to the ML-based metamodels. The GP, MLP, SVM
and KRR models performed generally better than the RSM-based model; however, DT, RF and
kNN models were significantly inferior.
REFERENCES
[1] M.A. Dib, N.J. Oliveira, A.E. Marques, M.C. Oliveira, J.V. Fernandes, B.M. Ribeiro, P.A.

Prates, Single and ensemble classifiers for defect prediction in sheet metal forming under
variability. Neural Comput. Applic. (in press), 2019.
[2] F. Abbassi, T. Belhadj, S. Mistou, A. Zghal, Parameter identification of a mechanical
ductile damage using artificial neural networks in sheet metal forming. Mater. Des., Vol.
45, pp. 605–615, 2013.
[3] E. Hamouche, E.G. Loukaides, Classification and selection of sheet forming processes with
machine learning. Int. J. Comput. Integr. Manuf., Vol. 31, pp. 921–932, 2018.
[4] J. Pfrommer, C. Zimmerling, J. Liu, L. Kärger, F. Henning, J. Beyerer, Optimisation of
manufacturing process parameters using deep neural networks as surrogate models. Proc.
CIRP, Vol. 72, pp. 426–431, 2018.
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MIXTURE DENSITY MODEL FOR THE BAYESIAN MODEL
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This paper aims at developing deep learning methods for calibrating the model parameters of VRANS
equations for the simulation of flows through porous medium using experimental data of the velocity
fields and the Reynolds stresses. The task can thus be considered as an inverse problem to infer the
model parameters, the input of the simulation, from a specific, measured noisy output of the simulation
model.
Unfortunately such an inverse problem is typically ill-posed but can be tackled by classical optimization
methods. Instead of finding one deterministic value of the parameters, we follow the Bayesian framework, and try to identify the conditional distribution of the parameters given the measured data. Learning
the conditional distribution can be particularly informative for problems when the inverse map is multi
valued and when the conditional distribution is multimodal and far from being Gaussian.
The Bayesian posterior distribution can be determined by sampling with the Markov Chain Monte Carlo
(MCMC) method. Due to the fact that the simulation model is computationally expensive, the approach
becomes computationally affordable only with the help of some surrogate model [1]. Such methods still
suffer from slow convergence of the MCMC and the complications of finding the maximum a posterior
(MAP) estimate from the samples.
Here, we focus on finding a functional description of the inverse problem instead of the brute force
approach of the MCMC. We show the limitations of a non-linear polynomial chaos surrogate based filter, a minimum mean square estimator, and compare the method with a mixture density neural network
model [2], which approximates the conditional distribution by a Gaussian mixture.
We developed a machine learning framework that allows an easy evaluation of the MAP estimate and
repetitive updating when new experiment is available. We evaluate our methods on generated examples
as well as for our main channel flow application.
Acknowledgement: this project was supported from 2018-1.2.1-NKP-00008 Exploring the Mathematical Foundations of Artificial Intelligence and B.D. was supported by the MTA Premium Postdoctoral
Grant 2018.
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Results in Numerical and Experimental Fluid Mechanics XI: 479-488
[2] Bishop, C. M. Mixture density networks (1994) Aston University
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Predictive Maintenance of an external gear pump using Machine Learning
algorithms, Support Vector Machine and Multilayer Perceptron
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This paper presents a predictive maintenance (fault diagnosis and fault prognosis)
computational strategy for an external gear pump. The fault diagnosis method is based on the
use of time and frequency features (i.e. basic statistical features, spectral kurtosis features,
spectral density features) and wavelet features (extracted from Wavelet Packet Transform),
along with Machine Learning (ML) classification algorithms. Reliability of ML algorithms is
strongly dependent upon the existence of large quantity of high-quality data. In the absence of
experimental data, high-fidelity in-silico data can be potentially used (in this case, generated
using the software PumpLinx® [1]). A variety of working conditions are recreated, including
both healthy and faulty scenarios (i.e. clogging, gear gap variations, viscosity variations). In
addition, noise perturbation has been considered in order to increase the data available for ML
training.
Significant work has been done using Support Vector Machine (SVM) and Multilayer
Perceptron (MLP) [2]; however, it is yet difficult to optimise the choice of certain parameters
(known as hyper parameters) for each specific application. For instance, the type of SVM kernel
function or the selection of the MLP activation function and its optimum number of hidden
layers (and neurons) have been shown to be critical [3].
This paper explores and compares the use of SVM and MLP algorithms for the fault diagnosis
and prognosis of a gear pump. To avoid the high computational cost of MLP, some patterns
like 2𝑛𝑛 and 22𝑛𝑛 are used to identify the precise number of hidden neurons when the data set is
sufficiently large. A series of benchmark tests are presented, enabling to conclude that the use
of wavelet features and SVM or MLP algorithms can provide the best accuracy in prediction.
Moreover, MLP classifies the fault scenarios with higher accuracy than SVM. Further
investigation into prognosis will also be presented via some preliminary results.
REFERENCES
[1] H. Ding, F. C. Visser, Y. Jiang, M. Furmanczyk (2011): Demonstration and validation of a 3D CFD
simulation tool predicting pump performance and cavitation for industrial applications. Journal of
fluids engineering, 133(1).
[2] M. A. S. ALTobi, G. Bevan, P. Wallace, D. Harrison, K.P. Ramachandran (2019). Fault diagnosis
of a centrifugal pump using MLP-GABP and SVM with CWT. Engineering Science and
Technology, an International Journal, vol. 22, no. 3, pp. 854-861.
[3] K Gnana Sheela, Subramaniam N Deepa (2013): Review on methods to fix number of hidden
neurons in neural networks. Mathematical Problems in Engineering, vol 2013, article ID 425740.
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Polynomial chaos expansions (PCE) meta-model has been wildly used and investigated in the
last decades in sensitivity analysis (SA), which adopts a variety of orthogonal polynomials to
approximate the system response and calculates sensitivity indices directly from the polynomial
coefficients. The Sobol’ index is one of prevalent sensitivity indices for model with independent
inputs and can be obtained after constructing generalized polynomial chaos (gPC). But for
dependent inputs, a typical approach is based on the procedure of transforming the dependent
inputs into independent inputs according to the literature. This paper demonstrates a global
sensitivity analysis (GSA) approach for dependent inputs, in which Gram-Schmidt
orthogonalization (GSO) numerically computes the orthonormal polynomials for PCE. And the
especial procedure for dependent inputs to obtain sensitivity indices lies in the linearly
independent polynomials for GSO must be in an intended order. Besides, to alleviate the curse
of dimensionality, the sparse polynomial chaos (sPC) is built coupling with least angle
regression (LAR) and a nested experimental design called weighted Leja sequences (wLS).
Then cross validation (CV) determines the best truncated set for sPC with the suitable size of
experimental design used. In the end, this proposed approach is validated on a benchmark
function with dependent inputs. The results reveal that the proposed approach performs well to
calculate sensitivity indices for model with dependent inputs.
REFERENCES
[1] Blatman G, Sudret B. Efficient computation of global sensitivity indices using sparse

polynomial chaos expansions[J]. Reliability Engineering & System Safety, 2010, 95(11):
1216-1229.
[2] Mara T A, Tarantola S. Variance-based sensitivity indices for models with dependent
inputs[J]. Reliability Engineering & System Safety, 2012, 107: 115-121.
[3] Jakeman J D, Franzelin F, Narayan A, et al. Polynomial chaos expansions for dependent
random variables[J]. Computer Methods in Applied Mechanics and Engineering, 2019, 351:
643-666.
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STRUCTURE-EXPLOITING NONLINEAR MODEL REDUCTION
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Simulation of complex engineering phenomena often results in large scale dynamical systems which
inherently lead to high demands on computational resources especially in the context of control, optimization or uncertainty quantification. One example of such phenomena is solidification of metals
which has great bearing on the mechanical properties of the manufactured parts. This influence is even
more substantial for additive manufacturing (AM) in which the layer-wise deposition of material leads
to anisotropic thermo-mechanical properties. To be able to optimize the AM process parameters such
that the final manufactured part meets the desired values, one must perform high-resolution (temporal and
spatial) simulations to capture the fine-grained microstructure (compared to conventional manufacturing)
and the time-dependent layer-wise deposition. These simulations quickly become intractable given their
extreme computational demands. This study presents a model reduction method for high-dimensional
nonlinear differential algebraic systems. The first step is to lift the nonlinear PDEs to expose a polynomial structure [1, 2] which can give rise to differential algebraic equations. The lifted formulation
provides a suitable platform for projection-based model reduction with efficient offline-online decomposition while preserving the polynomial structure. The operators of the reduced order model (ROM)
for the differential equations are determined non-intrusively using operator inference [3], and those of
the algebraic equations are derived in an intrusive manner but without having to build the operators of
the full order model (FOM) explicitly. The method is tested on one-dimensional and two-dimensional
solidification of pure materials to build ROMs which can be employed in many-query settings. The results demonstrate that the ROM is able to capture the dynamics of the system with two to three orders of
magnitude speedup compared to the FOM.
REFERENCES
[1] Kramer, B. and Willcox, K.E. Nonlinear model order reduction via lifting transformations and
proper orthogonal decomposition. AIAA Journal (2019) 57:2297–2307.
[2] Qian, E., Kramer, B., Marques, A.N. and Willcox, K.E. Transform & Learn: A data-driven approach to nonlinear model reduction AIAA Aviation and Aeronautics Forum and Exposition (2019).
[3] Peherstorfer, B. and Willcox, K.E. Data-driven operator inference for nonintrusive projection-based
model reduction. Computer Methods in Applied Mechanics and Engineering (2016) 306: 196–215.
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Fast and accurate dynamic models are required for the control and optimization of technical systems.
Today, in many complex real-world systems, physics-based simulation models often provide sufficient
precision but at the same time are computationally very intensive. Machine learning surrogates, once
trained, can achieve simulations by orders of magnitude faster than the original physical model without
sacrificing much accuracy [1].
In this paper, we present, a surrogate model in form of a Long-Short-Term memory (LSTM)[2] network
that is fitted on a set of different time series. The time series data is partly generated by a physical
model and partly acquired by measuring. This is the case, due to the fact that a physical model is not
available for the entire state space that is to be modeled but only for a part of it. This method is applied to
predict the flue gas temperature at the output of the evaporator of a combined cycle power plant. For the
simulation we use a specialized in-house tool, for transient power plant processes, called “Dynaplant”
[3]. The generated surrogate model is fast and captures the major dynamics. For this reason, the model
can be used in applications where a fast evaluation is required, e. g. in parallel to operation. One form of
such usage are virtual sensors, whereby, physical detectors can be omitted and thus costs are reduced.
With this, we demonstrate a method that beneficially merges physical insight from simulation with real
data and machine learning. Our findings are of interest for applications where both simulated and measured time series data for different operating points are available and a fast simulation model is needed.
REFERENCES
[1] van der Merwe, R., Leen, T. K., Lu, Z., Frolov, S., Baptista, A. M. (2007). Fast neural network
surrogates for very high dimensional physics-based models in computational oceanography. Neural
Networks, 20(4), 462-478.
[2] Hochreiter, S., Schmidhuber, J. (1997). Long short-term memory. Neural computation, 9(8), 17351780.
[3] Link, K., Steuer, H., Butterlin, A. (2009, December). Deficiencies of Modelica and its simulation
environments for large fluid systems. In Proceedings of the 7th International Modelica Conference;
Como; Italy; 20-22 September 2009 (No. 043, pp. 341-344). Linköping University Electronic Press.
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The growing interest of composite materials in aeronautics pushes for a change in the design practices in
order to exploit their full potential. The design of composite structures calls for multiscale simulations in
order to integrate their hierarchical structure. Moreover, testing of aeroelastic phenomena is an important
part of aircraft qualification today and these phenomena are highly dependent on structural and operating
parameters and thus very sensitive to uncertainties [1]. Due to the inherent scattering of material data and
the geometrical tolerance, aleatory uncertainties have to be taken into account and aeroelastic simulations
must be integrated with statistical uncertainty quantification (UQ) and propagation (UP) methods. Scrath
et al. [2] use a non-intrusive Polynomial Chaos method to quantify the response of a composite flat plate
and analyze the aeroelastic stability taking a variability in ply orientation.
In this work, a non-intrusive approach is proposed for multiscale UQ and UP. The key points of the
approach are underlined by investigating the influence of structural uncertainties on the aeroelastic flutter of a graphite/epoxy plate [3]. Monte Carlo (MC) hierarchical sensitivity analysis is performed to
identify which parameters, at the micro-mechanical, layer, or laminate level, has the greatest influence
on any given aeroelastic quantity. Attention is paid to probabilistic modelling, including dependence
of the uncertain parameters of interest, at the different scales of the material (material properties, fibre
orientation and thickness of each ply). Dynamic aeroelastic computations are accomplished with a finite
element method coupled with the Doublet-Lattice Method on Nastran. Furthermore, UP is completed
with suitable surrogate models and a tentative ranking of different surrogate models is proposed. Since
the computation process starts at the microscopic scale, the stochastic modeling capabilities, through
efficient numerical surrogates, are augmented.
REFERENCES
[1] Petit, C. L. Uncertainty Quantification in Aeroelasticity : Recent Results and Research Challenges.
Journal of Aircraft (2004) 41:1217–1229.
[2] Scrath, C., Cooper, J.E. , Weaver, P.M., Silva. G.H.C. Uncertainty quantification of aeroelastic stability of composite plate wings using lamination parameters. Composite Structures (2014) 116:84–
93.
[3] Hollowell S.J, Dugundji J. Aeroelastic flutter and divergence of stiffness coupled, graphite/epoxy,
cantilevered plates. Journal of Aircraft (1984) 21:69–81.
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Implementing material modelling methods and fulfilling industrial requirements relies on a
rigorous methodology to integrate, verify and validate the models that will be used by engineers
to design innovative solution [1]. In this context, a software tool is being developed to facilitate
the deployment of new modelling strategies for composite materials and their applications to
predict design values such as B-basis allowables. The composite damage models developed by
Onera [2], University of Porto and University of Girona [3], along with Uncertainties
Quantification and Management (UQ&M) methods and automated workflows are implemented
into a Virtual Testing Integration (VTI) platform. Based on [4], a methodology is proposed to
assess the models capabilities and maturity and all the steps of the Verification and Validation
(V&V) process are being implemented into the VTI platform. Automating the multiple tasks
will ensure robustness and consistency.
The VTI platform uses the GEMS open source python library [5] to facilitate the integration of
composite damage models, their evaluations and the post-processing of the results. The GEMs
library provides an interface to the OpenTURNS industrial software [6] as concerns UQ&M,
using some of its capabilities such as designs of experiments, surrogate modelling, Monte Carlo
sampling or probability distribution fitting. The reference CMH-17 flowchart [7] originally
dedicated to estimate B-basis allowables from coupon data is thus easily implemented in
GEMS. In addition, an efficient UQ&M methodology more adapted to computer
experimentation is proposed based on adaptive surrogate models and active learning
techniques.
REFERENCES
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ABSTRACT
In the last decades, the advancements in both computer hardware/architectures and scientific
computing algorithms enabled engineers and scientists to more rapidly study and design
complex systems by heavily relaying on numerical simulations. Uncertainty Quantification
(UQ) evolved as a task within the most comprehensive Verification and Validation
framework which aims at obtaining truly predictive numerical simulations. Despite the recent
efforts and successes in advancing the algorithms’ efficiency, the combination of an
extremely large computational cost associated to the evaluation of an high-fidelity model and
the presence of a moderate/large set of uncertainty parameters (often correlated to the
complexity of the numerical/physical assumptions) still represents a formidable challenge for
UQ. One of the possible ways of circumventing this difficulty and copying with a limited
computational budget is to rely on the multilevel/multifidelity concepts. The core idea of
these strategies is to increase the accuracy of the UQ analysis (and therefore of any workflow
based on UQ) by adding a possibly large set of lower fidelity/lower expensive evaluations to a
limited set of high-fidelity evaluations.
In this minisymposium we welcome contributions related to the broad area of multifidelity
UQ. We welcome contributions related to both surrogate- and sampling-based approaches.
The scope of the minisymposium is also to represent more general workflows in which
multifidelity UQ is also a key enabler. For instance, we will also consider contributions
focused on control under uncertainty, optimization under uncertainty and sensitivity analysis
of complex engineering systems.
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We present a comparison of different approaches for the forward Uncertainty Quantification of complex
industrial problems. Specifically, we consider a) the Multi-Index Stochastic Collocation method [1] and
b) an adaptive multi-fidelity metamodel method based on radial basis functions [2].
The test case is the computation of the expected value of the (model-scale) resistance of a roll-on/roll-off
passengers (RoPax) ferry, subject to two operational uncertainties, i.e., the ship speed (Froud number)
and the carried weight.
The ship performance for each operational scenario is evaluated by a computational fluid dynamics solver
based on the unsteady Reynolds averaged Navier-Stokes equations (URANS). The index/fidelity levels
for both methods consist of the intermediate grids of a multi-grids solver for the URANS equations.
REFERENCES
[1] Beck, J. and Tamellini, L. and Tempone, R. IGA-based Multi-Index Stochastic Collocation for
random PDEs on arbitrary domains. Comput. Methods Appl Mech. Eng. (2019), 351:330–350.
[2] Serani, A. and Pellegrini, R. and Wackers, J. and Jeanson, C.-J. and Queutey, P. and Visonneau,
M. and Diez, M., Adaptive multi-fidelity sampling for CFD-based optimization via radial basis
functions metamodel, Int. J. Comput. Fluid D. (2019)
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MFNETS: MULTI-FIDELITY DATA-DRIVEN NETWORKS FOR
BAYESIAN LEARNING, UNCERTAINTY QUANTIFICATION, AND
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We present a multifidelity uncertainty quantification framework called MFNets. We seek to address three
existing challenges that arise when experimental and simulation data from different sources are used to
enhance statistical estimation and prediction with quantified uncertainty. Specifically, we demonstrate
that MFNets can (1) fuse heterogeneous data sources arising from simulations with different parameterizations, e.g simulation models with different uncertain parameters or data sets collected under different
environmental conditions; (2) encode known relationships among data sources to reduce data requirements; and (3) improve the robustness of existing multi-fidelity approaches to corrupted data. MFNets
construct a network of latent variables (LVs) to facilitate the fusion of data from an ensemble of sources
of varying credibility and cost. These LVs are posited as explanatory variables that provide the source of
correlation in the observed data. Furthermore, MFNets provide a way to encode prior physical knowledge
to enable efficient estimation of statistics and/or construction of surrogates via conditional independence
relations on the LVs. We highlight the utility of our framework with a number of theoretical results which
assess the quality of the posterior mean as a frequentist estimator and compare it to standard sampling approaches that use single fidelity, multilevel, and control variate Monte Carlo estimators. We also use the
proposed framework to derive the Monte Carlo-based control variate estimator entirely from the use of
Bayes rule and linear-Gaussian models – to our knowledge the first such derivation. Finally, we use two
numerical examples to demonstrate robustness and the ability to deal with heterogeneous information
sources.
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Multi-fidelity classification using Gaussian processes: accelerating the
prediction of large-scale computational models
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Machine learning techniques typically rely on large datasets to create accurate classifiers. However,
there are situations when data is scarce and expensive to acquire. This is the case of studies that rely on
state-of-the-art computational models which typically take days to run, thus hindering the potential of
machine learning tools. In this work, we present a novel classifier that takes advantage of lower fidelity
models and inexpensive approximations to predict the binary output of expensive computer simulations.
We postulate an autoregressive model between the different levels of fidelity with Gaussian process
priors. We adopt a fully Bayesian treatment for the hyper-parameters and use Markov Chain Mont Carlo
samplers. We take advantage of the probabilistic nature of the classifier to implement active learning
strategies. We also introduce a sparse approximation to enhance the ability of the multi-fidelity classifier
to handle large datasets. We test these multi-fidelity classifiers against their single-fidelity counterpart
with synthetic data, showing a median computational cost reduction of 23% for a target accuracy of
90%. In an application to cardiac electrophysiology, the multi-fidelity classifier achieves an F1 score,
the harmonic mean of precision and recall, of 99.6% compared to 74.1% of a single-fidelity classifier
when both are trained with 50 samples. In general, our results show that the multi-fidelity classifiers
outperform their single-fidelity counterpart in terms of accuracy in all cases. We envision that this new
tool will enable researchers to study classification problems that would otherwise be prohibitively
expensive.

REFERENCES
[1] Kennedy, M.C. and O'Hagan, A., 2000. Predicting the output from a complex computer
code when fast approximations are available. Biometrika, 87(1), pp.1-13.
[2] Sahli Costabal, F., Perdikaris, P., Kuhl, E. and Hurtado, D.E., 2019. Multi-fidelity
classification using Gaussian processes: accelerating the prediction of large-scale
computational models. Computer Methods in Applied Mechanics and Engineering, 357112602.
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A variety of wildfire models have been developed in recent years with the aim of simulating forest fire
behaviour and effects. Simulated outputs include rate of spread, fire radiated energy, fuel consumption
and pyrogenic emissions. These models are currently used for prescribed fire management, fire behaviour studies and decision support during wildfire emergencies, among others. All these applications
are based on predictive analysis, and therefore require careful estimation of the aleatoric and epistemic
uncertainties, like for example weather conditions, vegetation properties and model parameters.
However, little to no information is available at present about wildfire simulation uncertainties. Although
current simulators have been sporadically validated against experimental fire behaviour data, there is, to
the best of our knowledge, no systematic analysis of their behaviour in terms of uncertainty propagation.
One of the main reasons for this is the large computational cost of high-fidelity models, which prohibits
the straightforward utilization of traditional Monte Carlo methods. Conversely, low-fidelity fire models
are several orders of magnitude faster, but they typically do not provide enough accuracy.
Multifidelity frameworks offer a viable solution to this limitation through the efficient combination of
high- and low-fidelity simulations. While high-fidelity models provide the required level of accuracy,
low-fidelity simulations are used to economically improve the confidence on estimated uncertainty.
In this work, we assessed the applicability of multifidelity methodologies to quantify wildfire simulation
uncertainty. A collection of different multifidelity strategies, including multi-level Monte-Carlo and
control variates [1, 2] were tested and compared. Fire spread was simulated using popular models, such
as the Fire Dynamics Simulator (FDS, [3]) and Farsite [4], for a canonical wildfire spread configuration.
REFERENCES
[1] Giles, M. B. Multi-level Monte Carlo path simulation. Oper. Res. (2008) 56, pp. 607–617.
[2] Peherstorfer, B., Willcox, K. and Gunzburger, M. Survey of multifidelity methods in uncertainty
propagation, inference, and optimization. SIAM Rev. (2018) 60, pp. 550–591.
[3] McGrattan, K., Hostikka, S., Floyd, J., McDermott, R., Vanella, M. Fire Dynamics Simulator, Technical Reference Guide. NIST Spec. Pub. 1018-1, Sixth Edition (2019). doi: 10.6028/NIST.SP.1018.
[4] Finney, M. FARSITE: Fire Area Simulator — Model Development and Evaluation. USDA Forest
Service Research Paper RMRS-RP-4 Revised (1998).
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MULTIFIDELITY DERIVATIVE-FREE OPTIMIZATION UNDER
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When it comes to the optimization under uncertainy (OUU) of complex multiphysics systems a multitude
of challenges have to be addressed. First, the simulation of such system is often computationally very
expensive due to its complexity which requires a high resolution over the parametrized space. Second, to
find a reliable and robust optimal solution despite uncertainty in the input parameters requires sampling
over the stochastic space; this results in a high number of computationally intensive evaluations. Third,
the application codes most often do not give access to second or even first-order derivatives which necessitates derivative-free methods. The complexity of the system, the stochastic conditions and black-box
nature of the code make standard optimization approaches infeasible.
In this work we tackle the optimization of such a complex multiphysics system under uncertainty—the
wake steering problem for wind plants. We are interested in finding a robust strategy for a multi-turbine
case under uncertainty extending [2]. We suggest the following strategies: for the optimization we
employ the derivative-free stochastic optimization method SNOWPAC [1] which uses a derivative-free
trust region approach, Gaussian process surrogates and relies on sampling estimators. In its standard
implementation Monte Carlo estimators are used to evaluate the objective and constraint functions of
the OUU formulation over the stochastic space. We propose to use multifidelity methods to leverage a
hierarchy of grid resolutions and models in the optimization process extending [3]. For the simulation
we employ a hierarchy of models from high fidelity large eddy simulations, over mid fidelity Reynolds
averaged Navier Stokes, down to low fidelity linearized flow models. In our main contribution, we
develop higher moment estimators for multifidelity methods. This is for example necessary when the
OUU formulation involves a standard deviation term to find a reliable solution. We show that these
newly developed estimators outperform the standard approaches.
REFERENCES
[1] Augustin, F. and Marzouk., Y.M. A trust-region method for derivative-free nonlinear constrained
stochastic optimization. arXiv:1703.04156 (2017)
[2] Quick J., Annoni J., King R., Dykes A., Fleming P. and Ning A. Optimization Under Uncertainty for
Wake Steering Strategies. Journal of Physics: Conference Series (2017), IOP Publishing
[3] Menhorn, F. , Eldred, M. S. , Geraci, F., King, R. N., Bungartz, H.-J. and Marzouk, Y. M. Higher
moment multilevel estimators for optimization under uncertainty applied to wind plant design. 22nd
AIAA Non-Deterministic Approaches (2020)

2364

Multifidelity
Saleh
Rezaeiravesh,
ModelsNarges
for Uncertainty
Tabatabaei,
Quantification
Ricardo Vinuesa
in Wall-Bounded
and Philipp Schlatter
Turbulent Flows
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

MULTIFIDELITY MODELS FOR UNCERTAINTY QUANTIFICATION
IN WALL-BOUNDED TURBULENT FLOWS
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Wall-bounded turbulent flows are present in many engineering applications. Despite the need
for understanding the complex physics of these flows, conducting high-fidelity experiments
and scale-resolving numerical simulations can be prohibitively expensive, particularly at high
Reynolds numbers which are most relevant to engineering applications. Moreover, the flow
quantities of interest (QoIs) obtained through such studies can be contaminated by different
sources of errors and uncertainties. Therefore, accurate yet cost-effective models are required
to be developed for uncertainty quantification, prediction and robust optimization for
problems involving wall-bounded turbulent flows, where exploration of the input space
demands several realizations.
In this regard, the present study reports our recent progress on further developing and
exploiting multifidelity models which rely on Gaussian processes. Following Goh et al. [1], at
each hierarchical level in the multifidelity model, the Kennedy-O’Hagan model [2] is used
which allows for considering both model inadequacy and aleatoric uncertainties in the process
of data fusion. Using a limited number of realizations (mostly by running low-fidelity
simulations), the calibration parameters and hyperparameters appearing in the multifidelity
model are estimated within a Bayesian framework. The constructed model can then be
employed for uncertainty propagation and prediction over the whole input space.
In particular, the turbulent flow around a standard NACA airfoil is considered with timeaveraged aerodynamic characteristics as QoIs. The input variables (uncertain and controlled
parameters) include the angle of attack, Reynolds number, and specific locations on the
airfoil. To construct the multifidelity model, data from wall-resolved large-eddy simulation
(LES), Reynolds-averaged Navier-Stokes (RANS) simulations, and panel method are
employed. Upon availability, new experimental measurements are also considered. The
accuracy and credibility of the model predictions and their sensitivity with respect to various
influential factors will be discussed. These factors include grid resolution and closure models
in LES and RANS, number of panels in the panel method, and the number of samples from
the input space. The insights gained from this study will pave the way for the further
development of the multifidelity models for wall-bounded turbulent flows, and will also allow
us to design future high-fidelity simulation campaigns for airfoils and wings.
REFERENCES
[1] J. Goh et al., Prediction and computer model calibration using outputs from multifidelity
simulators, Technometrics, Vol. 55, 4, pp. 501-512, 2013.
[2] M. C. Kennedy and A. O'Hagan, Bayesian calibration of computer models, J. R. Statist.
Soc. B, Vol. 63, Part 3, pp. 425-464, 2001.
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We present a posteriori error analysis for the probability distribution of a random variable corresponding
to the first time a critical event happens. Classical a posteriori error analysis for differential equations
quantifies the error in a Quantity of Interest (QoI) which is represented as a bounded linear functional
of the solution. In this talk we consider a posteriori error estimates of a quantity of interest that cannot
be represented in this fashion, namely the time at which a critical event happens for the first time. We
derive two representations for such errors and use an adjoint-based a posteriori approach to estimate
unknown terms that appear in our representation. The first representation is based on linearizations
using Taylor’s Theorem. The second representation is obtained by implementing standard root-finding
techniques. We provide several examples which demonstrate the accuracy of the methods. We then
embed these error estimates within a uncertainty quantification framework to provide error bounds on a
cumulative distribution function when parameters of the differential equations are uncertain.
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UNCERTAINTY QUANTIFICATION WITH MULTIFIDELITY
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PARAMETERIZATIONS
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Uncertainty Quantification (UQ) is critical in order to enable predictive numerical simulations for scientific discoveries and advanced engineering design. Despite the recent advancements, its cost still remains
prohibitive for high-fidelity simulations.
Multilevel and multifidelity UQ strategies, e.g. [3], has been introduced in order to alleviate this issue.
They are based on the fusion of information from several models with only an handful of high fidelity
computations. One of the challenges is the need for correlated low-fidelity models that are cheaper to
evaluate with respect to the high-fidelity model since strong simplifications of the underlying physics of
the model often can correspond to a lack of consistency of the parametrization among the models.
Previously, we investigated the possibility to rely on Active Subspaces (AS) [1] to map the responses
of models with inconsistent parameterization. In the present work we extend the approach to Adaptive
Basis (AB) [2], which might potentially provide a more rigorous mechanism to assess and control the
quality of the model representation over the reduced manifold.
Our goal is to combine the multifidelity approach derived in [3] with AB in order to compare its performance to the its single fidelity counterparts. Several numerical test cases will be reported and discussed.
Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and Engineering Solutions of Sandia LLC, a wholly owned subsidiary of Honeywell
International Inc. for the U.S. Department of Energys National Nuclear Security Administration under contract DE-NA0003525. This paper describes objective technical results and analysis.
Any subjective views or opinions that might be expressed in the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government

REFERENCES
[1] Constantine, P., Active Subspaces. Emerging Ideas for Dimension Reduction in Parameter Studies.
SIAM Spotlights, 2015.
[2] Tsilifis, P. and Ghanem, R. Reduced Wiener Chaos representation of random fields via basis adaptation and projection. Journal of Computational Physics, 341, pp. 102-120, 2017.
[3] Gorodetsky, A., Geraci, G., Eldred, M. and Jakeman, J. A Generalized Approximate Control Variate
Framework for Multifidelity Uncertainty Quantification. arXiv:1811.04988 [stat.CO] (2018).

2367

2368

MS Organizer(s):
Numerical
methods
Julien
and Reygner
theoretical
and
advances
Virginie Ehrlacher
in Uncertainty Quantification

Numerical methods and theoretical advances in
Uncertainty Quantification
MS Organizer(s): Julien Reygner and Virginie Ehrlacher

2369

2370

MS175Reygner
Julien
- Numerical
and Virginie
MethodsEhrlacher
and Theoretical Advances in Uncertainty Quantification

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19–24, 2019, Paris, France

NUMERICAL METHODS AND THEORETICAL ADVANCES IN
UNCERTAINTY QUANTIFICATION
TRACK NUMBER 800
Julien Reygner∗ , Virginie Ehrlacher†
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ABSTRACT
The study and modeling of complex systems in the presence of uncertainty has become a central issue in
most engineering applications. Such systems are typically governed by differential equations depending
on parameters which are generally assumed to be random variables. This allows to take into account
either the lack of knowledge on their precise values, or their intrinsic aleatoric nature [1]. Propagating
these uncertainties on output quantities of interest is a challenging task in realistic contexts, where the
computational cost of the resolution of the underlying equations may be very demanding, even for a single realization of the vector of random parameters. Tackling such problems requires advanced tools and
methodologies at the interface of stochastic analysis, statistical modeling and scientific computing [2].
The aim of this minisymposium will be to gather international experts in the development and theoretical
analysis of innovative numerical methods for uncertainty quantification in engineering problems. We
wish to specifically address the following bottlenecks: data-driven construction of stochastic models,
high-dimensionality of the parameter space, uncertainty propagation and sensitivity analysis in complex
coupled systems, design of accurate reduced-ordered models, rare events and Monte-Carlo methods in
reliability, applications for industrial test cases. A particular attention will be drawn to contributions
dealing with the theoretical understanding and justification of numerical methods, as well as quantitative
error estimation through validation and verification procedures.
REFERENCES
[1] T. J. Sullivan, Introduction to uncertainty quantification. Springer, 2015.
[2] R. Ghanem, D. Higdon and H. Owhadi, Handbook of uncertainty quantification. Springer, 2017.
[3] E. de Rocquigny, N. Devictor and S. Tarantola, Uncertainty in industrial practice. Wiley, 2008.
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Abstract
In this talk we examine a control variate estimator for a quantity that can be expressed as the
expectation of a functional of a random process, that is itself the solution of a differential equation
driven by fast mean-reverting ergodic forces. The control variate is the same functional for the limit
diffusion process that approximates the original process when the mean-reversion time goes to zero.
To get an efficient control variate estimator, we propose a coupling method to build the original
process and the limit diffusion process. We show that the correlation between the two processes
indeed goes to one when the mean reversion time goes to zero and we quantify the convergence
rate, which makes it possible to characterize the variance reduction of the proposed control variate
method. The efficiency of the method is illustrated on a few examples. This is a joint work with
Josselin Garnier (CMAP, Ecole Polytechnique, France).
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In order to perform the finite element simulation of the fatigue behaviour of automotive components, the
knowledge of the fatigue behaviour of welding joints is required. The latter can be described by S-N
curves and their associated dispersions, but is hardly identified from standard tests on a homogeneous
specimen. Our work hence aims at developing an identification strategy based on data collected from
mechanical tests on full components. Due to the heterogeneity of the mechanical fields, an identification
has to be done by an inverse approach taking into accout the parameter uncertainty.
The framework of our methodology is thus as follow :
- The experimental data consist of experimental lifetime data of every welding joint of a given component from a set of experiments where cracks were observed by dye penetrant inspection which requires
interrupting the test. The data are interval values since the inspections are not performed in real-time,
corresponding to grouped data;
- A finite element simulation of the considered experiment is performed, which is based on an elastic
simulation associated to a rainflow approach and a Basquin law describing the S-N curve.
The Basquin law parameters are considered as random variables whose probability laws are supposed to
be determined with the help of experimental lifetime data. This identification is based on 2 hypotheses:
(1) the result of numerical model is reliable, (2) the uncertainty on the lifetime is caused only by the
uncertainty on the Basquin law. This identification problem is defined as the minimization of a cost
function that compares a sample from the numerical model for given parameters to the experimental
data. Various choices for the cost function are tested, based on various statistical tests.
Firstly, the method was applied on synthetic data to test its applicability, the results of which were
satisfactory. Further, the real experimental data have been treated to obtain the parameters of S-N curves
specialized for a given kind of automobile components.
REFERENCES
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Although no unique mathematical definition of robustness exists, the notion of robustness
seen as insensitivity to uncertainty is of great concern for the scientific and industrial
community. For the power generation plants of EDF for example, it plays a key role for safety
assessments of operating structures.
The info-gap method [1] is particularly relevant within the frame of decision-making under
severe uncertainties, those that cannot be formulated with probabilistic distributions due to a
lack of information. It enables the analyst to quantify the robustness, defined as the maximum
uncertainty that the system can endure, of different possible decisions. It is a non-probabilistic
method as it treats uncertainty simply with nested convex sets without using any probabilistic
measure.
In this work, the info-gap method finds an application in the reliability studies [2] of
penstocks regarding the risk of plastic instability due to corrosion [3]. By using this approach,
the analyst is able to compare penstocks that have the same nominal performance, despite
having different input distributions. The info-gap method enables to detect the most robust
penstocks, i.e. the ones that can tolerate the highest amount of uncertainty before reaching a
reliability level requirement.
This study brings insight into the robustness of reliability evaluations of penstocks by
quantifying and comparing the robustness of each input reference joint distribution, but also
by identifying the parameters on which the applied uncertainty has the most impact on the
performance, defined as the annual failure probability. It also shows the numerical
implementation of the method with the use of optimization problem solvers combined with
surrogate models in order to reduce the computational effort.
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We employ a non intrusive adaptive stochastic collocation method [2] coupled with an approach for push-forward based inference to propagate forward and inverse uncertainties in Computational Fluid Dynamics (CFD). The stochastic inverse problem
uses a given a numerical model with uncertain input parameters λ, an initial/prior probability density function (pdf) πinit
λ (λ) on
these inputs, and some observed output probability density function πobs
(Q(λ))
of
the
quantity
of
Interest
Q(λ),
and
seeks to
D
up
infer an updated/posterior probability density πΛ (λ) on model inputs which is consistent with the model and the given data. To
this end, the stochastic inversion problem is formulated using the push-forward based inference method [1] where the updated
up
probability density, πΛ (λ), is evaluated as
up

πΛ (λ) = πinit
λ (λ)

πobs
D (Q(λ))

Q(init)

πD

(Q(λ))

(1)

Q(init)

(Q(λ)) represents the push-forward of the initial density through the numerical model. Thus, the solution to the
where πD
stochastic inverse problem requires the solution to a forward uncertainty propagation problem involving the initial probability
density on the model inputs. In order to perform this forward propagation of uncertainty based on CFD-based models, with
possibly discontinuous response surfaces, efficient surrogate models are constructed using an adaptive stochastic collocation
approach based on error estimation on simplex elements in the stochastic space [3].
In this presentation, we evaluate the accuracy and robustness of the proposed combination of methodologies on a series of
numerical examples, including a multiphysics scramjet problem and a flow around a NACA0012 airfoil where the inflow Mach
number and the angle of attack are uncertain parameters. We demonstrate that the adaptive stochastic collocation method
produces solutions to the stochastic inverse problem that are as accurate as crude Monte-Carlo approximations while requiring
far fewer deterministic evaluations. We also show that a less accurate approximation of the QoI map can still be used to solve
the stochastic inverse problem, but may lead to errors in the updated/posterior distribution.
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IFP Energies Nouvelles, 1-4 avenue de Bois-Préau, 92500 Rueil-Malmaison, France (alexis.cousin@ifpen.fr,
miguel.munoz-zuniga@ifpen.fr)
2 CMAP, Ecole Polytechnique, 91128 Palaiseau Cedex (josselin.garnier@polytechnique.edu)
3 IFP Energies Nouvelles, établissement de Lyon, Rond-point de l’échangeur de Solaize, 69360 Solaize
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Floating offshore wind turbines enable to install high power turbines with favorable wind conditions.
Their economic feasibility requires an optimization of the additional cost due to the floater equipments.
The work of this thesis is to find a design that minimizes the cost of the mooring system for the NREL
floating wind turbine detailed in [1]. In accordance with international design standards, the mooring system must limit the floater movement to ensure the turbine production, avoid compression in the mooring
lines and withstand the damage caused by fatigue. The resulting three constraints inherit the random
characteristic of the marine conditions, of the material properties, and of the installation configuration.
Therefore, we face an optimization problem with a deterministic cost function and three probabilistic
constraints with very high confidence levels. Having to evaluate the failure probabilities at each loop of
the optimization algorithm is the main difficulty of this type of problem. A naı̈ve approach such as the
Monte Carlo method requires computing with a time consuming simulator, many realizations of quantities such as the pitch, the tension and the fatigue to calculate each failure probability. Unfortunately, the
computation cost of a single realization of these objects is too high to apply such basic approaches.
We propose a methodology that takes into account the nature of the constraints to solve the problem in
a reasonable time. First, we use a frequency-domain approach to express the fatigue constraint and the
Extreme Value Theory [2] to formulate the other two. We then sequentially build metamodels [3, 4] in
order to determine the feasibility region of the design parameters and solve the optimization problem.
REFERENCES
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Bayesian updating may be used as an inverse method to identify stochastic models. It is
applicable when experimental data is available, which consist of a set of realizations of the
response of the studied system. Bayesian updating is applicable in case the uncertain
parameters cannot be directly computed using the experimental data. A numerical model is used
instead to propagate the uncertain parameters. The prior distribution accounts for the initial
knowledge of these uncertain parameters; it is subsequently updated to define the posterior
distribution, with an improved match between the output of the numerical model and the
experimental data. This contribution focuses on problems with a numerical model involving
multiple outputs, in the very particular case where the experimental data includes a small
number of realizations.
The traditional approach consists of identifying the joint probability density function associated
with the experimental data; which subsequently defines the likelihood term of Bayes’ equation
(with the definition of the likelihood function widely used in statistics). This joint probability
density function is directly identified from the experimental data, for instance using kernel
density estimation [1] or by assuming that these data follow a predefined distribution (normal,
lognormal, uniform, etc.). However, such strategies require the covariance matrix associated
with the experimental data, which cannot be identified if the number of realizations available
is too reduced (recall that at least N+1 realizations are required to identify the covariance matrix
of a set of N random variables).
It is here assumed that the experimental data follows a predefined distribution; some of its
parameters are obtained from the experimental data (e.g. using the method of the maximum of
likelihood). The remaining parameters are accounted for using the prior distribution involved
in the definition of the Bayesian updating problem.
REFERENCES
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ON THE QUANTIFICATION OF DISCRETIZATION UNCERTAINTY:
COMPARISON OF TWO PARADIGMS
Julien Bect1,⋆ , Souleymane Zio1 , Guillaume Perrin2 ,
Claire Cannamela2 and Emmanuel Vazquez1
1
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Numerical models based on partial differential equations (PDE), or integro-differential equations, are
ubiquitous in engineering and science, making it possible to understand or design systems for which
physical experiments would be expensive—sometimes impossible—to carry out. Such models usually
construct an approximate solution of the underlying continuous equations, using discretization methods
such as finite differences or the finite elements method. The resulting discretization error introduces a
form of uncertainty on the exact but unknown value of any quantity of interest (QoI), which affects the
predictions of the numerical model alongside other sources of uncertainty such as parametric uncertainty
or model inadequacy. The present article deals with the quantification of this discretization uncertainty.
A first approach to this problem, now standard in the V&V (Verification and Validation) literature [1],
uses the grid convergence index (GCI) originally proposed by P. Roache [2] in the field of computational
fluid dynamics (CFD), which is based on the Richardson extrapolation technique. Another approach,
based on Bayesian inference with Gaussian process models, was more recently introduced in the statistical literature [3]. In this work we present and compare these two paradigms for the quantification of
discretization uncertainty, which have been developped in different scientific communities, and assess
the potential of the—younger—Bayesian approach to provide a replacement for the well-established
GCI-based approach, with better probabilistic foundations. The methods are illustrated and evaluated on
two standard test cases from the literature (lid-driven cavity and Timoshenko beam).
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The design performance as given by the manufacturers may usually differ from the operational performance,
due to the variability of some operational parameters. Usually, the design development is divided into
two different phases. The first phase is to determine the pre-optimal design. Through the use of numerical
software, the best possible design is chosen considering some ideal performances to be achieved. The
second phase is to certify through full-scale experiments that the design determined previously is valid.
In this way, the post-optimal design is specified. This second phase is the most costly one. In that respect,
manufacturers seek to lower the utilization of full-scale experiments.
Optimal Uncertainty Quantification (OUQ) [1, 2] is a powerful mathematical tool which can be used to
rigorously bound the probability of exceeding a given performance threshold for uncertain operational
conditions or system characteristics. This mathematical framework can be formulated as an optimization
problem over a set A of admissible probability measures and functions to compute, for example, the
function F † (x) := sup(g,µ)∈A PΞ∼µ [g(Ξ) ≤ x], the supremum of a family of cumulative distribution functions
of an imperfectly known objective function g of a random variable Ξ with imperfectly known distribution
µ over the class A .
The problem of adaptively reconstructing a monotonically increasing function F † , as above, from imperfect
pointwise observations of this function is commonly known as isotonic regression in the statistical
literature. However, we consider this problem under assumptions that differ from the standard formulation,
and these differences motivate our algorithmic approach to the problem. See Fig. 1 for a demonstration
of our algorithm on a synthetic function where F (n) is the reconstructed function at step n.
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Figure 1: Evolution of the reconstructed function F (n) and the ∞-norm of the error F † − F (n) as functions
of the iteration count, n.
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We are interested in solving stochastic elliptic partial differential equations (SPDE) by Monte-Carlo
(MC) sampling. Approximating statistics of the stochastic solution requires computing a large number
of samples, typically using an iterative method, and accelerating the resolution of these computations
presents a considerable interest. In this context, we focus on the preconditioning of domain decomposition methods. The present work focuses on the additive Schwarz method [3], in one spatial dimension
with stochastic field parameters, and investigates sample-dependent preconditioners. Indeed, we show
that using a deterministic preconditioner, i.e. independent of the sample, such as the ideal preconditioner
of the median problem, leads to poor performances when the variance of the stochastic parameter is not
small. Besides, a deterministic preconditioner may result in diverging Schwartz iterations if not based
on a parameter field close enough to the sampled ones. From this observation, we propose a stochastic preconditioner adapted to the sampled parameter field of the elliptic equation. To prevent having
to determine the preconditioner for each sample, we use its truncated Karhunen-Loève (KL) expansion
and construct a Polynomial Chaos (PC) expansion in the dominant KL random variables. The PC expansion of the stochastic preconditioner is computed off-line, in a preprocessing stage, and subsequently
evaluated during the MC sampling stage (in-line). We provide a detailed analysis of the resulting preconditioned Schwarz iterations. In particular, we investigate the dependence of the spectral properties and
the averaged convergence rate of the method. It is found that the method is stable and converges quickly,
provided that the truncated field defining the preconditioner approximates well-enough the stochastic
parameter field, and the polynomial degree of the PC expansion is sufficiently large. Finally, we discuss
the extension of the stochastic preconditioner to higher spatial dimensions and stochastic parameters
requiring many KL variables, following the use of local KL expansions proposed in [1, 2].
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Downhole arrays have been extensively used as testbeds by earth scientists and engineers for validation
and improvement of predictive models of site response and physics-based ground motions. Strong motions recorded at depth, in particular, are widely sought after boundary conditions for the validation of
one-dimensional wave propagation codes, as they minimize the uncertainty associated with source and
path effects when studying problems of site response. To best serve as validation testbeds, reliable estimates of the variation of dynamic soil properties with depth–such as small strain shear wave velocity,
damping, and nonlinear soil properties–and the quantification of associated uncertainties are required.
To this end, we present an algorithm based on the ensemble Kalman inversion for robust subsurface
characterization at downhole arrays when heterogeneous data sets and a priori information in a form of
equality and/or inequality constraints are available [1]. We use both synthetic and real data to examine
the performance of the proposed framework at a presumably well-characterized site in Southern California. We show that formulating the inverse problem using complementary data can enhance the problem
well-posedness and significantly reduce the margins of uncertainty in estimating dynamic soil properties.
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Stochastic simulators are a class of computational models which feature inherent randomness: for each
value of the input parameters, their output is a random variable. Such simulators typically model phenomena that contain internal aleatory randomness (e.g., infection models) or whose input is not fully
specified (e.g., hidden random variables). In computer experiments, the randomness can be controlled
by fixing the seed of the random number generator. Once the random seed is fixed, the stochastic simulator output often depends smoothly on the input parameters. Such a stochastic simulator can be interpreted
as a (generally non-Gaussian and non-stationary) stochastic process, where the input space acts as the
index set of the stochastic process.
We assume that a number of discrete realizations of the stochastic simulator are given, i.e., the stochastic
simulator has been evaluated for a number of seeds at a number of points from the input space. A
popular method for modeling random processes is Karhunen-Loève expansion (KLE), which separates
the random and the spatial contribution of the random process. One possible approach is to interpolate
the discrete realizations and compute the KLE based on the interpolated trajectories [1].
We propose the use of sparse polynomial chaos expansions (PCE), a popular surrogate technique for
deterministic simulators, to approximate (instead of interpolate) the discrete realizations. To give an advantage over interpolation or full PCE, the PCE trajectories should have a joint sparsity pattern. The KLE
eigenfunctions and the realizations of the KLE coefficients can be computed analytically from the PCE
coefficients of the trajectories. The joint, non-Gaussian distribution of the KLE coefficients is inferred
from the computed set of realizations using state-of-the-art probabilistic modelling techniques such as
vine copulas [2]. The performance of this approach is compared on several analytical and engineering
benchmarks with other recent developments for stochastic simulators, such as [3].
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The goals of this work are two-fold: firstly, to propose a new theoretical framework for representing
random fields on a large class of multidimensional physical domain in the tensor train format; secondly, to
develop a new algorithmic framework for accurately computing the modes and describing the correlation
structure of the latent factors beyond second order within moderate time. Central to the algorithmic
framework is the tensor train decomposition of cumulant functions. This decomposition is accurately
computed with a novel rank-revealing algorithm. The obtained random field is represented with chebfun,
a highly flexible data structure. For computing the modes, compared with existing methods, the proposed
computational procedure totally removes the need of selecting the basis functions or collocation points
and the quadrature points, which not only greatly enhances adaptivity, but also avoids solving largescale eigenvalue problems. Moreover, by computing with higher-order cumulant functions, the new
theoretical and algorithmic frameworks show great potential for representing general non-Gaussian nonhomogeneous random fields. Three numerical examples, including a three-dimensional random field
discretization problem, illustrate the efficiency and accuracy of the proposed algorithmic framework.
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ABSTRACT
Numerical simulations (analysis and design) of structures or systems are currently often
characterised by deterministic methods. Deterministic modelling of the reality indicates
preciseness and safety, while, on contrary all available data and information are characterized
by various types of uncertainty (variability, imprecision, incompleteness), which cannot be
neglected.
The main focus is the presentation of methods for the numerical simulation of structures under
consideration of polymorphic data uncertainty. With the help of the mini-symposium, the
opportunities of inter- and transdisciplinary shall be used for the generation of synergies
between mathematics and engineering sciences.
Engineering solutions are characterized by inherent robustness and flexibility as essential
features for a faultless life of structures and systems under uncertain and changing conditions.
An implementation of these features in a structure or system requires a comprehensive
consideration of uncertainty in the model parameters and environmental and man imposed loads
as well as other types of intrinsic and epistemic uncertainties. Numerical design of structures
should be robust with respect to (spatial and time dependent) uncertainties inherently present
in resistance of materials, boundary conditions etc. This requires in turn the availability of a
reliable numerical analysis, assessment and prediction of the lifecycle of a structure taking
explicitly into account the effect of the unavoidable uncertainties.
Challenges in this context involve, for example, limited information, human factors,
subjectivity and experience, linguistic assessments, imprecise measurements, dubious
information, unclear physics etc. Due to the polymorphic nature and characteristic of the
available information both probabilistic and set-theoretical approaches as well as newly
developed joint approaches are relevant for solutions.
This mini-symposium aims at bringing together researchers, academics and practicing
engineers concerned with the various forms of advanced engineering designs. Recent
developments of numerical methods in the field of engineering design which include a
comprehensive consideration of uncertainty and associated efficient analysis techniques, such
as advanced Monte Carlo simulation, meta-model approximations, and High Performance
Computing strategies are explicitly invited. These may involve imprecise probabilities, interval
methods, Fuzzy methods, and further concepts.
Furthermore, methods for interacting and interdependent uncertain variables as well as
uncertainty models for spatial and temporal dependent quantities are addressed. The
contributions may address specific technical or mathematical details, conceptual developments
and solution strategies, individual solutions, and may also provide overviews and comparative
studies.
Particular attention should be paid to practical applicability in engineering. Besides the
applications of the involved engineering sciences, “real world” scenarios should be presented.
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A POLYMORPHIC UNCERTAINTY MODEL FOR THE CURING
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Lightweight structures, such as fiber reinforced plastics (FRPs), become increasingly important due to
their excellent mechanical and lightweight properties. It is well known that composites’ microstructures
are heterogeneous with at least two constituents (matrix and fiber) of different material properties on
the meso-scale. During the manufacturing process, curing of the matrix is a dominant effect as it is
highly temperature dependent and influences strongly the mechanical, thermal and chemical properties
of FRPs. To model the curing process, a micro-scale is introduced, where the matrix in the partially cured
state is a mixture of the three phases solid, curing agent and resin. FRPs underlie a fundamental data
uncertainty of different types. Variations in the manufacturing process, measurement errors and missing
or incomplete information are typical causes. Therefore, a realistic modeling of uncertainties requires
a combination of different uncertainty types. In scientific works, a distinction is often made between
aleatoric and epistemic uncertainty. Aleatoric uncertainty is presumed to be the intrinsic randomness of
a phenomenon. On the other hand, epistemic uncertainty is the vagueness in a system definition due to
subjectivity, simplification and incomplete knowledge that can be modeled with fuzzy methods based on
the fuzzy set theory. A combination of both uncertainty categories is referred to as imprecise probability
[1] or polymorphic uncertainty [2].
This contribution presents a framework of a polymorphic uncertainty model for the curing process of
transversely FRPs. The effective meso parameters of the matrix are determined by means of a threephase micro-model, as discussed in [3]. Therefore, the uncertainty of the parameters for the phases are
quantified, which are used for uncertainty homogenization modeling in order to calculate the overall
effective properties of the cured matrix during the manufacturing process. Finally, results for homogenization are compared with experiments of the matrix material.
REFERENCES
[1] Walley, P. Towards a unified theory of imprecise probability. International Journal of Approximate
Reasoning (2000) 24.2-3:125–148.
[2] Graf, W., Götz, M. and Kaliske M. Analysis of dynamical processes under consideration of polymorphic uncertainty. Structural Safety (2015) 52:194–201.
[3] Mahnken, R. and Christian Dammann, C. A three-scale framework for fibre-reinforced-polymer
curing part II: Mesoscopic modeling and macroscopic effective properties. International Journal
of Solids and Structures (2016) 100:356–375.
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The solution of optimization problems in structural mechanics requires to perform multiple simulation
runs with varied design parameters to reach the optimum (minimum or maximum) of an objective function. In case of parameter uncertainty quantified by random variables, reliability-based design optimization approaches can be applied, see e.g. [1]. In general, a Monte Carlo simulation is required in each
optimization step to evaluate statistical measures such as mean values, variances or quantile values of
the quantities of interest to be optimized. Additional optimization-based interval analyses have to be
performed in each optimization step, if also interval or fuzzy parameters are considered, see e.g. [2] and
[3], which leads to a high computational effort to evaluate the objective function and the constraints of
an optimization problem with polymorphic uncertain parameters. If finite element simulations have to be
used within the structural analysis, numerical efficient surrogate models are unavoidable. Artificial neural networks are powerful surrogate models to approximate relationships between inputs (deterministic
or uncertain design parameters and uncertain a priori parameters) and outputs (quantities of interest to be
optimized and to be constraint) of an optimization problem. An approach according to [4] is introduced,
where multiple artificial networks are trained sequentially to approximate the deterministic finite element
simulation, the Monte Carlo simulation as well as the optimization-based interval analysis. Benchmark
examples and applications to reinforced and pre-stressed concrete structures are presented.
REFERENCES
[1] Valdebenito, M.A. and Schuëller, G.I. A survey on approaches for reliability-based optimization.
Structural and Multidisciplinary Optimization (2010) 42:645–663.
[2] Edler, P., Freitag, S., Kremer, K. and Meschke, G. Optimization Approaches for the Numerical
Design of Structures under Consideration of Polymorphic Uncertain Data. ASCE-ASME Journal of
Risk and Uncertainty in Engineering Systems Part B: Mechanical Engineering (2019) 5:041013.
[3] Mäck, M., Caylak, I., Edler, P., Freitag, S., Hanss. M. Mahnken, R. Meschke, G. and Penner, E.
Optimization with constraints considering polymorphic uncertainties. Surveys for Applied Mathematics and Mechanics (GAMM-Mitteilungen) (2019) 42:e201900005.
[4] Freitag, S., Edler, P., Kremer, K. and Meschke, G. Multilevel surrogate modeling approach for optimization problems with polymorphic uncertain parameters. International Journal of Approximate
Reasoning (2020) 119:81–91.
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NUMERICAL DESIGN OF REINFORCED CONCRETE STRUCTURES
BASED ON MULTISCALE MODELLING AND POLYMORPHIC
UNCERTAIN DATA
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The realistic modelling of structures is essential for their numerical simulations and is mainly
characterized by the mechanical model and the consideration of the available data at hand by
an adequate uncertainty model. The key idea in this contribution is the consideration of polymorphic uncertainty at the numerical structural design and the mechanical modelling in a profound manner. The developed methods and approaches are applied to reinforced concrete
structures. This class of structures is characterized by a combination of heterogeneous concrete
and different types of reinforcement. Typically, the reinforcement is denoted by another length
scale, compared to the overall structure. The heterogeneity is denoted by domains of reinforcement and domains of concrete. The formulation and development of a computational
homogenization approach, considering the different homogeneous and heterogeneous
characteristics of macroscopic structure, is an important point.
In recent years, a focus of research was on structural analysis with uncertain parameters.
Probabilistic approaches are dominating the uncertainty consideration currently, although they
are connected with certain disadvantages and limits. A generalized uncertainty model is used
to take variability, impression and incompleteness in to account. That allows a separated
evaluation of the influence for each uncertainty source on the results. Therefore, polymorphic
uncertainty models are applied and developed by combining and extending aleatoric and
epistemic uncertainty, resulting e.g. in the formulation of the uncertainty model “fuzzy p-box”.
The information of the different length scales is considered to be uncertain, e.g. the geometry
or the material properties of the representative volume elements (RVE) at the mesoscale.
Therewith, the evaluation of the influence of polymorphic uncertainty of data at the mesoscale
onto the overall macroscopic structural behavior is derived.
Since the computational effort of such investigations is tremendous, highly developed metamodels are applied in order to replace the uncertain RVE responses. The use of measures for
the reduction of information ensures an efficient numerical solution. Hence, the application of
the methods and approaches, which are developed and described within this contribution,
provides the means to investigate and to evaluate the influence of the uncertainty, bridging the
scales from mesoscopic to macroscopic uncertainty. This is the basis of the numerical design
with polymorphic uncertain data.
REFERENCES
[1] Graf, W.; Götz, M.; Kaliske, M. Analysis of dynamical processes under consideration of

polymorphic uncertainty, Structural Safety, Vol. 52 Part B (2015), pp. 194-201

[2] Götz, M.; Graf, W.; Kaliske, M. Enhanced uncertain structural analysis with time- and

spatial-dependent (functional) fuzzy results, Mechanical Systems and Signal Processing,
Vol. 119 (2019), pp. 23-38

2391

Niklas Miska
Optimal
Bounds
andOn
Daniel
the Failure
BalzaniProbability of a Sheet Metal Forming Process Under Polymorphic Uncertainties
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France
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Since engineering designs are often influenced by various uncertainties, for instance by natural variation,
lack of knowledge, etc, the quantification of uncertainties has become an important aspect for engineers
in recent decades. For this purpose, a general framework to compute the mathematically sharpest bounds
on the probability of a certain event without any uncertified assumptions on the data is required. This
includes both aleatory uncertainties associated with quantities which can be described by distribution
functions, as well as epistemic uncertainties related to quantities associated with incomplete knowledge.
Here, we present an extension of the Optimal Uncertainty Quantification (OUQ) framework, c.f. [1],
which is able to consider complete distribution functions for aleatory uncertainties as well as intervals for
epistemic uncertainties. Therein, not only intervals for the uncertain quantities themselves can be specified, but also intervals for the moments of this quantity. Furthermore, we combine the OUQ framework
with the alpha-level discretization known from fuzzy approaches to allow the investigation of different
combinations of intervals. To illustrate the capability of the extended framework we will present an application to a sheet metal forming process, for which the sharpest bounds on the probability of selected
events under the influence of spatially distributed aleatory uncertainties in form of material parameters,
c.f. [2], and some epistemic structural parameters are computed.
REFERENCES
[1] H. Owhadi, C. Scovel, T. Sullivan, M. McKerns, and M. Ortiz. Optimal uncertainty quantification.
SIAM Rev. (2013) 55:271–345.
[2] N. Miska and D. Balzani. Quantification of uncertain macroscopic material properties resulting
from variations of microstructure morphology based on statistically similar volume elements: application to dual-phase steel microstructures. Computational Mechanics (2019) 64(6):1621–1637.
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The Method of Generalized Influence Functions – Adjoint Sensitivity
Analysis for the Numerical Design of Structures under Uncertainty
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Support.
At present, sensitivity analysis has not been implemented into everyday structural engineering.
As a matter of fact, great potentials for the numerical design of structures remain unexploited.
Especially the combination of sensitivity analysis and uncertainty modelling is promising.
Appropriate methods of sensitivity analysis have the potential to boost engineering
effectiveness and efficiency. With the method of generalized functions, we present an
alternative and highly illustrative method to determine and visualize sensitivities to support the
modelling process, also by considering polymorphic uncertainties.
The theoretical basis of the new approach is the recognition that adjoint sensitivity analysis
appears to be identical to Green’s method which also is known as the method of influence
functions. Only few references may be found which deal with this matter [1,2]. Based on this
relation we present an attempt for the thorough generalization of the influence function method
as an engineering tool for the standardized evaluation of sensitivities. By merging the traditional
paradigm of the influence function method with the general adjoint approach of sensitivity
analysis the traditional technology of influence functions and surfaces originally developed for
the analysis of the deflection and the stress resultants of beam and plate structures under varied
loads will be generalized for modern numerical analysis, any kind of structures, any kind of
responses (also others than deflections and stress resultants) and any kind of parameters (also
others than load position and intensity).
The adjoint approach allows to split between two parts which represent the influence of the
response respectively of the parameters. Individual judgement of the two parts allows a detailed
identification and investigation of potentially important parts within a structure. Hence
additional information can be provided for uncertainty quantification, which e.g. can be used
for deeper investigation of the composition of derivative based global sensitivity measures [3].
Appropriate visualization means of the spatial sensitivity distribution and its partial results to
support the design and uncertainty analysis of structures will be presented as well.
REFERENCES
[1] A. Belegundu, The adjoint method for determining influence lines. Computers &

Structures, 29 (2), pp. 345 – 350, 1988.
[2] F. Hartmann and T. Kunow, Sensitivity Analysis of Computer Models of Structures with
Green’s Functions. Civil-Comp Proceedings, 88, 2008.
[3] I. Sobol, S. Kucherenko, Derivative based global sensitivity measures and their links with
global sensitivity indices. Math. Comput. Simul. 79, pp. 3009–3017, 2009.
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VARIOUS FAILURE MECHANISMS OF A THREE DIMENSIONAL
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This study has been performed within the research project MuScaBlaDes: "Multi-scale failure analysis
with polymorphic uncertainties for optimal design of rotor blades", which is part of the DFG Priority
Program (SPP 1886) "Polymorphic uncertainty modelling for the numerical design of structures".
Rotor blades of wind turbines are thin walled spatial structures typically consisting of two composite
shells and one or two shear webs assembled with adhesive bonds. Since full scale tests of rotor blades
are mandatory for certification but very costly, the definition of representative sub-components on different scales is typical for many complex technical products [1]. Diverse model uncertainties have to be
considered due to subjectivity on the one hand and limited information on specific physical parameters
on the other hand. Besides the Henkel beam [2], developed by Fraunhofer IWES especially for testing
adhesive bond configurations, a three-dimensional composite structure is presented on which various
failure mechanisms are investigated during a four-point bending test.
Failure in the adhesive bonds can occur caused by included air voids whose properties like amount, shape
and distribution are a priori uncertain. Additionally, insufficient bonding can lead to buckling-driven delamination which is a progessive failure mechanism for composites in compression. The exceedance of
maximum stresses in the structure or global stability failure are also possible. In consideration of these
polymorphic uncertainties, a fuzzy-stochastic finite element model is created for investigating the structural failure qualitatively and quantitatively. Based on the numerical predictions, a composite structure
will be designed in future for real experimental investigations.
REFERENCES
[1] Brøndsted, P. and Nijssen, R. P. L. Advances in wind turbine blade design and materials. Woodhead
Publishing Series in Energy, (2013).
[2] Sayer, F., Antoniou, A. and van Wingerde, A. Investigation of structural bond lines in wind turbine
blades by sub-component tests. Int. J. adhesion and adhesives (2012) 37:129–135.
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ABSTRACT
Data are essential for developing models in computational science and engineering, and to reduce uncertainty and enable high-confidence simulations that are imperative for discovery, prediction, design,
and control. However, opportunities for data acquisition from physical experiments and high-fidelity
computations are often expensive and sparse. It is therefore crucial to maximize the value of these experiments. This challenge of optimal information gathering can be formalized through the framework
of optimal experimental design. Yet extending classical design methodologies to tackle problems of
greater scale, dimension, and dynamic complexity, and to find optimal sequential designs, requires new
algorithms and formulations. The goal of this minisymposium is to gather a wide variety of approaches
with topics including but not limited to: design for large-scale inverse problems, design in the presence of
model error, and the approximation and optimization of information metrics. Relevant techniques include
surrogate modeling, model reduction, efficient sampling, asymptotic approximations, PDE-constrained
optimization, stochastic optimization, dynamic programming, and reinforcement learning. We invite
contributions focused on methodology and motivated by engineering and science applications.
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We consider the framework of a hyper-parametrized linear Bayesian inverse problem, where the hyperparameter describes non-linear flexibilities (such as geometry or material coefficients) in the forward
model. Since the hyper-parameter may vary over a range of possible values, the experimental design
needs to take the possible variations of the forward solution into account so that the inverse solution is
uniformly informative for all hyper-parameters.
By means of a numerical stability analysis and eigenvalue bounds, we identify an observability coefficient that describes the connection between sensor positions and the sensitivity to noise of the posterior
mean, as well as the trace and determinant of the posterior covariance matrix, which are minimized in
A- and D-optimal experimental design. We then propose an algorithm that iteratively chooses sensors
to increase this observability parameter uniformly over the hyper-parameter domain. Computational
efficiency is achieved through a reduced basis model that approximates the solution manifold of the
full-order forward model and reduces the compute time by several orders of magnitude.
Acknowledgements: This work was supported by the Excellence Initiative of the German governments
and the German Research Foundation through Grants GSC 111 and 33849990/GRK2379 (IRTG Modern
Inverse Problems), and by the European Research Council (ERC) under the European Union’s Horizon
2020 research and innovation programme (ERC Grant agreement No. 818473).
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in Infinite Dimensions. Bayesian Analysis, 11(3):671–695, 2016.
[2] N. Aretz-Nellesen, M. A. Grepl, and K. Veroy. 3d-VAR for parameterized partial differential equations: a certified reduced basis approach. Advances in Computational Mathematics, 2019.
[3] P. Binev, A. Cohen, O. Mula, and J. Nichols. Greedy algorithms for optimal measurements selection
in state estimation using reduced models. SIAM/ASA J. Uncertain. Quantif., 6(3):1101–1126, 2018.
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This research work deals with the efficient Design of Experiments (DoE) for the hybrid variant
of the sensitivity analysis method RBD-FAST called HFR. RBD-FAST is a combination of the
random balance design (RBD) and the fourier amplitude sensitivity analysis test (FAST).
Commonly, sensitivity analyses are used to determine whether input parameters have an
influence on a target value or not. Currently, there is only little research to be found for the HFR
method. The HFR method separates the input parameters into groups. Different constraints
must be met for an optimal grouping. Theoretically, for every square number an optimal
grouping exists, but only for squares of primes an optimal grouping is known to exist. An
experiment with any number of input parameters needs as many samples as an experiment with
the next higher square of a prime number as the number of input parameters. In this research
work optimal groupings for squares of non-primes for the HFR method are found using a brute
force algorithm.
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Computer models play an essential role in forecasting complicated phenomena such as the atmosphere,
ocean dynamics, seismology among others. These models, however, are typically imperfect due to various sources of uncertainty. Measurements are snapshots of reality that are collected as an additional
source of information and are used to update and even correct the model-based simulations or forecasts.
The accuracy of the overall simulations and model-based forecasts is greatly influenced by the quality of
the observational grid design used to collect measurements Optimal design of experiments is the general
formalism of sensor placement and decisions on the data collection strategy for engineered or natural
experiments. This problem is prevalent in many critical fields such as battery design, geosciences, environmental and urban studies. State-of-the-art computational methods for experimental design do not
account for correlations in observations produced by many expensive-to-operate devices such as X-ray
machines, radars, and satellites. Discarding the evidence of such data correlations leads to biased results,
computational inefficiencies of sub-optimal results. In this talk, we discuss a new goal-oriented optimal
experimental design framework, where measurement errors are generally correlated. This framework follows a Shur-product approach to formulate the weighted-likelihood, which is then used in the optimality
criterion. Preliminary results using a standard advection-diffusion model will be presented.
REFERENCES
[1] Attia, A.A and Alexanderian, A. and Saibaba, A.K. Goal-oriented optimal design of experiments for
large-scale Bayesian linear inverse problems. Inverse Problems, Vol. 34, 9, Pages 095009 (2018).
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Journal on Scientific Computing Vol 36, 5, Pages A2122-A2148 (2014).
[4] Ucinski, D. and Atkinson, A.C. Experimental design for time-dependent models with correlated
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This paper presents the large-scale nonlinear analysis of reinforced concrete (RC) structures.
To reduce computation time, conventional structural calculations are performed using frame
analysis based on beam and spring elements. However, these simple modeling approaches are
not necessarily required owing to the recent development of computers that enable computing
of complex problems. In addition, the analysis modeling must be elaborated for complicated
large-scale problems, such as the seismic safety assessment of nuclear power plants and
performance-based design to evaluate the performance directly without experimental
specifications. In this study, large-scale parallel analysis is employed to improve efficiency
when considering the abovementioned problems. The analysis procedure is based on the
open-source code FrontISTR [1], deployed using the parallel finite element method (FEM).
Furthermore, nonlinearity characterizing the behavior of RC structures is introduced into the
large-scale analysis.
Structural damage of RC caused by cracks in concrete and yielding of steel plays an important
role in the nonlinear behavior of RC structures. Hence, various material constitutive laws
considering material cracking have been proposed for the FEM analysis. In this study, a nonorthogonal multi-directional smeared crack model [2] is employed to accurately simulate the
damage of an RC structure. This model accepts multiple cracks in an element so that it is
appropriate to simulate complicated crack damage under cyclic loading, such as the seismic
response. Thus, preceding crack model and other nonlinear analysis functions, such as the
material plasticity of a reinforcement bar, are implemented in FrontISTR to achieve largescale nonlinear analysis of RC structures.
Moreover, the applicability of the proposed method is verified through the numerical analysis
of a simple fracture problem of an RC member. The results reveal that the proposed method
shows good agreement with the experimental results in terms of crack distribution and loaddisplacement responses. Finally, large-scale nonlinear analysis of the seismic response of an
RC-wall-frame building demonstrates that the practicality and scalability of the proposed
method are sufficient for practical purposes. Therefore, it is concluded that the proposed
method can overcome the large-scale nonlinear problem of RC structures.
REFERENCES
[1] Ito S., Okuda H., HPC-MW: A problem solving environment for developing parallel

FEM application, Applied Parallel Computing, State of the Art in Scientific Computing,
LNCS4699, pp. 694-702, 2006, Springer, Berlin, Heidelberg.
[2] K. Maekawa, A. Pimanmas, H. Okamura, Nonlinear mechanics of reinforced concrete,
CRC Press, 2003.
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We consider the problem of estimating an expected information gain criterion used in Bayesian optimal
experimental design for nonlinear models. In the case of nonlinear models governed by partial differential equations, we present two multilevel estimators [1] for estimating the expected information gain
in Bayesian optimal experimental design and they achieve better computational complexity than their
single-level counterparts [2]. The first is a multilevel double loop Monte Carlo estimator, optimized by
minimizing the computational work subject to some desired error tolerance. The second is a multilevel
double loop stochastic collocation estimator based on high-dimensional integration on sparse grids. We
demonstrate the computational efficiency of the multilevel estimators for an electrical impedance tomography design problem where the goal is to infer the fiber orientations in a composite laminate material.
REFERENCES
[1] Beck, J., Dia, B.M., Espath, L.F.R. and Tempone, R. Multilevel Double Loop Monte Carlo and
Stochastic Collocation Methods with Importance Sampling for Bayesian Optimal Experimental
Design. ArXiv e-prints: 1811.11469 (2018)
[2] Beck, J., Dia, B.M., Espath, L.F.R., Long, Q., and Tempone, R. Fast Bayesian experimental design: Laplace-based importance sampling for the expected information gain. Computer Methods in
Applied Mechanics and Engineering (2018) 334:523–553.
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Objective Driven Batch Sampling of Simulations with Inherent
Randomness for the Design of Organic Photovoltaic Cells
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Simulation models with inherent randomness such as molecular dynamics (MD) simulations
have become widely used in material design. However, finding the optimum of such functions
is challenging as it requires a great number of expensive simulation model evaluations to
explore the design space as well as replicating existing samples owing to the inherent
randomness of MD simulations. The inherent randomness originates from the random initial
conditions (i.e., configuration and momentum of particles) as simulations can only be run for
a finite length and time scale. While batch sampling is widely used to ease the computational
burden due to the increasing use of super computing, it remains a challenge in designing
sequential batch samples that are capable in balancing the needs of exploration for searching
the global optimum versus replicating for approximating the uncertainty in the MD model.
In this work we propose a novel Bayesian optimization method that balances the trade-off
between exploration and replication while searching for the global optimal mean response of a
stochastic simulation model. The proposed method centers around a Gaussian process (GP)
based acquisition function that recommends a batch of spatial locations (samples) for which to
evaluate the simulation model with inherent noise. The novelty of the proposed work is the
decomposition of the GP predictor’s confidence interval into the contribution of the
uncertainty in each sampled location (a we only have the sample mean) and the interpolation
uncertainty. Consequently, the proposed acquisition function recommends whether to explore
or replicate by minimizing the prediction uncertainty in areas that are expected to contain the
global optimum. The developed method has three distinct advantages: (i) minimization of the
total number of function evaluations, (ii) the ability to recommend sampling batches, and (iii)
and the numerical tractability to deal with relatively high dimensional problems.
The proposed technique has been applied to optimize the power conversion efficiency of
an organic photovoltaic cell with respect to two processing variables (i.e., annealing
temperature, and volumetric ratio of P3HT to PCBM). To this end we have developed a
process-structure-performance linkage using an MD simulation that predicts the influence of
the processing settings to the material’s fine scale morphology, and the structure to
performance relation is modelled through a physics-based performance metric. Through the
developed method we identified the optimal processing settings using only a small number of
function evaluations. Our work establishes the mathematical foundation for using sequential
batch sampling in simulation-based design concerning inherent randomness.
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Experimental data play a crucial role for developing and refining models in computational mechanics,
and well-chosen experiments can provide substantial resource savings. Optimal experimental design
(OED) is the research area that seeks to quantify and maximize the value of experiments and their data.
When multiple experiments can be conducted in sequence, common current design practices use suboptimal approaches: batch (open-loop) design that chooses all experiments simultaneously with no updates
from newly acquired data, and greedy (myopic) design that optimally selects the next experiment without
accounting for future consequences and effects. In contrast, the sequential optimal experimental design
(sOED) formulation is free of these limitations, and achieves the true optimality with respect to the entire
design horizon.
With the goal of acquiring data for learning unknown parameters in physical systems, we develop a
rigorous Bayesian formulation for sOED using an objective that incorporates a measure of information
gain. A sequential design problem thus involves finding good policies—that is, functions that instruct
design choices depending on the current state. We develop numerical tools for finding the optimal policies, targeting finite horizon design problems while accommodating nonlinear models with continuous
parameter, design, and observation spaces. We employ policy gradient methods from reinforcement
learning, and directly parameterize the policies and value functions by neural networks—thus adopting
an actor-critic approach—and improve them using gradient estimates produced from simulated design
and observation sequences. The overall method is demonstrated on an algebraic benchmark and a sensor
movement application for contaminant source inversion in a convection-diffusion field. The results provide intuitive insights on the benefits of feedback and lookahead, and indicate substantial computational
advantages compared to previous numerical approaches based on approximate dynamical programming.
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The need of model updating is usually motivated by the desire to improve the accuracy of
prediction of the health monitoring, system response and control, or reliability and risk
assessment. The Bayesian methodologies for optimal experimental design have received much
attention in the literature and has many applications, particularly in statistics, science and
engineering. The seminal paper of Lindley [1] presented a decision theoretic approach to
experimental design upon which Bayesian experimental design is based. Following Lindley,
several authors proposed information theory based approaches in which the experimental
design that maximizes the information carried by the measurements is selected as an optimal
one. Specific to mechanical, structural and aerospace engineering community the optimal
sensor placement techniques (that is, selecting the optimal location for a given a number of
sensors) have been applied for designing the best sensing locations for estimation of modal
parameters and for estimation of dynamic system parameters (model parameters) based on
vibration data. This paper validates the Bayesian experimental design approach for structural
testing using measured vibration data from a scaled laboratory model of a three story frame.
REFERENCES
1.

Lindley, D.V., On a Measure of the Information Provided by an Experiment. Ann.
Math. Statist., 1956. 27(4): p. 986-1005.
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A MINISYMPOSIUM WITHIN
TRACK 800 - UNCERTAINTY QUANTIFICATION, RELIABILITY AND ERROR
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ABSTRACT
This minisymposium will be dedicated to the discussion of methods and applications for the quantification of
uncertainty in the simulation of comptutaional mechanics, in a manner that is constrained or otherwise informed
by measured data and theory of the fundamental physics of the constituent models.
In recent decades, computational sciences have become increasingly reliant upon for predictive capabilities for
complex problems. This paradigm shift has resulted in simulations being widely accepted as predictive tools
where experimental observations are either unavailable or infeasible. As such, it is becoming common practice to
develop integrated simulations that are represented with sets of high fidelity sub-models to define physics
processes. The advantage of such an approach is that it is frequently possible to perform small-scale experiments
to validate the adequacy of the physics represented in a sub-model, which can then be used to inform the
integrated simulations.
It is thus imperative to ensure that the sub-models are defined to appropriately represent the physics of interest,
as constrained by theory and/or empirical evidence. If multiple sub-models within an integrated simulation are
defined inappropriately, there exists the possibility of producing compounding (or compensating) errors that can
significantly influence the overall prediction. This issue becomes even more significant when performing
uncertainty quantification (UQ) to quantify how simulation uncertainty influences predictions.
Standard UQ practices often explore uncertainties in the parameters for the physics sub-models, and forward
propagate these uncertainties to bound uncertainties in the behavior of the system. However these approaches
suffer from a few limitations. The first is that combinations of parameters across multiple sub-models can often
lead to unphysical regimes. Additionally, when model form uncertainty overwhelms those due to uncertainties in
parameters, the traditional approaches under-predict system uncertainties. To date, many UQ strategies have
focused on the development of methods that are appropriate for a simulation that utilizes single-physics
processes. Some of the existing methods developed by the UQ community may not be appropriate for cases
where multiple sub-models feed into a larger-scale, integrated simulation.
In this session, we invite the discussion of ideas and results that demonstrate UQ methodologies for integrated
physics simulations, constrained by physics theory and data.
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Computing the probability of extreme events is of central importance for dynamical systems that arise in
natural phenomena such as climate, weather, oceanography and engineering systems such as structures
or power grids. Some examples of consequential extreme events are rogue waves in ocean, hurricanes,
tornadoes, and power outages. In this work we are particularly inspired by the increased concern of transient security in the presence of uncertain inertia, as identified by North American Electric Reliability
Corporation in its most recent Long-Term Reliability Assessment [3]. The mathematical formulation is
that of a dynamical system with parametric uncertainty, which is equivalent to initial condition uncertainty by adding the equations ṗ = 0 to the ODE, where p are the parameters. The aim of the calculation
in that case is to compute an extreme excursion probability : the odds that the transient due to a sudden
malfunction exceeds prescribed safety limits. As the reliability goal is that an average customer may
experience only minutes of electricity interruption per year, the probability of exceeding the target safety
limit may be in the range of 10−4 –10−5 .
In this work, we develop a novel computational method for evaluating the extreme excursion probabilities
arising for random initialization of linear and nonlinear dynamical systems. The method uses a Markov
Chain Monte Carlo (MCMC) approach to construct a biasing distribution which in turn is used in an
importance sampling procedure to estimate the extreme excursion probabilities. The prior and likelihood
of the biasing distribution are obtained using Rice’s formula from excursion probability theory [1, 2].
We use Gaussian mixture biasing distributions and approximate the non-Gaussian initial excitation by
method of moments to circumvent the linearity and Gaussianity assumptions needed by excursion probability theory. We demonstrate the effectiveness of this computational framework for nonlinear dynamical
systems of moderate sizes.
REFERENCES
[1] Robert J Adler. The geometry of random fields. SIAM, 2010.
[2] Stephen O Rice. Mathematical analysis of random noise. Bell Labs Technical Journal, 23(3):282–
332, 1944.
[3] ”The North American Electricity Reliability Corporation”. 2017 long-term reliability assessment.
online, 2017. https://www.nerc.com/pa/RAPA/ra/Reliability
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Uncertain parameters with inherent spatial variability such as material properties of the
heterogeneous media are commonly encountered in engineering. This type of uncertainty was
traditionally quantified by the random field model [1]. However, a large number of
experimental samples are generally required in identification of the statistical characteristic
parameters or the probability distribution functions for a random field, which are not always
available or sometimes very costly to obtain in practical engineering. In recent years, the
interval field model [2,3] has been proposed for modelling of the spatial uncertainties with
insufficient sample information, which uses the upper and lower bounds to quantify the
uncertainty of the spatial parameters. In this work, the authors propose a novel interval field
model for spatial uncertainty modelling. In the proposed interval field, the uncertainty at an
arbitrary location of the spatial parameter is quantified by an interval variable. The spatial
dependency is measured by a covariance function or a correlation coefficient function,
defined for the interval variables at different locations. Based on the correlation information,
an interval Karhunen-Loève expansion is formulated for the proposed interval field model, by
which the continuous spatial uncertainty can be expressed through a series of deterministic
functions with uncorrelated interval coefficients. Furthermore, by incorporating the interval
field model into the finite element method, interval finite element analysis of structures with
spatially uncertain parameters is carried out. Perturbation-based interval finite element
methods are developed to evaluate the upper and lower bounds of structural responses such as
displacement and stress. A Monte Carlo simulation method is also presented to provide a
reference solution for the structural analysis with interval fields. Finally, several numerical
examples are investigated to demonstrate the effectiveness of the interval field model and the
interval finite element methods.
REFERENCES
[1] E. Vanmarcke, Random fields: analysis and synthesis, The MIT Press, 1983.
[2] D. Moens, M. De Munck, W. Desmet, D. Vandepitte, Numerical dynamic analysis of

uncertain mechanical structures based on interval fields, in: Proc. IUTAM Symposium on
the Vibration Analysis of Structures with Uncertainties, pp. 7183, 2011.
[3] G. Muscolino, A. Sofi, M. Zingales, One-dimensional heterogeneous solids with
uncertain elastic modulus in presence of long-range interactions: interval versus
stochastic analysis, Comput. Struct., Vol. 122, pp. 217229, 2013.
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In this study, we would like to evaluate and improve the performance of wall-modeled Large Eddy Simulation (WMLES) on the modeling of a pipe flow of Re = 44000 for which Direct Numerical Simulation
(DNS) data is available [1] and considered as reference for further comparisons. The commercial CFD
code CONVERGE v2.4 [2] is used for numerical analysis presented in this study.
The use of near-wall and sub-grid scales models in WMLES may raise problems of accuracy and uncertainty which come from the model parameters whose exact values are unknown [3] and models themselves because of simplifications [4]. Thus, an uncertainty quantification (UQ) and sensitivity analysis
(SA) study is conducted to investigate how simulation results are affected by these parameters. Such
a study using sampling-based approaches can be prohibitively expensive when employed with a highfidelity simulation that requires hours of CPU time for a single execution. To significantly reduce the
computational cost while maintaining a desirable accuracy, we propose to create Kriging surrogate models based on simulation results. UQ and SA sampling is then performed on the inexpensive surrogate
Kriging models.
Following the strategy described above, Kriging models are firstly generated, with data obtained on
sampling points defined by Latin Hypercube Sampling(LHS) method, for characteristics of pipe flow
like bulk velocity Ub , wall shear stress τw , and profiles of mean velocity Ū(r), root mean square velocity
Urms (r) and root mean square pressure Prms (r), with respect to near-wall and SGS models parameters.
Different UQ techniques are then applied to the forward (uncertainty propagation) and inverse (Baysian
data calibration) problems, and variance-based sensitivity analysis is also performed. A set of optimal
parameters is finally proposed as a result of multi-objective optimization to fit the best the reference data.
REFERENCES
[1] Xiaohua Wu and Parviz Moin. A direct numerical simulation study on the mean velocity characteristics in turbulent pipe flow, volume 608. 2008.
[2] KJ Richards, PK Senecal, and E Pomraning. Converge (v2.4), convergent science. Madison, WI,
2017.
[3] Saleh Rezaeiravesh. Application of Uncertainty Quantification Techniques to Studies of WallBounded Turbulent Flows. PhD thesis, Acta Universitatis Upsaliensis, 2018.
[4] M. Meldi, D. Lucor, and P. Sagaut. Is the Smagorinsky coefficient sensitive to uncertainty in the
form of the energy spectrum? Physics of Fluids, 23(12), 2011.
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Modelling and Bayesian model calibration of inelasticity and anelasticity
in ramp-driven loading of Tantalum
Ramp-driven experiments offer possibilities to explore material response under conditions distinct from those
accessed by shock-driven loading conditions. Use of the data from ramp-driven experiments is challenging in a
variety of ways. The resistance of material to distortional deformation can be assessed from velocimetry in
compression-release experiments. However, analysis methods that employ experimental data alone make use of
assumptions that limit the utility of the inferences. Forward modeling of the experimental velocity profile offers an
alternative path. We examine data from compression-release experiments that are sensitive to material strength
and assess strength model fidelity in relation to experimental observations. Recent observations indicate that
anelastic effects are important during load reversals such as those in ramp compression-release. Thus, we
incorporate a novel anelasticity model to capture these effects. We aim to characterize the effects of inelasticity
and anelasticity given known experimental data while taking into account experimental error and model
uncertainty – possibly from a variety of data sources. We utilize concepts from Bayesian analysis to perform
Bayesian model calibration to compute posterior parameter distributions to accomplish this task. We conjecture
that incorporation of a physically based anelasticity model reduces the uncertainty in inferred strength model and
consequently any application of that strength model.
This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National
Laboratory under Contract DE-AC52-07NA27344 (LLNL-ABS-798000).
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In the computational sciences, uncertainty quantification (UQ) has been a growing field in
response to the fact that numerical models are our best approximations of reality. While
existing UQ methods have shown much success for small-scale, single physics models, there
is a growing need to develop UQ methods catered to integrated simulations, which are
comprised of component models that represent physics processes, properties, and
relationships. For integrated simulations, it is particularly important to ensure that component
models reflect physically relevant settings constrained by theory and/or empirical evidence to
minimize compounding or compensating errors that could affect UQ results. Here we present
an approach to performing UQ by quantifying Physical Uncertainty Bounds (PUBs). The
PUBs approach places a specific emphasis on evaluating component models and their forms,
which is a departure from existing UQ methodologies that rely on exploring uncertainties that
result from an imperfect knowledge of parameter values or stochasticity of a system.
To illustrate the advantages of strategically incorporating theory and data in UQ predictions,
we use a simplified example application of PUBs to a generic physical process represented by
a linear model. With this example, we illustrate the potential issues that can arise with
sampling-based UQ methods, such as the exploration of physically unfeasible areas of
parameter space when parameters are assumed to be independent. This issue can lead to
uncertainty bounds that contain potentially unrealistic predictions of the quantity of interest.
We show how the PUBs approach can reduce these pitfalls. We follow this up with a realworld application of PUBs to the Johnson-Cook strength model as a component of a
simulation representing a flyer-plate experiment that consists of a high-speed collision
between two beryllium plates. We utilize strength data from Hopkinson-Bar experiments to
help constrain our uncertainty predictions for the Johnson-Cook model, and we show that the
quantity of interest from the flyer plate experiment falls within the predicted uncertainty
bounds when the strength model is integrated into the flyer plate simulations. Using PUBs
allows our uncertainty bounds to be guided by well-known theory and empirical evidence,
and we demonstrate how it can provide a useful approach to quantifying uncertainty in
integrated systems.
LA-UR-20-20388
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Prediction accuracy of FE simulations is largely dependent on the quality of the material model.
Heterogeneous materials usually require some kind of homogenisation and material parameters are
assumed to be uniform over the area or volume of a component. Unprecedented developments in the
field of digital camera technology have sparked a renewed interest in using the DIC measured full-field
displacement and strain for investigating and characterizing heterogeneity in materials. The use of DIC
measured strain fields to validate a FE models is the first step, but it comes with a few challenges. The
choice of the DIC strain window to smoothen the effect of noise in the measured displacement field is
vital and currently largely dependent on user intuition, experience and expertise (1). The characterization
of the noise floor, the parameters of which may not be constant over the measured test piece, can
complicate the metric used for FE validation. The enforcement of boundary conditions on the FE model
equivalent to the DIC measurements is another type of idealisation. The strain noise floor being
comparable to the deviations in the strain fields due to the material heterogeneity itself is yet another
problem, governed by the DIC setup used. In order to (at least partially) overcome the above mentioned
challenges, a novel FE model validation methodology is presented. It is based on a numerical speckle
deformation tool, where the nodal displacements from FE analysis are used to deform the DIC reference
image (2) (3) (4), generating the so called FEDEF images. These images, which are subject to the same
DIC processing parameters (strain window, subset size etc.), can then be used to calculate the simulated
displacement and strain fields. For one to one comparison of the measured and simulated strain fields,
the DIC and FEDEF images are aligned using fiducials embedded into the DIC speckle pattern printed
on the test specimen. A novel validation metric is used to compare the DIC and FEDEF strain fields to
generate the so-called validation maps. The validation metric takes into account the spatial variation of
the noise floor over the test specimen. As a first step, the proposed procedure is performed on a simple
test case – a flat ASTM tensile specimen made of mild steel. Based on the validation maps, conclusions
are made regarding the feasibility of using DIC to characterize the heterogeneity in materials. With the
proposed method, the FE model is validated well. In the gauge length of the test specimen, the validation
error on axial strain is comparable to the noise floor. Alignment of the DIC and FEDEF images and
boundary condition application are found to be critical factors that affect the validation error
significantly.
References
1. International Digital Image Correlation Society, Jones, E.M.C. and Iadicola, M.A. (Eds.). A
Good Practices Guide for Digital Image Correlation. 2018.
2. Effect of DIC Spatial Resolution, Noise and Interpolation Error on Identification Results with the
VFM. M. Rossi, P. Lava, F. Pierron, D. Debruyne, M. Sasso. 2015, Strain, pp. 206-222.
3. Study of systematic errors in strain fields obtained via DIC using heterogeneous deformation
generated by plastic FEA. P. Lava, S. Cooreman, D. Debruyne. 2010, Optics and Lasers in
Engineering, pp. 48 (4), 457-468.
4. Assessment of measuring errors in DIC using deformation fields generated by plastic FEA. P.
Lava, S. Cooreman, S. Coppieters, M. De Strycker, D. Debruyne. 2009, Optics and lasers in
engineering, pp. 47 (7-8), 747-753.
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Multi-level, multi-fidelity (ML/MF) modelling uses models of various fidelity to inform model
uncertainty quantification [1]. However, without the constraint of experimental data, validation
and uncertainty quantification (UQ) cannot be tied to reality. In resource-limited situations, the
need for experiments and/or high-fidelity modelling can be an issue. In these cases, validation
can only be applied at discrete, sparse set points that do not span the multidimensional model
use-space. By incorporating experiments into ML/MF methods, uncertainty quantification
(UQ) can be tethered to reality and validation can be characterized over the multidimensional
model use-space.
In this work, we formulate a ML/MF validation method in which experiments, high fidelity
models, and low fidelity models characterize the region of validity within the use-space. We
demonstrate validation for a series of multi-fidelity models [2] using experiments in highenergy-density physics (HEDP) [3]. Validity and UQ away from experimental set points are
assessed using the ML/MF validation method. Regions requiring improvements, such as
improved modelling capabilities, model form errors, and/or additional experiments are
evaluated.
REFERENCES
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Uncertainty Propagation, Inference, and Optimization,” SIAM Review, vol. 60, no. 3, pp.
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ABSTRACT
Advances in physics-based modeling are responsible for the generation of massive datasets containing
rich information about the physical systems they describe. Efforts in Uncertainty Quantification (UQ),
once an emerging area but now a core discipline of computational mechanics, serve to further enrich
these datasets by endowing the simulation results with probabilistic information describing the effects
of parameter variations, uncertainties in model-form, and/or their connection to and validation against
physical experiments. This MS aims to highlight novel efforts to:
• Harness the rich datasets afforded by potentially multi-scale, multi-physics simulations for the
purposes of uncertainty quantification;
• Develop physics-based stochastic models, solvers, and methodologies for identification and validation.
This includes, but is not limited to efforts that:
• Merge machine learning techniques with physics-based models;

2419

• Develop physics-based stochastic models and low dimensional representations of very high dimensional systems for the purposes of uncertainty quantification;
• Extract usable/actionable information from large, complex datasets generated by physics-based
simulations;
• Develop active learning algorithms that exploit simulation data to inform iterative/adaptive UQ
efforts;
• Develop stochastic solvers and sampling algorithms;

• Interpolate high-dimensional data for high-fidelity surrogate model development;

• Learn the intrinsic structure of physics-based simulation data to better understand model-form and
its sensitivity;
• Develop new methodologies for model identification;

• Assess similarities/differences/sensitivities of physics-based models and validate them against experimental data.
The MS aims to span across applications of mechanics, with an emphasis placed on methodological
developments that can be applied to physical systems of all types.
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For modeling and simulation, a mathematical representation of the internal dynamics is
essential. This representation can either be derived from apriori knowledge of the system
dynamics (first-principles modeling) or by observing the system behaviour from data collected
through sensors (data-based modeling). The first-principles approach is significantly more
explainable and better generalized across similar systems. Data-based modeling, on the other
hand, requires large amounts of training data and may lack explainability, but is more flexible
in terms of model structure optimization and free from modeller biases. The present talk
investigates an approach in combining the two modeling methods in a semi-mechanistic hybrid
framework for a Bosch use case: tailpipe emissions prediction of Indian two-wheelers
Modeling the tailpipe emissions for single-cylinder gasoline engines can be very challenging
due to the presence of pressure pulsations, backflows along with complex chemical kinetics.
To solve this issue, we have adopted a hybrid modeling approach, coupling physics based firstprinciples modeling and a data-based model. The need for the hybrid methodology in the
current context arises from two key aspects. First, the restricted signal set available from a
series-production two-wheeler is not sufficient in pushing the prediction accuracies of the pure
black box combustion model to the desired threshold. Secondly, the compute-restricted
hardware poses a significant challenge to run the compute intensive black box models in realtime. A physics based precursor solves for the mass, momentum and energy balances in the
vehicle dynamics and computes synthetic signals (acting as virtual sensors). Information
regarding the process dynamics is embedded in these high-resolution virtual signal streams,
which can then be used to develop additional features for the downstream data-based model.
The physics based model can also simplify the overall model architecture of the system. A
physics engine can compute the current internal states of the system and make them accessible
to the downstream machine-learning model, thereby simplifying the machine learning model
architecture needed to learn the nonlinear system dynamics. In our case, the physics based
model continuously calculates these system states. Once the current system states are known,
the data-based model simply needs to map the current internal states of the system to one-step
ahead emissions values. Such an approach has shown significant promise in increasing
prediction explainability.
The hybrid modeling approach is not devoid of its own share of challenges. The coupled
approach involves continuous and discrete system models. This means, in a real-time cosimulation framework, the sensor information, physics and data based elements need to be
synced. Another drawback for such an approach is that the physics based model may incur
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approximation errors, which can then get added to the downstream machine learning prediction
accuracy. Hence, individual physics based and machine-learning component errors need to be
properly quantified and reduced, when implementing a hybrid modeling approach.
REFERENCES
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The cellular automata finite element (CAFE) model is a popular technique to simulate
microstructure solidification because of its relationship between computational tractability
and fidelity of physics. As a comparison, the phase field method can have higher fidelity of
physics but its computational expense limits its ability to simulate large polycrystals. On the
other hand, purely statistical methods, such as random tessellation models, are limited in the
amount of morphological complexity that can be represented. This is especially the case for
the complex microstructures of additively manufactured (AM) metals resulting from the
highly localized thermal cycles that induces rapid phase changes in the material during the
build process. The CAFE model was initially developed to address solidification during
casting, but the frequency, localization, and speed of the thermally-driven phase changes in
AM is significantly different than that in casting.
This work focuses on the implementation modifications to the CAFE model necessary to
make it optimal for simulating solidification of AM metals in order to simulate large enough
(on the order of .5-1 cm3) polycrystalline microstructures such that crystallographic texture
can be sufficiently analyzed. The time scale associated with discretizing the temperature field
is much larger than the time scale associated with grain solidification. Therefore, a separation
of temporal scales is proposed such that solidification analysis is treated independently as
sub-cycles within in each discrete time step associated with the temperature field. Most
importantly, it is observed that a very small portion of the simulation domain is active during
a given time step: this is the region of the heat affected zone where the material is
undercooled (i.e., below liquidus temperature) but has yet to be solidified. This region is
identified in each time step and the CAFE analysis is distributed among all the system
processors. This is in contrast with previous approaches that distribute the entire simulation
domain among the processors, often resulting in a single processor engaged in computation
while the others wait for the next time step. Another implementation improvement involves
how the solidification evolves during the sub-cycles. Rather than the growing the
solidification front by using very small time steps, the time it takes for each solid voxel to
capture its neighboring voxels is predicted and the simulation evolves sequentially based on
priorities associated with the estimated time of capture. Through these improved efficiencies,
large polycrystalline microstructures are simulated for stainless steel. A number of scan
strategies are simulated to highlight its effect on grain morphology and texture development.
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In this talk, we present a stochastic modeling framework for random fracture properties. The approach
is cast within a phase-field formulation, and probabilistic representations are specifically developed to
model stochastic spatial variability. The model allows pointwise correlation in fracture parameters to
be explored, and different covariance structures are discussed to provide modeling flexibility. Forward
simulations are then performed to investigate the sensitivity of fracture simulation outcomes, such as
mean fragment size, to model parameters. We finally discuss the identification of the stochastic model by
considering an experimental database involving drying tests on mining waste. We show that the proposed
formulation enables the reproduction of observed crack networks, both qualitatively (sample-wise) and
in a statistical sense.
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Presented is a methodology for probabilistic seismic risk analysis (SRA) that explicitly takes into account
all uncertainties emanating from uncertain source, uncertain path, and uncertain soil structure system behavior. Time domain non-stationary uncertain seismic motions are simulated and intrusively propagated
into uncertain soil structure interaction system. Polynomial chaos based intrusive modeling of elastic
plastic response is formulated and incorporated into Galerkin stochastic elastic plastic finite element
method.
Dynamic probabilistic earthquake soil structure interaction response is directly solved by Galerkin stochastic elastic plastic finite element method, circumventing non-intrusive, expensive Monte Carlo simulations. Proposed method is able to develop full probabilistic response, including stable tail distribution
for any engineering demand parameter(s) of interest. Such probabilistic response is used to calculate full
spectrum seismic risk.
Presented framework facilitates the transition of state-of-the-art performance-based earthquake engineering from ergodic, frequency domain, spectrum acceleration based, Monte Carlo driven methodology to
non-ergodic, time domain, nonlinear/inelastic, Fourier amplitude spectra based, intrusive methodology.
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ABSTRACT
The engineering community has widely acknowledged and accepted the importance of
accounting for the effects of uncertainty on the performance of structural systems. However,
explicit quantification of the uncertainty is an extremely challenging task as usually, the
performance of structural systems is characterized by means of highly refined numerical
models. This prevents the direct application of most approaches for uncertainty propagation, as
they demand performing repeated structural analyses. A possible means for circumventing this
issue is resorting to reduced order or surrogate models. These models are capable of capturing
– up to some extent – the dependence of the performance of a structural system with respect to
uncertain parameters while demanding considerably less numerical effort, thus offering a
feasible means for performing uncertainty analysis in practice.
The aim of this mini-symposium is addressing the very latest development on approaches for
reduced order and surrogate models for uncertainty quantification in structural mechanics. The
scope of the mini-symposium is broad, as it includes various models for representing
uncertainty (such as classical probabilities, intervals, fuzzy analysis, imprecise probabilities,
etc.); different types of structural problems (linear or nonlinear, static or dynamic); development
of novel meta-models; and practical applications of methods for reduced order and surrogate
models in uncertainty quantification comprising, e.g. robust design, reliability-based design,
multi-objective optimization, life-cycle optimal design, sensitivity analysis, etc. Both
theoretical developments and practical applications involving systems of engineering interest
are particularly welcomed in this session.
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Multi-query problems such as uncertainty quantification (UQ) using statistical simulation involve solving
a governing differential equation at multiple parameter values, which can be computationally expensive
for large dynamical systems. Replacing the original discretized higher dimensional model (HDM) with
a cheaper reduced order model (ROM) can alleviate this high cost significantly. However, a ROM incurs
error in the solution, and lacks robustness in terms of effectiveness over the entire parameter range.
Therefore, availability of an error bound or an error estimator helps in developing an adaptive ROM for
UQ. This work is to propose two such error estimators, and subsequently use them to develop an adaptive
method for UQ.
First, the error estimators, one for linear and another for nonlinear dynamical system, respectively, are
developed based on the residual in the differential equation. Numerically they are compared with the
error estimators developed in [1] and [2], respectively. This comparison revealed that the proposed
estimators follow the trend of the exact error more closely, thus serving as improvement over the state-ofthe art. Then, these error estimators are combined with a modified greedy search to develop a two-stage
algorithm for UQ in a statistical simulation. In the first stage, the ROM is enriched adaptively at the global
and at a few local maxima of the error estimator — leading to accelerated convergence. For this purpose,
a multi-frequency vibrational particle swarm optimization is employed. In the second stage, the adaptive
ROM is used to quantify uncertainty using Monte Carlo simulation. Three different numerical studies :
(i) a bladed disk assembly, (ii) Burgers’ equation, and (iii) a beam on nonlinear Winkler foundation, are
performed to test the accuracy and efficiency of the proposed error estimators and the modified greedy
search algorithm. In all these numerical studies, the proper orthogonal decomposition based ROM is
used. A speed-up of more than two orders of magnitude is achieved, while retaining the accuracy in
probability of failure estimation.
REFERENCES
[1] Haasdonk, B. and Ohlberger, M. Efficient reduced models and a posteriori error estimation for
parametrized dynamical systems by offline/online decomposition. Mathematical and Computer
Modelling of Dynamical Systems, (2011) 17(2) : 145-161.
[2] Wirtz, D., Sorensen, D.C. and Haasdonk, B. A posteriori error estimation for DEIM reduced nonlinear dynamical systems. SIAM Journal on Scientific Computing, (2014) 36(2) : A311-A338.
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The purpose of engineering optimization is to make the cost of structure as low as possible or
make some properties to achieve optimal state under restraint constraints. Traditional
optimization problems are based on deterministic parameters and model, the deterministic
optimal solution may violate the imposed constraints due to the existence of variations on
design variables or cause the objective function to be varied drastically. The uncertainty-based
optimization design, includes reliability-based optimization design (RBOD) and robust
optimization design (ROD), can overcome the shortcoming of deterministic optimization. The
purpose of RBOD is to obtain the optimal solution satisfying the probabilistic constraints. The
robust optimal solution should be not only satisfied the probabilistic constraints, but also less
sensitive to variations and tolerances of design variables.

± Δx

± Δx

A. deterministic optimum
B. RBOD optimum

± Δx

Δy A

C. ROD optimum
Δy B

Δ yC

Fig. 1 The comparison among three optimization designs

According to the main research contents of robust optimization design, robust optimization
design is improved from four aspects: two criterias to judge robustness, robustness
measurement based on maximum entropy, advanced GMDH-NN to construct metamodel,
global sensitivity analysis to reduce dimension. Firstly, taking the standardized random
variables into consideration, two criterions are proposed to judge the robustness of optimum
solution. On the basic of curvature at optimum point, Criterion 1 is proposed to judge
robustness, and Criterion 2 is proposed to deal with second-order non-derivative case.
Secondly, the robustness measure based on maximum entropy is proposed. It can not only
remain the feature of using entropy to reflect the uncertainty, but also greatly shorten the
calculation time. Meanwhile, it is obvious that Lagrange multipliers in the objective function
are not fixed, which automatically achieves the best with the change of design variables in the
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process of robust optimization. Thirdly, the ROD multi-objective optimization is transformed
into the single-objective optimization by adaptive weighted sum method, whose weights are
decided by hyper-plane method. Finally, the robust optimization design is coupled with global
sensitivity analysis and advanced GMDH-NN metamodel, which can reduce dimension,
reduce the computational load and realize single loop iterative optimization process.
Start

Select important variables by sensitivity
analysis

Build metamodels of objective
function and constraints
Re-sample and select points in feasible
region

Update metamodels

Iterative process of ROD

Inverse MPP
(optimum)point

N

Satisfy all
constrains?

Y
End

Fig.2 The flowchart of improved robust optimization design

The advantages of improved ROD are verified by several engineering examples, such as
electric tower structure optimization, aircraft cabin floor grid structure optimization and so on.
REFERENCES
[1] T.A. Zang, M.J. Hemsch, M.W. Hilburger, et al. Needs and opportunities for uncertainty[2]
[3]
[4]
[5]

based multidisciplinary design methods for aerospace vehicles. Hampton, Virginia:
Langley Research Center, 2002.
B. Huang, X. Du, Analytical robustness assessment for robust design. Structural &
Multidisciplinary Optimization, 2006, Vol. 34, No.2, pp.123–137.
R. Abramov, The multidimensional maximum entropy moment problem: a review on
numerical methods. Communications in Mathematical Sciences, 2010, Vol. 8, No. 2, pp.
377–392.
A. Saltelli, M. Andres, F. Campolongo, et al. Global Sensitivity Analysis: the Primer,
Chichester, John Wiley & Sons Ltd., 2008.
S.F. Song, L. Wang, Modied GMDH-NN algorithm and its application for global
sensitivity analysis. Journal of Computational Physics, 2017, Vol. 348, pp. 534–548.

2432

Marcos
On
The A.
Application
Valdebenito,
Of A
Ivan
Reduced
V. González
Order and
Model
Héctor
For Calculation
A. Jensen Of Second Order Statistics Of
Uncertain Linear Systems
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

ON THE APPLICATION OF A REDUCED ORDER MODEL FOR
CALCULATION OF SECOND ORDER STATISTICS OF UNCERTAIN
LINEAR SYSTEMS
Marcos A. Valdebenito¹,*, Iván V. González¹ and Héctor A. Jensen¹
1

Department of Civil Engineering, Santa Maria University, Casilla 110-V, Valparaiso, Chile,
{marcos.valdebenito,hector.jensen}@usm.cl

Key Words: Uncertain linear system, Second order statistics, Reduced order model, Control
variates.
The effects of uncertainty on the behaviour of engineering systems can be characterized
resorting to probability theory. In this way, the parameters of a numerical model representing
that system can be described, for example, in terms of random variables. Naturally, the
uncertainty associated with those parameters propagates to the system’s response. A simple
means for quantifying the uncertainty of that response is calculating its second order statistics,
that is, mean value and variance. Nonetheless, the calculation of such statistics is usually far
from trivial, as the system’s response may be the product of an involved model, for example, a
finite element model. In such cases, the only feasible approach for estimating the sought
statistics is resorting to Monte Carlo simulation (see, e.g. [1]), which can be quite demanding
from a numerical viewpoint, as it demands repeated system’s analyses for different realizations
of the uncertain parameters. In this scenario, this contribution investigates the application of a
type of reduced order model for approximating the response of uncertain linear systems with
reduced numerical efforts. The basis associated with the reduced model is generated based on
the results of a single analysis of the system plus a sensitivity analysis [2]. Then, Monte Carlo
simulation in conjunction with control variates [1] are applied in order to estimate the sought
statistics, such that a large number of simulations is carried out with the reduced order model
at negligible numerical costs while only a limited number of simulations is conducted with the
full order model [2]. A numerical example involving a seepage problem modelled within the
framework of stochastic finite element analysis illustrates the capabilities and advantages of the
proposed approach.

REFERENCES
[1] G. Fishman. Monte Carlo: concepts, algorithms and applications. Springer, 1996.
[2] I.V. González, M.A. Valdebenito, J.I. Correa and H.A. Jensen. Calculation of second order

statistics of uncertain linear systems applying reduced order models. Reliability
Engineering & System Safety, vol. 190, 106514, 2019.
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RELIABILITY-BASED DESIGN OF STRUCTURES UNDER
STOCHASTIC EXCITATION: A GLOBAL OPTIMIZATION SCHEME
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This paper presents a reliability-based global optimization approach for structural systems under stochastic excitation. The design problem is formulated in terms of the global minimization of a cost function
subject to general design requirements and design specifications characterized by means of reliability
measures. In particular, reliability measures given in terms of failure probabilities with respect to specific
failure criteria are considered in the present formulation. Moreover, it is assumed that the evaluation of
the cost function as well as the general design requirements is numerically inexpensive, while the evaluation of the reliability constraints is considerably more involved. The corresponding reliability problem,
associated with different designs, is expressed as a multidimensional probability integral involving a
large number of uncertain parameters [1, 2].
The reliability-based optimal design is set into the framework of a Bayesian model updating problem.
Within this framework, an auxiliary unconstrained optimization problem is defined in terms of the constraint functions of the original problem. Its solution, which is obtained by an approach based on the
transitional Markov chain Monte Carlo method [3], generates designs uniformly distributed over the feasible design space. The sample-based global optimum design and the corresponding cost function value
are obtained as the best solution among the generated feasible designs. Though the proposed approach is
quite general, a large number of reliability analyses is required for populating the feasible design space.
Consequently, the numerical demands may become excessive. To deal with this difficulty, an adaptive
surrogate model for approximating the system reliability is integrated into the proposed scheme. Numerical examples are presented to illustrate the applicability and feasibility of the proposed approach for
solving complex reliability-based design optimization problems.
REFERENCES
[1] G.I. Schuëller, H.J. Pradlwarter and P.S. Koutsourelakis. A critical appraisal of reliability estimation
procedures for high dimensions. Prob. Eng. Mechanics, 19(4):463–474, 2004.
[2] S.-K. Au and J.L. Beck. Estimation of small failure probabilities in high dimensions by subset
simulation. Prob. Eng. Mechanics, 16(4):263–277, 2001.
[3] J. Ching and Y.C. Chen. Transitional Markov chain Monte Carlo method for Bayesian updating,
model class selection, and model averaging. J. of Eng. Mechanics, 133:816–832, 2007.
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Surrogate models enable efficient propagation of uncertainties in computationally demanding
models of physical systems. We employ surrogate models that draw upon polynomial bases to
model the stochastic response of structural dynamics systems. In linear structural dynamics
problems, the system response can be described by the frequency response function. In [1] we
proposed a rational approximation that expresses the system frequency response as a rational
of two polynomials with complex coefficients. We showed that the proposed model is able to
capture accurately the highly nonlinear nature of the frequency response function, especially
for structures with low damping. To estimate the coefficients of the approximation, a nonintrusive regression approach that can be coupled easily with existing deterministic solvers was
introduced. This surrogate model employs the standard total degree truncation scheme in the
construction of both the numerator and denominator polynomials. This implies a factorial
increase of the number of coefficients of the two multivariate polynomials and, hence, a fast
increase of the number of deterministic solver evaluations with increasing input dimension. In
order to extend the applicability of the proposed surrogate model to higher dimensional
problems, we introduce a sparse learning approach that retains only the polynomial terms that
contribute significantly to the predictability of the surrogate. In particular, we employ a sparse
Bayesian learning approach with a hierarchical prior construction that follows the formalism of
the relevance vector machine approach in [2]. We demonstrate the applicability of the method
on different dynamic models and investigate the physical relations indicated by the significant
terms in the expansion.
REFERENCES
[1] F. Schneider, I. Papaioannou, M. Ehre and D. Straub, Polynomial chaos based rational

approximation in linear structural dynamics with parameter uncertainties. Submitted to
Computers & Structures, 2019.
[2] Tipping, M. E., Sparse Bayesian learning and the relevance vector machine. Journal of
Machine Learning Research, pp. 211-244, 2001.
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SPACE-VARIANT PROBLEMS MODELED BY RANDOM FIELDS
Chahrazed Amrane1 , Pierre Beaurepaire1 , Cécile Mattrand1 , Jean-Marc Bourinet1 and
Nicolas Gayton1
1

Université Clermont Auvergne, CNRS, SIGMA Clermont, Institut Pascal, F-63000
Clermont-Ferrand, France
{name.surname}@sigma-clermont.fr

Key Words: System reliability analysis, failure probability, Spatial random variability, AK-SYS
Reliability analysis aims at propagating input uncertainties within a system in order to evaluate its failure
probability. Such uncertainties may result from the inhomogeneity of its material properties, dimensions,
boundary conditions, etc. It is often of importance to consider the spatial randomness of such uncertainties, which can be modeled by means of random fields.
When random spatial variability is considered, the performance function is expressed in terms of the
spatial coordinates. Failure probability estimation involves an optimization (a minimization) of the performance function over the space variable to identify the critical location of the domain. In practice, the
design space is discretized into a reduced number of locations, but only the most critical ones are considered to estimate the failure probability. We can convert the problem (minimum over the discretized
design space) into a series system. Each failure mode corresponds to a performance function expressed
at each critical location. In order to reduce the number of calls to the physical model, the performance
functions are replaced by surrogate models. Consequently, surrogate-based system reliability methods
can be applied on such problems.
Based on the Active learning and Kriging-based SYStem reliability (AK-SYS) framework [1], the approach, here named AK-SYS-s, is proposed for such problems. Beside the fact that AK-SYS is easy to
implement, it gives more importance, during the active learning process, to failure domains that influence
more the system failure probability. Here, the surrogate models are updated at each iteration since every
call to the physical model provides simultaneously the output at each location. Moreover, the critical
locations are not selected beforehand since they are unknown. Based on an initial design of experiments,
only a very few critical locations are picked out. Then, they are updated during the learning process, if
necessary. The AK-SYS-s method is applied on two physical models : plate with 5 holes and settlement
of a foundation on an elastic soil mass. Material properties and/or boundary conditions of each example
are represented by random fields. The results show the efficiency of this method in determining the locations with high risk of failure. Moreover, when compared to the crude AK-MCS method, it is shown that
it is less computationally demanding with a more accurate estimation of the failure probability.
RÉFÉRENCES
[1] Fauriat, W. and Gayton, N. AK-SYS : An adaptation of the AK-MCS method for system reliability.
Reliability Engineering and System Safety. (2014) 123 :137-144.
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UNCERTAIN FRICTION INDUCED VIBRATION PROBLEMS:
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Friction induced vibration can be responsible for different noise emissions such as squeal of braking
systems. This phenomenon, fugitive by nature, is difficult to simulate and many works deal with the
development of new methods or enhanced finite element models. The solution adopted in [1] was to
introduce uncertainty associated to the parameters of the finite element models of a brake system as
well as variability of contact surfaces observed experimentally. It was shown that the predictions were
improved but the multi parametric strategy leads to a high number of evaluations, which can be time
consuming.
Alternative methods using surrogate modelling have been proposed to reduce the computational cost
whereas maintaining a good precision of the outputs variability. This approach has proven its efficiency
with a small number of uncertain parameters [2] in the case of Gaussian Processes. With the rise of
Deep Learning, surrogate models such as Neural Networks acquired a tremendous popularity. Indeed,
these structure-based methods allow to learn more and more complex relationships by adding a certain
amount of layers. A more recent surrogate model, namely Deep Gaussian Process, has been developped
following the same philosophy [3].
In this communication, we focus on the prediction capacities of the Gaussian Process, the Deep Neural
Network and the Deep Gaussian Process for a friction induced vibration problem. Numerical tests, with
a significant number of uncertain parameters, will emphasize some characteristical behaviors of these
statistical models with respect to their hyperparameters.
REFERENCES
[1] Tison, T., Heussaff A., Massa F., Turpin I. and Nunes R-F. Improvement in the predictivity of squeal
simulations: uncertainty and robustness.Journal of Sound and Vibration (2014) 333:3394–3412.
[2] Denimal, E., Nechak L., Sinou J-J. and Nacivet S. Kriging Surrogate Models for Predicting the
Complex Eigenvalues of Mechanical Systems Subjected to Friction-Induced Vibration.Shock and
Vibration (2016) 216.
[3] Salimbeni, H. and Deisenroth M. Doubly Stochastic Variational Inference for Deep Gaussian Processes.Shock and Vibration (2016) 216.
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ABSTRACT
Many studies have been carried out on the stochastic/probabilistic computational method
using finite element method (FEM) or discrete element method (DEM) for solid mechanics
simulation. However, the uncertainty quantification or uncertainty propagation in the
nonlinear problems should be discussed furthermore. This MS would like to welcome the
research works on not only the fundamental numerical scheme for stochastic/probabilistic
simulation but also the uncertainty modelling in practical applications.
One of the applications is the biomechanics including the inter-individual differences. Also,
many uncertainties due to the lack of measured data exist in the biomechanics simulation.
Another application is the advanced engineering materials such as the fibre reinforced
composite materials or porous materials. The variability or uncertainty due to the fabrication
process can be seen also, for instance, in the additive manufacturing or 3D printing. Any type
of material and manufacturing process is welcome to this MS related to the uncertainty
modelling and stochastic prediction. If 3D printed product is for patient-specific medical
implant, the variability becomes a critical problem for its quality assurance.
Finally, the topic is not limited to the mechanical engineering or biomedical engineering
simulation, and other research work in the civil engineering field is also welcome.
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In order to predict the mechanical behaviour of heterogeneous fibrous composite materials
considering both physical and geometrical parameters to express the complicated morphology
at microscale, the authors have developed the first-order perturbation-based stochastic
homogenization (FPSH) method [1, 2]. Numerical verification by comparison with a Monte
Carlo simulation using 10,000 samples was performed [1]. The computational scheme to solve
nonlinear behaviour considering damage propagation was presented in [2].
Using the previously proposed FPSH method, the influence of the morphology of short fibre
reinforced composites on the damage propagation was investigated. For the parameterization
of geometrical uncertainties, the fibre orientation and fibre arrangement were considered,
whereas the fibre length distribution was assigned in a deterministic way in the first example.
Many possible damage patterns were predicted due to the variability of calculated microscopic
strain distribution. The contribution of the uncertainties in physical parameters and the above
two geometrical parameters was discussed. In the linear elastic analysis, the homogenized
properties were mainly affected by the uncertainty in physical parameter. In the nonlinear
behaviour, however, the fibre arrangement was most influential, although it has not yet been
parameterized.
Therefore, new idea of the parameterization with respect to the fibre arrangement was
considered in conjunction with the fibre length distribution. Using also the permeability
analysis that considers the fibre arrangement, a cost-effective prediction method for the damage
occurrence in large-scale numerical model was proposed in this study.
REFERENCES
[1] P. Wen, N. Takano and S. Akimoto, General formulation of the first-order perturbation-

based stochastic homogenization method using many random physical parameters for
multi-phase composite materials. Acta Mech., Vol. 229, pp.21332147, 2018.
[2] T. D. Hoang and N. Takano, First-order perturbation-based stochastic homogenization
method applied to microscopic damage prediction for composite materials, Acta Mech.,
Vol. 230, pp.10611076, 2019.
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Recently, resin transfer molding (RTM) method draws attention as a manufacturing method for
composites because it can be low-cost compared to other molding methods which need prepregs.
In the RTM, resin materials are impregnated through reinforcements consisting of fibers. Thus,
analysis of the permeability of composites (reinforcements) is a key technology to improve the
efficiency and accuracy of the RTM.
For such analysis, the mathematical homogenization method is one of the most useful methods
because the method can analyze macroscopic and microscopic properties of heterogeneous
materials. In fact, the method has been applied to the permeability analysis of woven composites,
showing its validity [1]. However, previous studies did not explicitly consider microscopic
structures consisting of fibers and a resin in fiber bundles.
In this study, a three-scale homogenization method for resin permeability analysis of woven
composites is developed. To this end, the mathematical homogenization method is applied to
resin flow in both the weaving structures of fiber bundles and the fibers in fiber bundles,
deriving macroscopic resin permeability. Using the present method, resin permeability of a
plain-woven glass fiber-reinforced plastic (GFRP) is analzed. In addition, effects of laminate
misalignment [2] of plain fabrics on the resin permeability of plain-woven GFRP are also
investigated.
This presentation is based on results obtained from a project (P16010) commissioned by the
New Energy and Industrial Technology Development Organization of Japan (NEDO).
REFERENCES
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[2] G. Kubo and T. Matsuda, Effects of Laminate Misalignment on Macroscopic Strength and
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Though a process called osseointegration, a compact bone tissue is formed around the dental
implant during healing after the surgery. Although this process is known for almost 40 years,
the exact mechanical behavior of the newly grown bone around the implant remains badly
understood. Microscopic observations have highlighted the presence of osteons at the
interface with the implant. Osteons are cylindrical structures composed of soft collagen
proteins and rigid mineralized collagen protein. As those osteons constitute bone tissue, the
structure of the bone is anisotropic. An analysis of the microscopic strain in a region of
interest including an osteon helps us to better understand the behavior of this kind of
microarchitecture. More precisely, the evolution of strain level and strain direction in the
region of the osteon under variable loading such as chewing are determined by finite element
method in this study.
A python code and the software VOXELCON (Quint Corp, Tokyo, Japan) are used to obtain
a 3D macroscopic model of the jawbone from Micro-CT images and a 3D microscopic model
from Second Harmonic Generation (SHG) images. The resolution of the Micro-CT images is
90×90×50 𝜇𝜇𝑚𝑚 and the resolution of the SHG images is 0.83×0.83×20 𝜇𝜇𝑚𝑚. In order to reduce
the scale ratio between two successive models, a mesoscopic model is also created from
Micro-CT images. Here, misalignment between Micro-CT and SHG images can lead to
errors, which is considered as one of the uncertainty factors.
A zooming method is used to obtain microscopic strain from macroscopic loading. A load is
applied on the top of the implant in the macroscopic model. The displacement results of the
macroscopic model are interpolated and used as boundary conditions for the mesoscopic
model. Similarly, the displacement results of the mesoscopic model are interpolated and used
as boundary conditions for the microscopic model. As the model is linear elastic, only three
cases of loading for each implant enable us to obtain results of any loading condition. The
cartography of main principal strain obtained over a wide scattering of loading directions
indicates if any strain direction is privileged or not.
The results tend to indicate than the strain level was higher in collagen-rich region and lower
in the fibrous regions. Depending on the position of the region of interest, a connection
between fiber orientation and loading direction was sometimes observed.
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Selective laser melting (SLM) is an additive manufacturing technique which fabricates 3D
objects layer-by-layer by selectively melting powder with laser, and many applications are
possible especially in medical and aerospace arears. However, geometry of final products
highly depends on production process, especially on orientation of parts in powder bed relative
to the build direction. The geometrical imperfection results in a wide variety of mechanical
properties. Thus, the prediction of mechanical properties is an important task in order to assure
the quality of additively manufactured products. In fact, geometrical imperfection of additively
manufactured lattice structure has already been discussed, and stochastic prediction of
compressive strength was proposed [1,2].
In this work, additively manufactured open-hole tensile (OHT) specimen of nylon, PA2200,
with geometrical imperfection dependent on the building direction was investigated using finite
element method (FEM) for the purpose of stress analysis. By measuring the specimens, it was
found that the length of shortest ligament linearly depends on sine of building direction due to
the distorted shape of circular hole. In fact, observed correlation coefficient was 0.989. The
maximum load in static tensile test of OHT was also a linear function of minimum cross section,
which is product of minimum ligament and thickness. Its correction coefficient was extremely
high and 0.985. The mechanical properties of additively manufactured PA2200 were obtained
by tensile test of non-hole tensile (NHT) specimen. Based on the above measured data, this
study performed a finite element simulation to distinguish the mechanical responses of OHT
specimens of different building directions.
REFERENCES
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Metal additive manufacturing technology is supposed to be promising as an alternative to
many other conventional manufacturing processes for engineering applications in, for instance,
automobile, aeroplane well as for biomedical applications. In this study, the target product is
the dental prosthesis or partial denture made by titanium alloy, Ti-6Al-4V. For its clinical
application, the quality assurance is important for both manufacturer and dentists. Therefore,
the variability in the mechanical properties of the additively manufactured metal product [1,2]
should be evaluated carefully. The stochastic finite element analysis may become a useful tool
as the virtual test of the additively manufactured product without experimental test.
From the viewpoint of computational mechanics where the governing equation is solved
numerically, the finite element modelling and analysis includes uncertainties in physical
parameters, geometrical parameters and boundary conditions. In the author’s previous studies
on the lattice structure, the first-order perturbation based stochastic homogenization method
[3] was used, but its applications were limited to the linear analyses. For the elasto-plastic
analysis, this study employed bounds model for the physical parameters. They were obtained
by a static tensile test of a dumbbell type specimen. In the previous studies [1,2], the influence
of the geometrical imperfection on the mechanical properties of the product was found to be
dominant. In this study, micro-CT image-based model was used to consider the geometrical
imperfection. Also by assuming the initial defect, not only the statistic analysis but also
stochastic prediction of fatigue life with logarithmic scale variability was performed.

REFERENCES
[1] N. Takano, H. Takizawa, P. Wen, K. Odaka, S. Matsunaga and S. Abe, Stochastic

prediction of apparent compressive stiffness of selective laser sintered lattice structure
with geometrical imperfection and uncertainty in material property, Int. J. Mech. Sci., Vol.
134, pp. 347-356, 2017.
[2] N. Takano, H. Takizawa, K. Ito, K. Odaka, S. Matsunaga and S. Abe, Study on
compressive property of aluminum alloy lattice structure additively manufactured by 3D
printing technology, J. Soc.Mater. Sci., Japan, Vol. 68, pp. 351-357, 2019 (in Japanese).
[3] T.-D. Hoang and N. Takano, First-order perturbation-based stochastic homogenization
method applied to microscopic damage prediction for composite materials, Acta Mech.,
Vol. 230, pp.1061-1076, 2019.

2446

Surrogate-Based
Shuji
Moriguchi, Sensitivity
Hiroki Okuyama
Analysis
and
forKenjiro
Granular
Terada
Flow Simulations Using Dem
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Surrogate-based sensitivity analysis for granular flow simulations using DEM
Shuji Morguchi¹, Hiroki Okuyama² and Kenjiro Terada³
1

International Research Institute of Disaster Science, Tohoku University,
Aramaki Aza-Aoba 468-1, Aoba-ku, Sendai, JAPAN, s_mori@irides.tohoku.ac.jp
2
Department of Civil and Environmental Engineering, Tohoku University,
Aramaki Aza-Aoba 468-1, Aoba-ku, Sendai, JAPAN, hiroki.okuyama.p7@dc.tohoku.ac.jp
3
International Research Institute of Disaster Science, Tohoku University,
Aramaki Aza-Aoba 468-1, Aoba-ku, Sendai, JAPAN, tei@irides.tohoku.ac.jp

Key Words: Granular flow, DEM, Sensitivity analysis, Surrogate model

This study presents an effective sensitivity analysis of granular flow simulations using
Discrete Element Method (DEM) [1,2]. A series of granular flow simulation are performed
under the different combination of the input parameters, such as the spring coefficient, the
damping coefficient, the restitution coefficient, and the friction coefficient. Some indexes
related to the traveling distance are defined, and surrogate models of the indexes are obtained
from the simulated results. In other words, input parameters are mathematically associated
with the flow behaviour. Because the surrogate models are expressed as simple mathematical
functions, those computational cost is quite smaller than that of DEM simulation. One of the
important issues for building the surrogate model is parameter sampling. When effects of
multiple input parameters are investigated, required number of simulation cases should be
large. To overcome this problem, we employed Latin Hypercube Sampling (LHS) [3] and
Radial Basis Function (RBF) interpolation technique. The Monte Carlo Simulation (MCS) is
then carried out with quantified density distributions of input parameters. Finally, based on
the results obtained in MCS, the contribution rate of each input parameter is quantified by
checking the standard deviation of outputted distributions. According to the obtained results,
the basal friction angle is the most important parameter for traveling distance of main
sedimented part. Furthermore, the results indicate both the basal friction and the restitution
coefficient has high contribution rate for the traveling distance of the front part.

REFERENCES
[1] Cundall, P. A., A computer model for simulating progressive, large scale movement in

blocky rock systems, Proceedings of ISRM Symposium, 11-18, 1971.

[2] Cundall P. A., Strack O. D. L., A discrete numerical model for granular assemblies,

Geotechnique, 29, 47–65, 1979.

[3] McKay M. D., Beckman R. J., Conover W. J., Comparison of three methods for selecting

values of input variables in the analysis of output from a computer code, Technometrics
21, 239–245, 1979.
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Carbon fiber-reinforced plastic (CFRP) laminates are highly heterogeneous materials consisting
of carbon fibers and a polymer matrix. Thus, microscopic stress and strain concentrations can
occur in them especially around fiber/matrix interfaces and interlaminar areas. Such stress and
strain concentrations may bring about failure of laminates, for example matrix cracking and
delamination. It is therefore of great importance to analyze not only macroscopic but also
microscopic behaviors of them simultaneously.
In the previous studies, damage propagation analyses of UD laminates and crossply laminates
using unit cells were carried out by the finite element method or homogenization theory [1]. On
the other hand, in other studies, damage propagation analysis is carried out by using constitutive
equations. In these studies, however, there were some problems. First, since damage is not a
periodic phenomenon, it was difficult to reproduce the actual damage by unit cell analysis.
Second, in the constitutive equations, non-uniformity of fiber and matrix could not be
considered. For these reasons, it is necessary to develop a damage propagation analysis method
that combines micro and macro.
For such multiscale analysis, the two-scale analysis method [2] based on a homogenization
theory is one of the most useful methods. Using the two-scale analysis method, we can
accurately analyze the macroscopic and microscopic behavior of CFRP laminates at the same
time. However, our reserch group has not been able to apply this method to damage analysis.
In this study, we develop a multiscale analysis method for damage propagation of quasiisotropic laminates using a homogenization theory. The criterion for fracture of fibers and a
matrix material is then introduced into the theory, and we express their damages according to
damage modes determined by stress state.
REFERENCES
[1] T. Matsuda, D. Okumura, N. Ohno, M. Kawai, Three-dimensional microscopic interlaminar
analysis of cross-ply laminates based on a homogenization theory, Int. J. Solids Struct. 44 (2007)
8274-8284.
[2] T. Matsuda, J. Toyomura, T. Ogaki and M. Arai, Two-scale analysis of thermal behavior

of CFRP laminates based on a thermoelastoviscoplastic homogenization theory, Key
Engineering Materials, Vol. 725 (2016), pp. 433-438.
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Currently, uncertainty quantification takes a considered part in the research activities in
mechanical modeling and in several fields of applied science. Mechanical model predictions
are based on the knowledge of the mechanical parameters and materials properties, the applied
loads, and the initial and boundary conditions. Nevertheless, this knowledge remains imperfect
because it is affected by uncertainties. Uncertainty quantification aims to study the influence of
the uncertain parameters of the prediction models on structural performance.
A common framework for modeling uncertain parameters is within probabilistic approaches,
leading to a probabilistic characterization of the structural response. Alternatives include nonprobabilistic approaches or interval methods.
Structural design optimization is frequently applied for effective design cost reduction of
engineering systems. Maintenance optimization aims at finding the best inspection/repair action
policies to maximize the investment and minimize the expected total cost. Both of these
decision-making tools seek increasingly to consider uncertainties in structural performance.
The goal of this mini-symposium is to provide an opportunity for researchers to present recent
work and exchange ideas on new methods for maintenance optimization and structural design
optimization under uncertainty, as well as the use of metamodels to reduce the associated
computational costs. A round table will close this mini-symposium with the different
participants. We welcome contributions on the following topics:
Reliability based design.
Design structural optimization.
Bio-inspired structural optimization.
Maintenance optimization.
Prognosis and structural health monitoring.
Uncertainty quantification, probabilistic modelling and analysis.
Risk based design and maintenance optimization.
Risk-informed decision making.
Robust and performance-based optimization under uncertainty.
Non-probabilistic approaches-based design and maintenance optimization.
Surrogate models for uncertainty quantification and robust design optimization.
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The random nature of the wind actions could cause unexpected fatigue damage and thus reduce the wind
turbine’s operating lifetime. With the increasing size of wind turbine tower, the fatigue damage induced
by the vibrations and cyclic loads becomes more and more crucial. Therefore, a reliable mechanical
design is essential for high-raise wind turbines to ensure their operating lifetime.
The deterministic assessment of the fatigue damage cannot identify the probability distribution of the
fatigue damage. In this work, a probabilistic approach for assessing the probability distribution of the
fatigue damage in wind turbine tower is proposed. The normal turbulence model deﬁned in IEC standard
is applied to generate the random wind condition.

(a) Measured wind rose plot in Caen
(France) during 1 year.

(b) Prediction of cumulative fatigue damage for a designed lifetime of 25 years.

The probabilistic approach is based on Monte Carlo simulations, which is performed for each mean
wind speed varying from the cut-in to cut-out speed and by considering the variance of wind turbulence.
The aeroelastic simulation FAST codes is carried out to get the load-time histories used to estimate the
cumulative fatigue damage. The Kolmogorov-Smirnov (KS) test achieves the best-ﬁtting distribution
of the fatigue damage. The probabilistic approach developed in this work gives a way to assess the
cumulative fatigue damage on the circumference of the cross-section of the wind turbine tower.
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Aeroelastic optimisation of wing structures using composite materials has become a great matter of
interest in aeronautics due to their high strength-to-weight and stiffness-to-weight ratio. The scope of
the present research is to investigate the properties of these materials for composite laminates in order to
achieve an optimal and robust aeroelastic behaviour in the presence of inherent uncertainties due to the
manufacturing process. However, the presence of discontinuities in the response surface of flutter critical
speed, caused by a mode switch, can result in a drastic change in the value of the optimal deterministic
flutter velocity (fig. 1a).
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Figure 1: (a) Distribution of the critical flutter velocity due to uncertainty in thicknesses and orientation angles
of a 16-layer laminated rectangular plate. (b) Histograms of the flutter margin computed using LHS and GPR
surrogate.

The objective of this work is to develop an optimisation study while taking into account uncertainties over
the constitutive parameters of the composite laminate. As a first step, an approximation of the aeroelastic
solver has been generated using multiple surrogate models such as Gaussian Process Regression (GPR)
or Arbitrary Polynomial Chaos (aPC) in order to reduce the computational cost (fig. 1b). The stochastic
response of the aeroelastic system is then used as an input of the optimisation algorithm. This step can
also be a source of error, hence different algorithms can be employed and compared in order to obtain
the most reliable result..
REFERENCES
[1] C.T. Nitschke, A. Vincenti, J-C Chassaing, Influence of stochastic perturbations of composite laminate layups on the
aeroelastic flutter of a cantilevered plate wing, Composite Structures, Volume 220, Pages 809-826, 15 July 2019
[2] C. Scarth, J.E. Cooper. ”Reliability-based aeroelastic design of composite plate wings using a stability margin.” Structural
and Multidisciplinary Optimization 57.4 (2018): 1695-1709.
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Structural optimization over the past decades matured from an academic theoretical field, to an
important tool in the design procedure in various engineering disciplines. Some commercial
software applications provide some suites with optimization solutions, but they are focused
mostly in the aeronautics, automotive and aerospace industry. High Performance Optimization
Computing Platform (HP-OCP) is a software developed by the ISAAR-NTUA and provides a
holistic optimization approach for civil engineering structures. More precisely, HP-OCP is a
computational suite that has the ability to integrate with several structural analysis and design
software and provide optimization solutions. Structural optimization is mainly divided in three
groups, sizing (or parametric), shape and topology optimization. All of them are integrated in
HP-OCP and the appropriate algorithms are provided in each category. Considering size and
shape optimization, the parametric optimization module is developed, in which the design
variables of the mathematical formulation can be the dimension of the section properties, the
quality of the material, the coordinates of the nodes etc. In this module plenty of derivativebased and derivative-free algorithms are provided like the Projected Quasi-Newton,
Constrained Optimization by Linear Approximation, Latin Hypercube Sampling etc. [1].
Considering the topology optimization module [2], the SIMP method is applied and the
mathematical algorithms that are implemented are the Optimality Criteria and Method of
Moving Asymptotes. HP-OCP was developed in C# programming language, making it a
powerful suite that can be integrated with any commercial software that provide Application
Programming Interface, batch analysis via XML files or any other type of data exchange format.
In the current work the integration of HP-OCP with the SAP2000, ETABS and SCIA
Engineering software is presented. Several examples considering parametric and topology
optimization problems are examined. Remarkable cost reduction is succeeded in real-world
structures, validating in this way the usefulness of HP-OCP not only in the research field but
also in applied civil engineering problems.
ACKNOWLEDGEMENT
This research has been co‐financed by the European Union and Greek national funds through
the Operational Program Competitiveness, Entrepreneurship and Innovation, under the call
RESEARCH – CREATE – INNOVATE (project code: T1EDK-05603-"HP-OCP" - Holistic,
High Performance Optimization Computing Platform»
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Robust design optimization is the main framework for the design of systems when
uncertainties, which are explicitly accounted for, affect the objective function. In this talk, we
consider multi-objective robust optimization where multiple goals are considered
simultaneously. There are various methods to account for robustness in design optimization.
Here we consider the response quantiles as a robustness measure. Such a measure is
convenient as it summarizes both the optimality and robustness of a given solution. The
degree of robustness can be controlled by the quantile level, i.e. the more extreme the
quantile, the more emphasis is put on robustness. This framework makes use of crude Monte
Carlo sampling to propagate uncertainties and to compute quantiles for each design
throughout the optimization. Furthermore, common random numbers are used. This allows
the problem to be solved by any standard optimization algorithm. In this work, we consider
NSGA-II, a state-of-the-art evolutionary multi-objective solver.
Surrogate modelling is further introduced in the framework to reduce the computational
burden as computing quantiles through Monte Carlo simulation is time-consuming, especially
when an expensive-to-evaluate computational model is used to evaluate the objective
function. Moreover, we consider problems where the design parameters can be categorical.
We therefore investigate the use of Kriging with special kernels designed for mixed
categorical-continuous problems.
The proposed approach is first validated on a simple mathematical toy problem. The approach
is then applied on a building renovation problem where the aim is to identify the renovation
scenario that minimizes the energy consumption and the economical cost of renovation
throughout the life cycle of the building.
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This research presents design optimization to improve steel structures serviceability in domino
accidents when structural debris resulted after explosions usually introduce a dangerous
potential hazard.
The vulnerability of structures facing explosions came to the front line of the scientific scene
in the last decades. Deterministic models are not sufficient for the reliability analysis of
structures impacted by debris. Uncertainty of the environmental conditions and material
properties have to be taken into account.
Bernoulli beam model is used as a structural model for the case simplicity. Special attention is
given to the stochastic nature of the debris, its material, mass, and velocity. The different
formulations for impact are studied to simulate the wide range of possible types of debris.
Uncertainty analysis is studied first. The influence of input parameters on structural behavior,
that are the impact force, duration and position, as well as beam material are considered.
Parameters optimization for the cases of one, two and three debris are then conducted. In the
present study, an elastic limit is chosen for the optimization as a serviceability limit state. Being
too conservative for a design of most pipelines due to the capacities of the elastic-plastic range,
it can be reasonable for the dangerous sites where a Domino effect is highly possible.
The obtained insights can provide the guidelines for the structure optimization under the
explosive loading taking into account the uncertainties.
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Generally, protection structures (i.e. nets, fences, embankments) are constructed to prevent
rockfalls on the roadside. This reduces the risk of economic loss and human loss that falling
rocks cause. This study proposes a novel method for designing a set of rockfall protection
structures along a road. In the proposed approach, a risk assessment begins with a series of
rockfall trajectory simulation. The analytical model used in this study is an extended version
of a lumped-mass model [1]. The simulated results are then analyzed to quantify the rockfall
risk in consideration of capacity of a protection structure. The risk is converted into economic
losses calculated as a product of rockfall hazard, exposure, and vulnerability. Based on the
quantified risk, an optimization problem is formulated in terms of positions and types of
protection structures. The objective function is the total risk on the road, and the budget for
construction is defined as a constraint. Eventually, solving the problem brings us the optimal
combination of positions and types of protection structures that minimize the total risk under
the given budget.
In order to check the performance of the proposed method, we apply it to a case study of an
actual road. Protection structures are chosen from three types with different allowable rockfall
energy and construction costs. The simulation is performed on the terrain surface model
created from the digital elevation data with 1m spatial resolution, and the risk quantification
contains four scenarios with different block sizes and onset frequencies considering the
uncertainty of rockfall events. The uncertainty of block size is represented by a statistical
distribution model of rockfall volumes in terrains [2]. The obtained results indicate that the
proposed method obtains an optimal allocation of protection structures on the road, and it
flexibly responds to the budget changes.
REFERENCES
[1] T. Ushiro, S. Shinohara, K. Tanida and N. Yagi, A study on the motion of rockfalls on

slopes, In 5th Symposium on Impact Problems in Civil Engineering, pp. 91−96, 2000.
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Nowadays, offshore wind turbine energy is considered as one of the most promising among renewable
energies. To increase the power production, the wind tower and foundation become bigger and require
more investment cost, where the wind turbine foundation cost represents a high part of construction and
installation costs. Computer-aided simulation models are widely used to predict structural behaviors
(displacements, accelerations, stress, fatigue, buckling, etc.). However, these structures are subjected
to extreme, fluctuating and aggressive environments (wave, current, high wind speed, etc.) leading to
random responses.
Several research works have been done to study offshore wind turbine foundations like jacket and
monopile. Several parameters are involved in the simulation models of the wind turbine jacket: geometry, material, and geotechnical parameters, soil conditions, loading due to environmental actions (wind,
wave, current, etc.). Uncertainty propagation and reliability assessment of the wind turbine jacket are
important research fields. Because multi-physics simulation models (aerodynamics, fluid-structure interaction, corrosion degradation, etc.) are involved, that makes the reliability analysis difficult. However,
the reliability assessment of the offshore wind turbine foundation is always of interest.
Many researches are related to the reliability analysis of the foundation. But there are always some limitations in these related papers. For example, only the uncertainty of wind, wave and current loads is considered. Or only the uncertainty of geotechnical parameters is included. But the corrosion degradation
can be found in few works and that is always be considered separately. In this work, the structural reliability of the wind turbine jacket used in the Code Comparison Collaboration Continuation (OC4) project
is studied, where the corrosion degradation combined with the uncertainty of the loads and geotechnical
parameters are considered. The corrosion degradation is considered uniform in different parts of the
jacket. The wind and wave actions, material properties and the geotechnical parameters are considered
as random variables. The time-dependent reliability analysis is performed by using Phi2 method and
validated by Monte Carlo simulations.
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ABSTRACT
In computational mathematics and physics codes, verification and validation of the implementation and
suitability of the governing equations are necessary to develop confidence in the credibility of the simulations. Verification assesses the accuracy of the numerical solutions the code produces, relative to the
assumptions and expectations associated with the numerical methods.
Verification can be divided into code verification and solution verification. Code verification focuses
on the correctness of the numerical-method implementation in the code (numerical-error evaluation),
whereas solution verification focuses on numerical-error estimation for simulations that do not have an
exact solution available. Spatial and temporal discretization are often the primary focus of code verification and are typically checked using manufactured and/or exact solutions and grid/time-refinement
studies. On the other hand, grid/time-refinement studies are not the only techniques proposed in the literature to address error estimation. However, most (if not all) of the proposed techniques require data in the
so-called ‘asymptotic range’. Such a requirement makes solution verification troublesome in practical
calculations.
Topics of interest include manufactured solutions, exact solutions, and other code-verification techniques,
as well as error-estimation (solution-verification) techniques, for computational mechanics and applied
mathematics codes.
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The study of hypersonic flows and their underlying aerothermochemical reactions is particularly important in the design and analysis of vehicles exiting and reentering Earth’s atmosphere. Computational
physics codes can be employed to simulate these phenomena; however, code verification of these codes is
necessary to certify their credibility. To date, few approaches have been presented for verifying codes that
simulate hypersonic flows, especially flows reacting in thermochemical nonequilibrium. In this paper,
we present our code-verification techniques for hypersonic reacting flows in thermochemical nonequilibrium, as well as their deployment in the Sandia Parallel Aerodynamics and Reentry Code (SPARC).
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Instituto Superior Técnico - Universidade de Lisboa, Av. Rovisco Pais 1, 1049-001, Lisbon, Portugal,
luis.eca@tecnico.ulisboa.pt
4
Maritime Research Institute Netherlands, P.O.Box 28, 6700AA Wageningen, The Netherlands,
c.klaij@marin.nl
Key Words: Compressible Flow, Numerical Errors, Iterative and Grid Convergence
Although considering the ﬂuid to be incompressible is a common and valid approximation in most
hydrodynamic simulations, certain phenomena, like sloshing, slamming or cavitation are affected by
ﬂuid compressibility. The goal of the present development is to equip maritime CFD code ReFRESCO
(www.refresco.org) with ﬂuid compressibility modeling capability.
Mass, momentum and energy balance (Navier-Stokes equations) for a compressible ﬂuid are solved
with a pressure-based approach. The SIMPLE algorithm is used to enforce mass conservation and the
pressure-velocity-density coupling described in [1] and [2] is used for the derivation of the pressure
correction equation. Density is determined from the equation of state for an ideal gas.
The present work makes use of three ﬂow regimes (subsonic, transonic and supersonic) in a channel
with a arc circular bump to test the ﬂow solver. Grid reﬁnement studies are performed to determine the
observed order of grid reﬁnement for different quantities and different convective discretization schemes.
The paper also illustrates the iterative convergence rate obtained with the pressure based approach.
REFERENCES
[1] Ferziger, J.H. and Milovan, P. Computational Methods for Fluid Dynamics. Springer, (2001).
[2] Muralha, J. and Eça, L. and Klaij, C. Application of the SIMPLE Algorithm to a Manufactured
Subsonic Flow Numerical Towing Tank Symposium (2018)
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Solution methods for systems of ordinary differential equations with variable step size base their choice
for the step size on (an estimate of) the local truncation error [1]. Significant savings in computational
effort are thus obtained as the step size is only refined where needed, see Fig. 1.
Here, the family of n-step Backward Differentiation Formula’s (BDFn) is considered because of their favorable stability properties and ability to treat stiff equations. Although
these methods are well-described in the textbooks by Hairer,
Nørsett and Wanner [1, 2], the information is scattered over
hundreds of pages, with methods written in general form for
arbitrary order of accuracy, using sums and products with recursively defined terms. Besides, the step size selection procedure is mainly described for Adams methods, not for BDF
methods. Therefore, we first gather the information that is
needed for a variable step size BDF2 method and present it
in a way that is directly suitable for implementation in an
existing code.
The relation between the (estimated) local truncation error
and the global error, however, is not always trivial. So the Figure 1: Trajectory of the ‘Brusselator’ exfact that a certain tolerance is met for the (estimated) local ample from [1], using a variable step size
truncation error does not exempt us from solution verifica- BDF2 method. Notice the larger step size at
the straight sections and the smaller step size
tion. Therefore, our second step is to verify the implemenat the bends.
tation using a manufactured solution, with special attention
to the relation between the tolerance for the local truncation
error and its effect on the global error. As a final step, we explore the use of the variable step size BDF2
method for time-integration of the Navier-Stokes equations in the CFD package ReFRESCO.
REFERENCES
[1] Hairer, Nørsett and Wanner, Solving ordinary differential equations I. Nonstiff problems, SpringerVerlag, 1993.
[2] Hairer and G. Wanner, Solving ordinary differential equations II. Stiff and differential-algebraic
problems, Springer-Verlag, 1996.
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ABSTRACT
In order to meet the requirements of tomorrow’s world, engineers and architects must design extremely
efficient structures. Making engineering structures adaptive is a promising approach to reach that target.
The load carrying efficiency of structures can be increased noticeably by the employment of sensors,
actuators and control units. Hence, the active manipulation of the static and dynamic structural response
(i.e. forces, deformations and vibrations) enables to reduce the mass of engineering structures dramatically and to increase their performance. Additionally the adjustment to changing requirements occurring
during lifetime of a building, like deployable and retractable structures, with significant changes between
the configurations is another application of adaptive structures.
This mini-symposium focuses on the adaptivity of structures in civil engineering and on load carrying
structures in general. It is devoted to new approaches in the computational design, analysis and optimization of such structures including (but not limited to):
• modelling and simulation

• form finding and optimization

• optimal strategies for sensor and actuator placement
• active and passive control strategies

• criteria for the evaluation of adaptive engineering structures
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The degree of statical indeterminacy is a fundamental property in structural mechanics of discrete truss
and beam structures exploitable in analysis and design. While further specifications like e.g. subdivision
into an internal and external part or determination w.r.t. special load directions are well-established, the
property is today mainly understood as an integral property of an entire structure (or entire substructures)
without quantified information about its distribution in space and w.r.t. load-carrying types.
The redundancy matrix, introduced in [1] and extended in [2], provides information about the distribution
of statical indeterminacy in discrete truss and beam structures. This gives an additional valuable insight
into the load-carrying behaviour, [2, 3]. In [2] also the redundancy distribution for one-dimensional
continua is introduced and computed analogously to the redundancy matrix in discrete truss structures.
The presented work contributes to the underlying theory of redundancy in continuous structures, focusing
on statically determinate structural theories, i.e. rod theory, Euler-Bernoulli beam theory, Timoshenko
beam theory and membrane theory of axisymmetric Kirchhoff-Love shells. Theoretical background of
redundancy in continuous structures and a corresponding mathematical framework, particularly relation
to Green’s functions, are explored. Properties of the redundancy-describing quantities in discrete and
continuous structures, respectively, are studied comparatively. Furthermore, redundancy distributions
and properties for exemplary continuous structures of the above-mentioned types will be presented and
discussed w.r.t. application in the design of adaptive structures.
The extension to structural theories that are statically indeterminate are further challenges that could lead
to a deeper insight into the structural theories itself as well as into the concepts of statical indeterminacy
and structural redundancy. Potential applications are manifold including robust design of structures,
quantification of imperfection sensitivity, evaluation of adaptability, assessment of actuator placement as
well as optimized control in adaptive structures.
REFERENCES
[1] Bahndorf, J.: Zur Systematisierung der Seilnetzberechnung und zur Optimierung von Seilnetzen.
Doctoral Thesis, Universität Stuttgart, Stuttgart, 1991.
[2] von Scheven, M., Ramm, E. and Bischoff, M.: Quantification of the Redundancy Distribution in
Truss and Beam Structures. International Journal of Solids and Structures, under review, 2020.
[3] Wagner, J.L., Gade, J., Heidingsfeld, M., Geiger, F., von Scheven, M., Bööhm, M., Bischoff, M.
and Sawodny, O.: On steady-state disturbance compensability for actuator placement in adaptive
structures. at – Automatisierungstechnik (2018) 66:591–603.
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Morphing wings promise the increase of the aerodynamic efficiency of future aircraft. A challenging task is to find structures that enable the active deformation of an airfoil leading to an
increased aerodynamic efficiency and being lightweight at the same time. At the Institute of
Aerospace Engineering of the Technische Universität Dresden an optimization method has been
developed allowing the design and optimization of adaptive structures for morphing wing sections without the need to predefine the structural layout or the target airfoil shape [1]. For this
task, choosing an efficient topology parameterization method is a crucial point. The current
work addresses this task by comparing different parameterization methods.
When choosing a parameterization approach for the adaptive structure, emphasis has to be put
on selecting methods that offer a broad description of different layouts in order to obtain an
extensive design space. A contrary demand requests a small number of design variables to facilitate an efficient optimization. Three different parameterization methods are compared for
their applicability of describing adaptive structures, namely Lindenmayer cellular systems [2],
Voronoi diagrams [3] and the bijective graph representation [4].
It is shown that the investigated parameterization methods are suitable for optimizing the active
internal structure of a morphing wing section. Furthermore, similar results can be obtained using different parameterization methods. This research was funded by the German Federal Ministry for Economic Affairs and Energy under grant number 20E1509B. The responsibility for
the content is with its authors. The financial support is gratefully acknowledged.
REFERENCES
[1] F. Dexl and A. Hauffe and K. Wolf, Multi-objective optimization of a morphing aerofoil's

active internal structure. ECCM 6 – ECCM 7, Glasgow, UK, 2018.
[2] H.-T.C. Pedro and M.H. Kobayashi, On a cellular division method for topology optimization. Int. J. Numer. Meth. Engng., Vol. 88, pp. 11751197, 2011.
[3] G. Molinari and A.F. Arrieta and P. Ermanni, Aero-structural optimization of three-dimensional adaptive wings with embedded smart actuators. AIAA J., Vol. 52, pp. 19401951,
2014.
[4] V. Parque and M. Kobayashi and M. Higashi, Bijections for the numeric representation of
labeled graphs. IEEE International Conference on Systems, Man, and Cybernetics, San
Diego, USA, 2014.
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Introduction

With programmable structures, engineers and architects can design efﬁcient structures for different applications build with the same cellular components. The recently developed Planar Adaptive Robot with
Triangular Structure (PARTS) can be used to actively control large structural deformation locally, i.e., at
every cell. However, as the adaptive cells are nonlinear and highly compliant, computational methods are
required to predict the structural response and to enable a feed-forward control of desired deformations.
The present paper thus focuses on computational methods to simulate idealized and compliant cells in
order to predict the performance for a speciﬁc task and to allow optimization of the trajectory planning,
cmp. Figure 1. Every cell of the adaptive robot consists of three six-bar-linkages, which are built from
six rigid bodies and 7 revolute joints. The cell’s six-bar-linkages are connected via prismatic joints,
which are actuated by a simple PD control. Thus, a single cell includes 18 bodies and 24 joints, which
are modeled using a redundant multibody modeling approach, leading to 54 equations of motion and
48 constraints. In the present paper, we present a computational formulation, including sparse matrix
techniques capable of simulating hundreds of such cells in time. Finally, the results are compared with a
realized prototype, and an outlook on applications is given.

D

E

Figure 1: PARTS with 72 cells in a) initial and b) deformed conﬁguration.
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This work presents a numerical procedure for the simulation of the dynamic response of
origami sunscreens with tensegrity architecture under arbitrary loading. The opening/closure
of the units of these sunscreens is conveniently activated by controlling the elongation of a
limited number of strings. The proposed numerical model is employed to study the actuation
motion exhibited by the elementary origami module, named WTABS, and its vibrations under
the action of wind forces. The peculiar ability of tensegrity shading systems to harvest the
mechanical energy stored in the strings is investigated, by drawing comparison with the energy
harvesting abilities of photovoltaic panels and microeolic turbines.

Figure 1: Illustration of the design for the origami sunscreens.
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Adaptive structures have the ability to counteract actively the effect of external loads through sensing and mechanical
actuation. Structural adaptation though mechanical actuation is employed to control the internal forces and the external
geometry so that the design is not governed by strong loading events which occur rarely. Previous own work has shown
that well designed adaptive structures have a significantly lower energy and material impacts than passive structures
[1, 2]. Structural adaption is particularly beneficial for stiffness governed designs such has slender high-rise structures,
bridges and self-supporting roof systems [3, 4]. Tensegrity structures have attracted significant attention for potential
application in civil engineering because they have a high stiffness to weight ratio. Adaptive tensegrity structures have
been investigated by some [5, 6, 7, 8] with a focus on control strategies to reduce the static and dynamic response under
loading as well as for application as deployable systems. However, there is no systematic approach to design an
adaptive tensegrity structure through whole-life energy minimization.
This paper presents a new All-In-One formulation based on the Dual Integrated Force Method (IFMD) and MixedInteger Non-Linear Programming (MINLP) for the design of minimum energy adaptive tensegrity structures under
quasi-static loading. The objective is to minimize the whole-life energy which comprises a part embodied in the
material and a part for operation during service [1]. One of the key steps in design and control of tensegrity structures
is to ensure stability and adequate stiffness under loading through application of appropriate prestress. The formulation
presented in this work incorporates this step into the optimization model because prestress is applied directly by the
actuation system which is treated as a binary design variable. A parametric study is carried out by varying the number
of actuators to investigate: 1) a lower bound on the minimum number of actuators necessary to apply appropriate
prestress to stabilize the system; 2) the influence of the actuation system complexity on optimization metrics including
the system mass and energy requirements. The design of two adaptive tensegrity structures is presented to evaluate the
feasibility of the proposed formulation. Results have shown that, as the number of actuators is increased from the lower
bound, the mass and energy of the structure reach a minimum and then they increase as more actuators are added.
Comparison with equivalent passive designs has shown that the adaptive tensegrity structures have lower mass and
energy requirements and they can have longer spans and higher span-to-depth ratios.
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Adaptive structures in civil engineering comprise sensors, actuators and a control unit to autonomously
adapt to external loads such that any occurrence of a critical structural state is prevented. The intention
of adaptive structures is the reduction of material and resource consumption in the construction sector
as well as the decrease of emissions and waste production. Through adaptivity, a more sustainable
construction is possible, which contributes to reaching the Paris climate agreement.
Many structures employ nonlinear structural elements, such as steel cables or flat steel bracings. These
elements slacken under compression forces. However, due to the nature of these nonlinearities, model
linearization is not feasible. In these structures, the stiffness matrix is state-dependent. Thus, it varies
under different load scenarios, due to different configurations of slack and non-slack elements, where the
first do not contribute to the stiffness of the structure [2].
In this contribution, we focus on static load cases, e. g. snow loads or the static component of wind
loads, which lead to static deformations. To compensate these, an optimization-based approach is stated
to calculate optimal input signals offline. Two different principles of actuation are used, namely serial
and parallel force actuation. The optimization is based on a cost function that captures the utilization of
each element in a structure. For this purpose, the stress in each element under a static load is determined
and weighted by its individual yield strength [1]. The result shall be called element utilization. The aim
of the optimization is to homogenize the utilization over all elements. Additionally, adaptive structures
are subject to input constraints because actuators have a maximum applicable force. Furthermore, state
constraints arise from certain safety and comfort conditions, e. g. the maximum displacement of any
translational degree of freedom stays within certain bounds. The described algorithm is applied to an
exemplary adaptive high-rise structure and is investigated. The results are promising and static loads can
be compensated effectively under given constraints.
REFERENCES
[1] M. Böhm, J. Wagner, S. Steffen, W. Sobek, and O. Sawodny. Homogenizability of element utilization in adaptive structures. In 2019 IEEE 15th International Conference on Automation Science and
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The building industry is faced with several challenges. Two of the major impending challenges
is firstly the occurring climate change, to which the building industry contributes significantly,
and secondly the depletion of several essential building resources, like sand [1]. Both of which
are further amplified by the ongoing increase of population and wealth in most parts of the
world. New resource- and emission-efficient building technologies are needed to take on these
challenges.
One promising solution, that has been put forward is that of adaptive load-bearing structures.
Here, the structure is fitted with sensors (e.g. strain gauges), actuators (e.g. hydraulic cylinders)
and a control unit, thus enabling the structure to react to high but rare external loads when
needed. This, in turn, allows for reduced cross-sections and thereby reduced material
consumption and emissions when dimensioning the load-bearing structure, leading to ultralightweight structures. [2]
One of the current questions of adaptive load-bearing structures is that of the optimal actuator
placement for a given structure [3], respectively which adaptive typology is most efficient. This
contribution therefore discusses how deflections and internal forces of a given truss or beam
structure can be manipulated by linear actuators integrated into the structure, with a focus on
the structural characteristics of combining several connected elements with the same rod axis
into one actuation unit.
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For the design of load-bearing structures redundancy and thus the degree of static indeterminacy plays
an important role. According to Linkwitz and Ströbel [1], the distribution of static indeterminacy in the
system can be described by the redundancy matrix containing the redundancy contributions of all elements. The redundancy contribution of one element quantifies the internal constraint of the surrounding
structure on this element. The sum of the redundancy contributions of all elements is equal to the degree
of static indeterminacy of the entire structure. The extension of this notion presented by Ströbel for
discrete truss systems to frames and continua can yield valuable insight into the load-bearing properties
of a structure and has the potential to become an exciting new branch of the classical field of structural
analysis.
Of course, the statical indeterminacy and its distribution in a structure have a decisive influence on the
load-bearing behavior. Therefore, the redundancy matrix can be a good measure to understand and assess
the load-bearing behavior of structures. Furthermore, it can be used for robust design optimization and
the assessment of imperfection sensitivity during the assembling process.
The redundancy matrix as a concept from structural engineering is closely related to ideas for actuator placement from control engineering. The concept of steady-state disturbance compensability [2] is
introduced and a close relationship to the concepts of redundancy and statical indeterminacy in structural mechanics of truss structures is revealed, leading to a new method for actuator placement in linear
structural systems under stationary loads. The redundancy matrix can also be used to find favourable positions for the actuators, assessing controllability on the basis of insight into structural behavior, without
application of complex and time consuming optimization algorithms.
The aim of this work is to contribute to a holistic understanding of actuator placement for compensation
of steady-state disturbances in adaptive structures, taking control as well as structural engineering concepts into account. This includes a better insight into the load bearing behaviour of adaptive systems and
to characterize them.
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[1] D. Ströbel, Die Anwendung der Ausgleichungsrechnung auf elastomechanische Systeme, Ph.D. thesis, University of Stuttgart, 1995.
[2] J.L. Wagner, J. Gade, M. Heidingsfeld, F. Geiger, M. von Scheven, M. Böhm, M. Bischoff and
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Summary
In a context where composite materials have been increasingly used for many engineering
applications, this minysimposium aims at gathering together experts and young researchers in
modeling heterogeneous materials and structures at different scales. Enhanced structures and
composite materials feature internal length scales and a non-local behavior, whose response
could be analyzed parametrically, including possible effects of staking sequences, ply
orientations, agglomeration of nanoparticles, volume fractions of the constituents, and porosity
level.
In addition to fiber-reinforced composites and laminates, studies on innovative components
such as functionally graded materials (FGMs), Carbon nanotubes (CNTs), graphene
nanoplatelets, SMART constituents, as well as innovative and advanced classes of composites can
be explored. Examples of SMART applications can possibly involve large stroke SMART
actuators, piezoelectric sensors, shape memory alloys, magnetostrictive and electrostrictive
materials, or auxetic components. These constituents could be included in the lamination
schemes of SMART structures to control and monitor the vibrational behavior or the static
deflection of several composites.
Thus, the development of advanced theoretical and computational models for composite
materials and structures will be studied for complex systems, including their static, dynamic and
buckling response, fracture mechanics at different scales, as well as adhesion, cohesion and
delamination of materials and interfaces. Contributions on experimental aspects are also
welcome from scientists working on mathematics and mechanics, involving different industrial
applications.
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The hygro-thermo-elastic analysis of functionally graded material (FGM) plates and shells is
performed using an exact 3D shell solution and by opportunely defining the temperature and
moisture content profiles through the thickness of the structures. The model is based on 3D
equilibrium equations defined in orthogonal mixed curvilinear coordinates for spherical
shells, these equations automatically degenerate in those for simpler geometries by means of
opportune considerations made on radii of curvature. The 3D shell model is based on a layerwise approach which uses the exponential matrix method to solve the differential equations
through the thickness direction. The exact solution is obtained using simplified hypotheses for
simply-supported boundary conditions and harmonic forms for involved variables.
The steady-state amplitudes for temperature and moisture content are imposed at the external
surfaces of plates and shells [1], [2]. The related profiles can be defined through the thickness
direction via three different methodologies. Temperature and moisture content profiles can be
calculated using 3D versions of Fourier heat conduction equation and Fick diffusion law.
Temperature and moisture content profiles can be calculated by solving 1D versions of
Fourier heat conduction equation and Fick diffusion law. Temperature and moisture content
profiles can be a priori assumed as linear through the thickness direction. Therefore,
temperature and moisture content profiles are known terms in 3D differential equilibrium
equations and a system of non-homogeneous second order differential equilibrium equations
are defined. This system is reduced to a first order differential equation system and the
exponential matrix method is employed for both the general and the particular solutions.
The effects of the temperature and moisture content profiles through the thickness are
evaluated in the static analysis of single-layered and multilayered FGM plates and shells.
These investigations are performed for several thickness ratios, geometries, lamination
schemes, materials, FGM laws and imposed temperature/moisture content amplitudes. In
order to obtain correct results and to perform satisfactory evaluations, both the elastic part of
the 3D shell model and the appropriate evaluation of the temperature and moisture content
profiles through the thickness of the shells and plates must be opportunely defined [3].
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A variety of foam products are used in different industrial branches such as construction, where they
serve e.g. as gap fillers and even for fixing parts like doors and windows instead of more complicated
fixing systems. In order to improve, in the sense of handling and efficiency, those products, especially
for sensitive applications, a reliable predictive simulation approach is needed. Existing models for foam
expansion are almost exclusively limited to the study of 1D problems. This is not surprising as volume
expansion ratios can reach values up to 1000%, and multi-dimensional models require the inclusion
of rheological properties of the expanding material (which is not easy to measure) and the handling
of a large number of (self-) contacts with potentially complex and rapidly changing contact interface
topologies. On the other hand, a robust computational model for multidimensional expansion would be
highly desirable since typical applications involve complex 3D geometries.
In this work, the large expansion is modelled through a multiplicative decomposition of the deformation
gradient into a expansion part and an elastic part, which was first introduced by Lee [1] in the context
of plasticity. Building upon this multiplicative decomposition, an evolution equation in rate form is employed to account for the volumetric expansion. Since the underlying material parameters are typically
temperature-dependent, a fully coupled thermo-mechanical problem is solved in a monolithic manner.
For a robust numerical treatment of multi-body contact and self-contacting scenarios involving frictional, thermo-mechanical interaction, powerful mortar methods for computational contact and interface
mechanics [2] are employed.
Acknowledgements
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Profound study of the unsurpassed mechanical properties of suspended graphene motivates the
link between classical continuum mechanics (where the notions of "mechanical strength" and
"mechanical stiffness" have actually been coined) and quantum mechanics-rooted density
functional theory – DFT. Namely, the latter gives access to the energy states of nuclei and
electrons, which actually drive graphene’s mechanical behavior. While the corresponding stateof-the-art [1] typically concerns graphene mechanics under uniaxial and equally biaxial strain
states, we here present a fully anisotropic free (strain) energy function reflecting DFTsimulations associated with tens of thousands of arbitrary biaxial strain states. The latter are
realized as sets of primitive unit cell vectors spanning a rhomboid unit cell hosting two carbon
atoms. The position of the latter follows from internal energy minimization through the Vienna
ab initio simulation package – VASP [2]. As corresponding continuum mechanical
representation we employ hyperelastic [3], structure tensor-based polynomial models up to the
fifth order. The concave characteristics of corresponding stress-strain relations gives also
access to the failure limits of the 2D material undergoing arbitrary loading situations. This is
expected to introduce a new level of precision in the growing field of the structural mechanics
of graphene, where we simulate a graphene membrane on the basis of our new material model
in combination with the principle of virtual power applied to structural members [4,5].
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In the present research a new method of estimating the effective properties of composite
materials based on the knowledge of properties and geometrical configuration of its
constituents is proposed. The concept uses the hypothesis of the total energy equivalence
between a real non-homogeneous composite, and a fictitious pseudo-homogeneous material.
We consider an isotropic composite as a two-phase material, where the matrix material and
inclusions behave in the elastic-plastic way. In the case of an irregular particle-reinforced
composite in which the distribution, shape and orientation of particles are fully disordered
(chaotic), only the knowledge of the component mechanical properties, and the inclusion
volume fraction are needed to determine the elastic properties of composites from analytical
formulae [1, 2]. The presented approach to composite effective properties prediction can be
applied not only in the elastic range, as it is determinate in most of the existing models, but
also in the plastic and damage regions.
The presented work is a continuation of our previous research [1, 2]. The model was validated
on the basis of own experimental data, and also the model was compared to other
homogenization methods [3-6]. Recently the model was extended to the plastic range. Both
the elastic and plastic effective properties exhibit a good agreement with the experimental
data and with the results of other homogenization techniques.
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Abstract

Side Near Surface Mounted (SNSM) technique is a new method that could be used for
strengthening RC beams with FRP composites as an alternative method to the traditional Near
Surface Mounted (NSM) technique. Previous experimental studies performed by authors
showed that inserting the FRP bars in the vertical sides of the beam instead of the bottom/top
sides could prevent the non-conventional failure modes such as pull out of the FRP bars or
premature debonding failure without large loss in the load carrying capacity of beam. This
paper aims to generalise the global bahviour of RC beams strengthened with SNSM-FRP
bars. Thus, the comercial software ABAQUS was used in order to numerically investigate
several parameters that may influence the flexural performance of SNSM beam such as
position, length, type, number and ratio of the FRP bars as well as ratio of tension steel
reinforcement. The ABAQUS was utilized for creating three dimentional (3D) models in
order to study the failure modes, the cracking patterns and the load-deflection curves.
Comparison studies on effects of the above parameters were also presented.
Key Words: SNSM, FRP, ABAQUS, RC beam
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The increased attention to more complex shape generation principles for generally-curved
structures together with variable radii of curvature, in the last decades, has pushed many
scientists and engineers to developed refined approaches able to investigate their mechanical
behavior. To this end, advanced numerical methods of analysis are necessary, especially if
innovative constituents and materials are employed. Laminates, Functionally Graded Materials
(FGMs), Carbon Nanotubes (CNTs) reinforced media, Variable Angle Tow (VAT) composites,
are only some examples of advanced materials that could require proper structural models for
an accurate analysis. A theoretical framework based on Higher-order Shear Deformation
Theories (HSDTs) is here applied to study the structural response of different laminated shells
with a complicated geometry, or composite latticed panels and shells (also named as gridshells).
Latticed structures are extensively adopted in the design of large-span buildings, such as stadia,
courtyards, expo pavilions, as well as of aerospace structures, due to their high mass efficiency
[1,2]. Current approaches to the mechanical analysis of these kind of materials and structures
are based either on the finite-element modeling or on the application of continuous models.
Here we develop a numerical tool based on the Differential Quadrature (DQ) and Integral
Quadrature (IQ) methods to obtain and solve the strong and weak formulations of the
fundamental systems in hand [3,4]. This approach is demonstrated to yield accurate and reliable
results, as here verified against the available literature, for different combinations of the
geometrical and stiffness parameters.
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In the current contribution, we present a new set of mixed finite elements for the simulation of large
deformations in electro-active or ferroelectric materials. These mixed finite elements are based on
Tangential-Displacement Normal-Normal-Stress (TDNNS) elements, which were originally developed
for small-strain linear elasticity. In the linear case, it has been shown rigorously that these elements are
free from volume- and shear locking. Therefore, the mixed TDNNS elements are an ideal choice for the
discretization of flat piezoelectric patches or smart three-dimensional devices with slim layers of piezoactive material. A first geometrically nonlinear formulation of the TDNNS method has been presented
in [1]. This nonlinear mixed formulation has been applied to electro-active polymers, where large deformations are achieved employing e.g. the dielectric effect. It has been observed that the formulation is
still insensitive to discretizations with very flat elements, and that nearly incompressible materials with
high Lamé parameter λ do not lock.
In the present contribution, we study the application of mixed TDNNS elements to large deformation
ferroelectrics, where the materials is polarized remanently. In the large deformation case, it is no longer
possible to split the strain additively into a piezoelectric and a purely mechanic part. Humer et al. [2]
proposed a formulation based on a multiplicative decomposition of the deformation gradient. However,
in the original mixed TDNNS method, the deformation gradient is not available directly: due to normal
jumps in the displacement, the deformation gradient is treated as a distribution, which is possible through
the normal continuity of the stress vector. To implement such a multiplicative decomposition nevertheless, we choose a Hu-Washizu type three-field approach for the mechanical quantities. This means that
deformation gradient, Piola-Kirchhoff stress and displacement are independent unknowns. In the language of discontinuous Galerkin methods, the unknown deformation gradient can be seen as a lifting of
the original distributional gradient. This lifted deformation gradient can then be used in the multiplicative
decomposition. Numerical results are presented which confirm the theoretical considerations.
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Classical beam theory (CBT) assumes rigid cross-sections, one dimensional elasticity and vanishing
cross-sectional distortions. It is shown within the paper that - due to these assumptions - erroneous
results are achieved in case of unsymmetrical cross-sections and thin-walled box type cross-sections in
connection with short beams and/or vibration problems.
In order to resolve those problems a novel approach regarding generalized beam theory (GBT) is proposed. The cross-sectional analysis to evaluate warping and distortion fields is carried out by solving
an Eigenvalue problem of a reference beam problem (RBP). The boundary conditions of the RBP are
set such that semi-analytical finite elements [1] in connection with three-dimensional elasticity can be
applied. Within this approach, displacements are interpolated with finite element type shape functions
throughout the discretized cross-section while sine or cosine functions with a single wave length are used
in axial direction. Then, each Eigenvector i within the RBP is decoupled into a pair of in-plane motions
d i (y, z) and out of plane motions w i (y, z). These cross-section deformations d i and w i are interpolated
axially using polynomial shape functions, i.e. each Eigenvector i of the RBP leads to two generalized
degrees of freedom. Based on that, GBT mass- and stiffness matrices can be derived in a straight forward
manner using the principle of virtual work.
The proposed GBT formulation is valid for homogeneous and inhomogeneous cross-sections (e.g. made
of functionally graded materials or multilyer-composites). The results converge with respect to the crosssection discretization and due to the number of contributing Eigenvector couples i, and the achieved
accuracy compared to three dimensional continuum formulations is striking [2].
Acknowledgment: The authors gratefully acknowledge financial support by the Slovak Grant Agency
of the project VEGA No. 1/0416/21 .
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A static solid and a steadily flowing liquid are postulated at the same time in the same place.
Internal forces interact between both components. Solutions are presented for loads and
boundary conditions that oppose mere solid or mere liquid behavior. The analysis is based on
an appropriate hybrid solid liquid functional. An infinite high tube is chosen as a
representative application [1].
The functional covers the displacements of an elastic solid, pressures and velocities of an
incompressible slowly moving viscous liquid and a specific weight distribution between solid
and liquid. Variations of displacements and velocities result in two principles [2]. The specific
weight distribution results from the relation of the first stress invariants of a primary analysis.
Preferred application is an infinite high tube. The static solid state requires constant vertical
strain with respect to continuity. Coulomb friction represents the interaction with the walls.
The steady liquid state requires constant velocities and pressures in the vertical direction. The
interaction with the walls aims towards avoidance of tension. Unique solutions are presented
for nonlinear distribution of boundary load over the cross section. Permitted solutions must
avoid tension and negative partial specific weight (bracing).
The presented results are valid for a special application with a special approximation. The
infinite high tube is believed to be a representative benchmark system for the behavior of
granular material in geotechnics, production, and medicine. The approximation is believed to
be as complex as necessary and as simple as possible. Further research intends to develop
further applications of the solid liquid two states analysis in these areas.
REFERENCES
[1] M. Göttlicher, Hybrid Analysis for Continua with Solid and Liquid Properties in Infinite

High Tubes. VIII International Conference on Computational Methods for Coupled
Problems in Science and Engineering, Barcelona, 2019.
[2] O.C. Zienkiewicz and R.C. Taylor, The finite element method, 6th Edition, Elsevier, 2005.
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Field patterns are a new type of wave propagating in one-dimensional linear media with moduli that
vary both in space and time. Specifically, the geometry of these space-time materials is commensurate
with the slope of the characteristic lines so that a disturbance does not generate a complicate cascade
of subsequent disturbances, but rather concentrates on a periodic space-time pattern, that we call field
pattern. Field patterns present spectacularly novel features. One of the most interesting ones is the
appearance of a wave generated from an instantaneous source, whose amplitude, unlike a conventional
wake, does not tend to zero away from the wave front. Furthermore, very interestingly, the band structure
associated with these special space-time geometries is infinitely degenerate: associated with each point
on the dispersion diagram is an infinite space of Bloch functions, a basis for which are generalized
functions each concentrated on a field pattern.
REFERENCES
[1] Mattei, O. and Milton, G.W. Field patterns: A new type of wave with infinitely degenerate band
structure. Europhys. Lett. (2017) 120(5), 54003.
[2] Mattei, O. and Milton, G.W. Field patterns without blowup. New J. Phys. (2017) 19 093022.
[3] Milton, G.W. and Mattei, O. Field patterns: A new mathematical object. Proc. R. Soc. A (2017)
20160819.
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ABSTRACT
Thin-walled spatial structures made of beams, plates, membranes and shell components are
widely used in various domains. Transportation (automobile, naval, aircraft) and construction
are important traditional domains of applications but day-to-day consumer goods are also
concerned (sports equipment, textile, toys, packaging, etc).
Although finite element structural analyses are routine activities in design offices using
industrial software, there are still justifications and need for further research investigations
and improvement of existing discretization techniques and analysis capabilities for such
structures.
The present MS will collect a number of original contributions, presented by worldwide
researchers on the following advanced subjects, including, but not limited to:
-

Improvement of finite element modelling techniques for 3D beams with open cross
section, for plates, membranes and shells of various shapes.
Status of the development of rotation free and solid-shell elements.
New discretization techniques (meshless methods, isogeometric modelling).
Consideration of multilayer composites and functionally graded materials.
Experimental analysis of beams, laminated plates and shell structures.
Modelling techniques of instabilities in shells.
Static and dynamic linear analysis.
Geometrical and material nonlinear analysis of thin walled structures, including
pertinent solution techniques.
Optimization of thin-walled structures (methodologies, applications).
Consideration of imperfections and uncertainties.

2499

J.L. Batoz, M. Bischoff, H. Naceur, B. Oesterle.

-

New applications in architecture, product design, biomechanics.

The present Minisymposium will be composed of two to three sessions with two or three
keynote lectures.
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This study is part of the general fatigue design of spot weld (SW) for automotive application.
Indeed, this point-wise connector widely used (from 4000 to 6000) to join steel plates on the vehicle
is propitious to fatigue failure. The existing models of the literature for that purpose are mostly phenomenological and offer a very low numerical cost [1]. These models are therefore limited for the new
requirements on quality modeling. Thus, we propose a generic SW modeling methodology, for shells
models of automotive structures, to estimate accurately and efficiently fatigue life. The application is
R
R
).
, Abaqus
quasi-static loading in legacy commercial codes (Nastran
First, a superelement representative of the local underlying full 3D SW model is constructed. The
necessarily imprint of the superelement in the body model is carefully estimated based on the Mechanical
Influence Area of the SW [2]. Second, a reduced basis (RB) of the local SW model is generated using
the Singular Value Decomposition, based on a relevant loading basis. We explicit a few key points, as
the definition of the loading basis representative of the actual loads of the SW, the SVD norm used, and
the spatial quantities on which the SVD is performed. Third, a low-cost stress distribution estimate for
fatigue analysis is proposed, relying on a coupling method between the superelement and the local full
3D SW model.
To conclude, the application of the elaborated SW model on numerical and experimental industrial
structures is investigated and compared to the performances of previous SW model. Criterions of quality
and enrichment are suggested.
REFERENCES
[1] Rupp, A. and Störzel, K. and Grubisic V. Computer aided dimensioning of spot-welded automotive
structures. SAE Technical Paper, (1995).
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Reticulated shells (i.e. shells composed of bars) are very material-efficient structures if their
shape is designed to avoid bending stresses. Two types of methods have been developed to
identify efficient shell shapes: form finding and structural optimization [1]. Form finding
methods are well-established in practice, but they can only account for a single loading case,
and the resulting shell structures work in compression only [2]. Contrarily, structural
optimization methods can generate designs that best satisfy any given set of criteria and
constraints, and are therefore be used in this study.
The field of shape optimization of reticulated shell structures still poses some open challenges:
first, shape optimization problems are generally highly non-convex, which may cause issues
for convex solvers [3]. Secondly, if the nodes that carry an external load are considered as
design variables, the optimization algorithm may exploit the boundary conditions and move
loadbearing nodes towards the supports. Both problems are often addressed by imposing a move
limit, which restricts the area in which a node is allowed to move. However, imposing a strict
move limit will prevent major shape changes and therefore limits the solution to a design in the
vicinity of the initial layout.
In this contribution, an alternative strategy for controlling the nodal movements is proposed for
shape optimization problems where the coordinates of the nodes are considered as design
variables. The premise of this method is to restrict the compliance (deformation energy) of the
cladding such that the nodes can only move as far apart as the cladding material will allow. The
results show that this constraint is less restrictive than imposing a strict upper and lower bound
on the nodal coordinates. Moreover, it is more relevant from a physical perspective, which
benefits the buildability of the design.
REFERENCES
[1] K.-U. Bletzinger, R. Wüchner, F. Daoud, and N. Camprubí, “Computational methods for form
finding and optimization of shells and membranes”, Comput Methods Appl Mech Eng, vol 194, pp.
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192, pp. 166-180, 2019.
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Multidisc Optim, vol. 52, pp. 677-694, 2015.
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In recent years, an increased activity in the scientific field of formulations and discretization
methods for shell structures can be observed, see for instance [2], [3], [4], among many
others. The topic has received a major boost due to the popularity of the isogeometric concept
[1], along with finite element methods using NURBS or B-splines as shape functions. Smooth
splines are particularly attractive in problems for which the weak form has a variational index
of 2 or larger, for instance, the classical Kirchhoff-Love thin shell model. Another frequently
mentioned key feature of isogeometric analysis (IGA) is the use of “exact” geometry from
CAD for computation.
Own preliminary studies for buckling and wrinkling analyses of shells and membranes show,
that isogeometric shell formulations may provide superior accuracy compared to standard
shell finite elements in detecting both critical load levels and physical buckling or wrinkling
patterns. That is, isogeometric shell formulations may require only a fractional amount of
degrees of freedom for the same level of accuracy obtained with a fine finite element mesh.
But: What is the reason for the superior results? Is it due to a better approximation of the
solution by smooth splines compared to Lagrange/Hermite polynomials? Or is the better, i.e.
“exact”, geometry within IGA the key factor for the superior results? The aim of this
contribution is to answer these questions systematically, i.e., we study the influence of (exact)
geometry, polynomial degree, smoothness and locking effects on the accuracy of results.
REFERENCES
[1] T. J. R. Hughes, J. A. Cottrell, Y. Bazilevs, Isogeometric analysis: CAD, finite elements,

NURBS, exact geometry and mesh refinement, Computer Methods in Applied Mechanics
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vol. 198(49–52), pp. 3902-3914, 2009.
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Choosing an appropriate theory may be difficult when geometry, boundary conditions,
loadings, and materials are complex. The final objective of this research is to define a
methodology to identify, in the context of linear static or dynamic analysis, optimal finite
element models from both theory and mesh points of view. This study is performed in the
context of the so-called Verification and Validation methodology to improve the predictive
capability of finite element models. Solid geometry and solid mesh are always preserved in our
adaptive process, even though in certain areas, the shell or beam theories are used, leading to a
solid-shell or solid-beam approach respectively. This avoids the construction of a mid-surface
or mid-axis geometries from solid one, which is a complicated task, in particular for industrial
applications. As any adaptive process, an iterative approach is developed. The first iteration
uses a coarse solid mesh to calculate the choice criterion and select the relevant theory in each
finite element. For the following iterations, to apply the displacement fields of shell or beam
theories, kinematic relations between nodes are imposed. Linear equations are used for
eliminating slave degrees of freedom. The methodology proposed can be interpreted as a model
reduction method, compared to a complete 3D solid approach.
An academic example with three cases, to assess the accuracy and the efficiency of our
methodology in static analysis, is presented. The quadratic C3D20 solid element in ABAQUS
is chosen to prevent numerical problems, in particular locking phenomena due to transverse
shear effects. For case 1 (square section), the results show that beam theory is recommended,
except near the boundary conditions and loading areas, where solid theory and shell theory are
required, respectively. For case 2 (rectangular section, b/h=3), the size of the shell and solid
areas is wider, but a large part of the structure may still be studied with beam theory. For case
3 (square plate), shell theory is justified on the major portion of the structure. The maximal
displacement, as well as the maximal von Mises stress obtained with our adaptive approach,
are compared with the reference results obtained with a 3D solid model. For the three cases,
errors on displacement and von Mises stress don’t exceed 0.3%. The gain, defined as the ratio
between the number of floating-point operations required by the reference 3D solid model and
the adaptive model, is comprised between 8 and 63 among the three cases. These results show
that the adaptive methodology makes it possible to considerably reduce the size of the model
and therefore the computational costs.
REFERENCES
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An isogeometric finite element formulation of a geometrically exact Timoshenko beam is presented,
which incorporates geometric and material nonlinearities, and in-plane cross-sectional deformations described by two extensible director vectors. In the nonlinear analysis, a configuration can be additively
updated, since those directors belong to the space R3 . The developed formulation enables to directly apply nonlinear three-dimensional constitutive laws without zero stress conditions. It is especially shown
that considering a correct surface load rather than applying an equivalent load directly on the central axis
is significant. In various numerical examples exhibiting large deformations, the accuracy and efficiency
of the developed beam formulation is assessed in comparison to 3-D brick elements.
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Hip cup prosthesis is an acetabular component with a thin titanium structure, which is used
during total hip replacement (THR) for the treatment of primary osteoarthrosis and the hip
joint’s dysplasia. It is currently the solution that reduces bone resections. This part is generally
manufactured with conventional deep-drawing or hydroforming. The titanium alloy is the
material employed, because of its excellent mechanical properties and biocompatibility with
the human body.
The aim of the present research work is to propose a forming strategy in order to form
personalized prosthetic hip cups, adapted to each individual.
The flexibility of the Single Point Incremental Forming (SPIF) process makes possible to
realize various shapes on the same machine, it is well-suited for prototyping and small batch
production of complex sheet metal. Medical implants and prosthesis are one of the key potential
fields of application of the incremental forming process due to the need of product
customization to each patient. However forming geometric models with complex shape is still
under investigation.
This article proposes a new methodology for the production of titanium individual hip cups.
This strategy is based on the coupling of two forming processes: deep drawing and incremental
forming process. The deep drawing process is used first to form the center of the hip cup. A
standardized geometry is defined in this area. The outer part of the cup is then formed with the
incremental forming process in order to take into account the specific patient geometry of the
acetabulum. Owing to the complexity of the outer part with important wall angles, it is
impossible to form the part in a single step without fracture. Thus, a multi-step single point
incremental forming is proposed to manufacture this complex geometry.
A numerical approach is used in this article. Finite Element simulations of the two forming
processes (deep drawing and incremental forming) are performed with Abaqus Explicit. The
failure Johnson-Cook model is used to predict the material damage behavior. Finally, an
optimization of the tool path during the incremental forming process is realized in order to
obtain a final part without fracture.
REFERENCES
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The problem of the stress state of a circular cylindrical shell or cylindrical panel (plate) with circular
hole on its surface stretched along the axis is considered.
The difference from the Kirsch problem is that in this work the parameter 𝛽𝛽 responsible for the

curvature of the shell is taken into account [1]. Classical approaches to this problem were given by such

scientists as Lurie, Murthy, Naghdi, Eringen by using the expansion by a small parameter without rigid

mathematical justification. The authors were able to find a solution in a different form when boundary
conditions is satisfied exactly and a qualitatively different new analytical approach without using the
expansion by a small parameter beta.
The idea of the approach is to find a solution of this problem in the form of Fourier series. The solve
problems of the main equation is the solutions of two partial differential equations of the second order, which
consist composition of Bessel and Hankel functions of the first kind. Due to the separation of variables, the
system that can be beautifully solved by algebraic methods is obtained. It allows to find a solution in the range
for beta set by mechanical restrictions, namely from 0 to 4, while the analytics of the last century allowed you
to use a solution only up to beta approximately equal to 0.2 due to mathematical features.
The work has fundamental theoretical nature with mathematical justification. The Ritz method is used
for existence and uniqueness of the problem.
In conclusion, a numerical comparative analysis is given for the above-described solution methods. [2]
Funding: The reported study was funded by RFBR, project number 19-31-60008.
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Cylinder. Prikl. Mat. Mekh. 10 (1946) 397–406 (English transl. by N. Brunswick, New York
University, Inst. of Math. Sci., 1960).
[2] Van Dyke, P: Stresses about a Circular Hole in a Cylindrical Shell, AIAA Journal, Vol.3, № 9,
pp.1733-1742 (1965)
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Timber is characterized by smooth variations of grain directions due to the unavoidably presence of knots
and other defects in the raw material. Modern technology allows for the detection of grain directions on
the surface of boards, constituting glued laminated timber beams and cross laminated timber plates, allowing for enhanced structural analysis, performed mainly by 2D or 3D Finite Element (FE) analysis [1].
However, 2D and 3D FE analysis turns out being too expensive for both everyday engineering practice
and industry needs, calling for the development of low order -and cheaper- beam and plate models. Anyway, the material anisotropy deeply influences the structural behavior of beams: axial stress explicitly
depends on transversal internal force and beam constitutive relations are represented by a full matrix [2].
Furthermore, smooth variations of mechanical properties within the beam body produces a non-trivial
distribution of shear stresses and deformations [3].
This contribution discusses a planar beam that effectively handles the effect of variable fiber directions
on the structural element behavior, accounting for all the previously cited issues. Six Ordinary Differential Equations (ODEs) with variable coefficients naturally represent the resulting model, in which both
internal forces and rigid cross-section displacements are the independent variables. The complexity of
these ODEs does not allow for an efficient computation of the analytical solution. Consequently, we will
use the isogeometric collocation method, since it allows an equal order approximation of all unknown
fields without affecting the stability of the numerical solution. A rigorous comparison with highly refined
2D FE analysis will demonstrate the effectiveness of the proposed modeling strategy.
REFERENCES
[1] Kandler, G., Füssl, J., Serrano, E., Eberhardsteiner, J., Effective stiffness prediction of GLT beams
based on stiffness distributions of individual lamellas. Wood Sci & Tech (2015), 49(6):1101—1121.
[2] Balduzzi, G., Morganti, S., Füssl, J., Aminbaghai, M., Reali, A., Auricchio, F. Modeling the nontrivial behavior of anisotropic beams: a simple Timoshenko beam with enhanced stress recovery
and constitutive relations Composite Structures (2019), 229:111265.
[3] Balduzzi, G., Aminbaghai, M., Füssl, J. Linear response of a planar FGM beam with non-linear
variation of the mechanical properties. 8th SMART Conference (2017) 1285–1294.
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In this contribution, a multiscale model for shear deformable beam elements is proposed, in which
macroscopic beam properties are determined by homogenization of mesoscopic representative volume
elements (RVE). This allows the computation of periodic structures with a preferred direction. The
computation is carried out with the FE2 approach using a first order homogenization scheme. The homogenization is based on the Hill–Mandel condition. It allows the computation of the stress resultants
and stiffness due to the current deformation state of the RVE. The applicability to shell structures was
already investigated in [2]. But, using simplified kinematical assumptions, like the ones of Timoshenko’s
beam theory, the homogenization scheme leads to results for the transverse shear stiffness which strongly
depend on the length of the RVE. Due to this reason, the homogenization scheme is only able to compute
the correct bending and tension stiffness associated with a specific cross-section. To resolve this problem,
the equilibrium state on the mesoscopic scale under a shear deformation is investigated and the reason
for the length dependency is identified. Based on this investigation additional constraints are developed
[1]. With these constraints it is possible to predict the correct cross-sectional properties, including shear
correction factors. As long as pure cross-sectional properties are considered (RVE is homogeneous in
length direction), the results are independent of the length of the RVE. Furthermore, the scheme allows
the consideration of cross-sectional deformations under the assumption of geometrical nonlinearity on
the mesoscopic scale as well as physical nonlinearities like plasticity. Despite the consideration of arbitrary cross-sections, it is possible to model inhomogeneities in length direction of the structure as well.
REFERENCES
[1] Klarmann, S. and Gruttmann, F. and Klinkel, S. Homogenization assumptions for coupled multiscale analysis of structural elements: beam kinematics Comput. Mech. (2019)
https://doi.org/10.1007/s00466-019-01787-z.
[2] Gruttmann, F. and Wagner, W. A coupled two-scale shell model with applications to layered structures. Int. J. Num. Meth. Engng. (2013) 94:1233–1254.
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The prediction of the collapse load (limit load) of a structure made of a material exhibiting elastic plastic
behavior is often of practical interest. The standard approach to obtain such collapse loads is based on
iterative calculation schemes using classical nonlinear finite element methods, as, e.g., can be found [1].
However, as an alternative approach the so-called finite-element-based limit analysis (FELA) can be applied. This approach is based on limit theorems, first formulated by A.A.Gvozdev in 1936. Thereby,
the collapse load is obtained as the minimum of a certain optimization problem, either considering kinematically compatible velocity fields (upper bound approach) or statically admissible stress fields (lower
bound approach) within the structure, at the time instant of collapse. Thus, the whole load history doesn’t
need to be taken into account, resulting in a stable and numerically efficient approach compared to the
standard scheme based on classical finite element formulations. The two significant disadvantages of the
FELA method (the assumption of geometrical linearity and ideal plasticity) can be overcome by the socalled sequential finite-element-based limit analysis (SFELA), as, e.g., shown in [2]. Thereby, the FELA
method is called repeatedly, where the geometry and the plastic strain is updated after each iteration.
In this talk implementation of the FELA and SFELA methods for the case of shell and solid finite elements is presented. Two strength criterions are considered: an isotropic Ilyushin criterion for shell
elements and the orthotropic Tsai-Wu strength criterion for solid elements. One new shell element ([3])
and several standard shell and solid elements are compared in terms of calculation efficiency. An incorporation of isotropic hardening and softening is possible in the framework of the SFELA method and is
demonstrated in two of the three presented examples: first, in a plastic collapse of a steel frame and second, in a plastic collapse of an S-rail tube. In the third example an ability to analyse wooden structures is
demonstrated, where the collapse of a pressure loaded cross laminated timber (CLT) plate is predicted.
REFERENCES
[1] Robertson, A. and Li, H. and Mackenzie D. Plastic collapse of pipe bends under combined internal
pressure and in-plane bending. Int. J. of Pressure Vessels and Piping (2005) 82:407–416.
[2] Kong, D. and Martin, C. M. and Byrne, B. W. Modelling large plastic deformations of cohesive
soils using sequential limit analysis. Int. J. Numer. Anal. Meth. Geomech. (2017) 41:1781–1806.
[3] Štembera V. and Füssl J. DKMQ24 shell element with improved membrane behaviour. Finite Elements in Analysis and Design (2020, in press).
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The work presents a formulation that allows to obtain the required degree of continuity between patches
(in an isogeometric analysis) or elements (in a FEM analysis) implicitly, without imposing additional
constraints like Lagrangian multipliers, penalty, etc. The formulation is applied to Kirchhoff-Love shells,
that require G1 continuity both in plane and out of plane. This is achieved using a rational interpolation
of the displacements, following the original idea of John A. Gregory 1974 (see [1]), extending previously proposed formulations for rods and plates, [2, 3]. The conforming (rational) CG1 -space of the
interpolation contains the polynomial interpolation space. In this way, a C0 -local control for the edge
rotations is obtained. The proposed method can be easily generalized to the cases of conforming and
non-conforming meshes by means of the Bézier projection as done in [4]. the proposed interpolation,
differently than the Bi-Hermitian interpolation, presents all the curvature measures in H 2 . Examples
show that the G1 continuity can be achieved with few degrees o freedom, but, since the interpolation
space is not polynomial, it is not complete, so optimal rate of convergence is not achieved. Consistency
is recovered enforcing the rational interpolation to collapse on the polynomial one using local constraints
on some of the variables defined in the corners of the patch. The element formulated in this way passes
the bending patch test and presents optimal rate of convergence.
REFERENCES
[1] Gregory, J.A., Smooth interpolation without twist constraints. Computer Aided Geometric Design
(1974):71–87, doi: 10.1016/B978-0-12-079050-0.50009-6.
[2] Greco, L., Cuomo, M., Contrafatto, L., A quadrilateral G1 -conforming finite element for the Kirchhoff plate model. Computer Methods in Applied Mechanics and Engineering (2018)346:913–951,
doi: 10.1016/j.cma.2018.09.028.
[3] Greco, L., Cuomo, M., Contrafatto, L., Two new triangular G1 -conforming finite elements with
cubic edge rotation for the analysis of Kirchhoff plates. Computer Methods in Applied Mechanics
and Engineering (2018)356:354–386, doi: 10.1016/j.cma.2019.07.026.
[4] Miao, D., Scott, M.A., Borden, M.J., Thomas, D.C., Zou, Z., Isogeometric Bézier dual mortaring:
The biharmonic problem. (2019) https://arxiv.org/abs/1905.00096.
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Generalized Beam Theory (GBT) is an efficient tool to analyse thin-walled members
undergoing combinations of global, distortional and/or local deformations [1,2]. This
efficiency comes from the kinematic description of the beam which is based on structurally
meaningful “cross-section deformation modes”, most often leading to accurate solutions even
when only a few of them are included in the analysis. Hence, an accurate and insightful
solution is obtained with a small computational effort, namely in the context of linear and
bifurcation (linear stability) analyses [3].
This paper proposes a general and very efficient approach to model thin-walled members with
complex geometries (including taper) and/or connected through joints, by combining shell
(MITC-4) [4] and standard GBT-based (beam) finite elements. Noteworthy aspects of the
proposed scheme are the following: (i) wide versatility, in a manner that complex geometries
can be modelled quite easily, and (ii) computational efficiency, taking advantage that the shell
model substructures can be condensed out of the global equilibrium equations. To show the
potential of the proposed approach, a set of numerical examples are presented and discussed,
concerning (i) members with tapered segments, (ii) members with holes and (iii) complex
beam-column assemblies. For validation purposes, full shell finite element model results are
provided, showing that an excellent match is achieved. On this paper only the linear (firstorder) and bifurcation (linear stability) analysis cases are addressed, although the proposed
approach can be extended to other analysis types.
REFERENCES
[1] R. Schardt, Eine erweiterung der technischen biegetheorie zur berechnung prismatischer

faltwerke, Stahlbau 35 (1966) 161-171, (German).
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117-131.
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Thin-walled stiffened shell structures are very common as industrial products and their
analyses by the finite element method can be difficult, in particular when the part is
geometrically complex as found in the field of packaging. When the initial CAD definition is
not available, reverse engineering is necessary, often based on the use of 3D scanners, in
order to obtain a performing 3D geometrical model before considering finite element
computations. The process of data capture to FEM can be long and difficult for parts with
several 3D stiffeners, depending on the strategies to reconstruct the part [1].
This work focuses on the evaluation of three strategies applied to quite simple thin-walled
parts using Geomagic and Abaqus software for the reconstruction and the simulation,
respectively. The part can include several stiffeners. Regarding FE simulations we focus on
the computations of the first frequencies without any restraints on the boundary (free body)
since this situation offers interesting comparison with experimental results. The criteria for the
evaluation of the strategy are the times for scanning and processing of the data captured by
the scan, the reconstruction, of for the preparation of the geometry for the FEM computations.
We also study the influence of the strategies on the results of the simulations.
These results depend on the type of element used for the simulations. The present study
reveals that for certain strategies the choice is restricted to the use of solid (mainly
tetrahedron) elements, while another strategy allows the use of shell or solid-shell elements.
In this case only one element through the thickness is used leading to very acceptable results
for reduced calculation times but for a longer backward reconstruction time [2][3].
The advantages and drawbacks of the 3D geometry reconstruction combined with FEM
computations strategies are discussed and some advices to use them are also given.
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This work addresses the coupling of the geometrically exact Bernoulli-Euler rod formulation from Silva
et. al. (2019) [1] and Kirchhoff-Love shell formulation from Viebahn, Pimenta and Schröder (2016) [2].
The basic kinematical assumption that select the class of admissible motions for the rod is obtained cross
sections that are initially orthogonal to the chosen axis remain orthogonal to it after deformation. The
basic kinematical assumption for the shell is based by imposing the middle plane of the shell body in
the reference configuration is constrained to be plane and the normal base vector to this plane remains
orthogonal after deformation. The basic kinematical quantities, for rod and shell, are deformation
gradients written in terms of the first- and second-order derivatives of the degrees of freedom (DOF).
The shell model is the simplest model you can achieve with 6 nodes and only displacements as degrees
of freedom, rotation is considered only for continuity purpose. As for the rods there are 3 nodes,
displacements, the Rodrigues rotation vector, and axial deformation are considered as basic DOFs and
also a rotation DOF in the middle node of the rod, so it can be compatible to the shell element, the
displacement’s first derivatives and a torsion rotation are internal degrees of freedoms as they are the
ones interpolated as the theory requires. The resulting finite element formulation for the rod provides
C1-continuity having 15 DOFs per element, 7 at each end node and 1 in the middle node. The connection
between shell and rod elements as well between shell elements are accomplished by Lagrangian
multiplier or penalty approach, which penalizes the bending at the edges of neighboring elements. Our
theory is called geometrically exact because no approximation is employed after the basic kinematical
assumption is made. Displacements and rotations can be unlimited large. In this work we review and
extend the geometrically exact Kirchhoff-Love shell formulation of Viebahn, Pimenta and Schröder
(2016) [2], the connection between shell elements is done differently with a Rodrigues rotation vector,
which is a different solution than the one presented before. The work from Silva et. al. (2019) [1] is also
extended in terms that the polynomial interpolation used for the torsion DOF is a quadratic interpolation.
It is used so that the coupling with the shell is possible and it is another contribution presented.
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Among different types of textile reinforcement, non-crimp fabrics are highly advantageous in terms of
their low specific costs and drapability. In this contribution, we present a computational model for noncrimp fabrics used in textile preform processes. A physically-motivated material model for two layers of
fabrics is proposed based on the analytical network-averaging concept [1,2]. The material model is then
implemented into the rotation-free isogeometric thin shell formulation [3,4], which is further extended to
account for the in-plane bending response of the fibers. The proposed computational model demonstrates
good agreement with experimental data of non-crimp fabrics.
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In various construction domains, as in Nature, structural components are presenting particular
geometrical dimensions to satisfy their bearing capacity with respect to different loading
conditions. For example flat slabs are used in the case of horizontal floors for the efficiency
with respect to bending; shear walls are adapted to support lateral loads, etc. In both
situations, at least one dimension (the thickness) is smaller than the others and this
particularity can be exploited to propose efficient finite elements (like plate, shell, membrane
finite elements) and to precisely estimate the stresses and strains compared to a full 3D
analysis. Since the 1990s many papers are dealing with solid-shell finite elements (SSFE) for
the analysis of shell-type structures [1]. SSFE are prism or hexahedron with modifications of
the 3D displacement, stress and strain fields in relation with the thickness direction. Those
elements have only translational nodal variables on external surfaces (no rotations). 3D
constitutive stress-strain relations can be used instead of plane stress equations.
The efficiency and convergence rate of the SSFE highly depend on the approximations of the
local components of stress and strains to overcome several traps (such as shear, membrane,
trapezoidal, Poisson locking). In the present study we propose a 6 nodes prism and a 8 nodes
hexahedron which are inspired by the plate bending elements DKMT and DKMQ[2]
respectively. Those plate elements with transverse shear effects included are found to be the
best according to a number of tests and convergence requirements. The formulation aspects
(stiffness matrix construction) are presented for constant normal and thickness. Several tests
validate the formulation. As an application we consider a particular shallow foundation
system consisting of one column and surrounding cell made of the assemblage of vertical ribs
with various directions supporting a slab with the column at the center. The structure will be
modeled with 3D solid and solid-shell elements for comparison. The analyses (static and
dynamic) take into account the elasticity of the supporting soil.
REFERENCES
[1] H. Naceur, S. Shiri, D. Coutellier and J.L Batoz, On the modeling and design of

composite multilayered structures using solid-shell finite element model, Finite Elements
Analysis and Design, Vol. 70, 1-14, 2013.
[2] I. Katili, I., J.L. Batoz, I. Maknun, P. Lardeur, (2018), “A comparative formulation of
DKMQ, DSQ and MITC4 quadrilateral plate elements with new numerical results based
on s-norm tests”, Computer and Structures, 204, 48-64, 2018.
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Advanced seismic response analysis and design
Tomoshi Miyamura, Takuzo Yamashita, Daigoro Isobe, and Makoto Ohsaki
Recently, there is an increasing demand for high-fidelity analysis of structures in
architectural and civil engineering. Using high-fidelity FE-models and large-scale
parallel computing, we can evaluate local and global responses of structures
simultaneously without resort to macro models of members and joints. Targets of
high-fidelity analysis are not only main structures such as building frames but also
devices such as braces and steel dampers for passive control as well as rubber bearings
for base isolation. We are also interested in seismic behaviors of non-structural
components such as furniture, doors, ceilings, walls, and equipment placed in buildings.
Large-scale parallel computing also plays an important role in directly considering
soil-structure interaction.
In this mini-symposium, we share recent developments of high-fidelity seismic
response analysis and its application to seismic design. We also discuss issues on
modeling and mesh generation, visualization, V&V, machine learning, optimization,
data-driven approach, and advanced numerical algorithms.
Tomoshi Miyamura, Nihon University, miyamura@cs.ce.nihon-u.ac.jp
Takuzo Yamashita, National Research Institute for Earth Science and Disaster
Resilience, tyamashi@bosai.go.jp
Daigoro Isobe, University of Tsukuba, isobe@kz.tsukuba.ac.jp
Makoto Ohsaki, Kyoto University, ohsaki@archi.kyoto-u.ac.jp
Anticipated number of abstracts 10
Anticipated number of attendees 20
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COMPARISON OF MULTIPOINT SEISMIC RESPONSE DATA OF 10STORY RC BUILDING BETWEEN DETAILED FEM AND E-DEFENSE
SHAKE TABLE TEST
Takuzo Yamashita1, Tomoshi Miyamura2, Makoto Ohsaki3 and Jun Fujiwara4
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Key Words: Seismic Response Analysis, Large-Scale Simulation, RC Building, Validation.
National Research Institute for Earth Science and Disaster Resilience (NIED) has been
developing a numerical simulation software named E-Simulator[1], which aims at reproducing
damage and collapse behavior of building and civil structures; data obtained from full-scale shake
table test using E-Defense, the world’s largest three-dimensional shake table, are used for its
validation. In this study, numerical simulation results of the shake table test of the 10-story RC
building[2], which was conducted in 2015, is presented.
Detailed finite element model of the specimen is generated by discretizing the structure using
solid elements for concrete, and truss elements for reinforcement so that the truss elements are
placed on the mesh lines of the solid elements. Total number of DOFs amounts to 4,956,123.
The number of solid elements and truss elements are 1,340,824 and 656,865, respectively.
Concrete material is modeled by the extended Drucker-Prager law considering compressive
failure and tensile crack, and steel bar is modeled using the von-Mises yield criterion with
isotropic hardening law. Time history response analysis is conducted by applying acceleration
data measured on the shaking table during the excitation of JMA Kobe earthquake record on
the bottom of the base.
We propose the post-processing method for comparison between large scale numerical
simulation result and a large amount of measurement data obtained from the shake table tests.
The proposed method is developed based on an object-oriented manner so that multi-point
comparison and flexible data processing can be easily realized. By using the proposed method,
simulation results are compared with a large amount of experimental measurement data so that
accuracies of both local and global behaviors are simultaneously evaluated.
REFERENCES
[1] T. Yamashita, M. Hori and K. Kajiwara, Petascale computation for earthquake engineering,

Computing in Science and Engineering, Vol.13, No.4, pp. 44-49, 2011.
[2] K. Kajiwara, et al., 2015 Three-dimensional shaking table test of a 10-story reinforced concrete
building on the E-Defense Part 1: Overview and specimen design of the base slip and base
fixed tests. Proc. 16th World Conference on Earthquake Engineering, Paper No. 4012, 2017.
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COMPRESSIVE DAMAGE MODEL OF CONCRETE USING OTTOSEN
FAILURE CRITERION FOR SEISMIC RESPONSE ANALYSES
Mahendra Kumar Pal1 , Jun Fujiwara2 and Takuzo Yamashita3
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Mitsuda Shijimicho Miki, Hyogo 673-0515, Japan, E-mail: mahendra@bosai.go.jp
2
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A constitutive model based upon the theory of damage plasticity has been proposed to reproduce the
stress-strain characteristics of concrete under confinement loading. Constitutive model allows the variation of shape of yield surface in deviatoric-plane with confining pressure. Four-parameter Ottosen failure
criterion has been chosen for this purpose so that number of material parameters can be kept minimum
and can be determined using simple experiments.
Compressive failure of concrete has been incorporated using a damage variable, which is a linear function
of equivalent plastic strain [1]. Degradation of stiffness and stress values are determined in each loading
step based upon the value of damage parameter. Values of damage parameter is determined within stressintegration scheme.
Proposed concrete constitutive model has been implemented to a parallel finite element (FE) analysis tool
called E-Simulator [2], which aims to reproduce the collapse mechanism of buildings and civil structures
exposed to strong ground motions. Influence of Ottosen failure criterion in stress-strain behaviour of
concrete under several sets of confining pressure has been confirmed with the several numerical experiments.
REFERENCES
[1] Pal, M.K., Yamashita, T., Miyamura, T. and Ohsaki, T., A comprehensive numerical simulation of
steel-concrete composite beam incorporating compression failure of concrete. Int. J Comput. Mech
(ws) (2019) 16(6):1840028.
[2] Yamashita, T., Hori, M. and Kajiwara, K., Petascale Computation for Earthquake Engineering.
Computing in science and engineering (2011) 13(4):44–49.
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CONCAVE SURFACE BASE-ISOLATION SYSTEM AGAINST
SEISMIC POUNDING OF IRREGULAR ADJACENT BUILDINGS
Fabio Mazza¹* and Rodolfo Labernarda2
Dipartimento di Ingegneria Civile, Università della Calabria, 87036 Rende (CS),
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2
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The application of the concave surface sliders (CSSs) as seismic-isolation system of buildings
is growing due to the automatic coincidence between the projection of the gravity mass centre
of the superstructure and the stiffness centre of the CSSs, during the sliding phase, and selfre-centring, after an earthquake (Mazza, 2017). These properties make them attractive for the
retrofitting of adjacent fixed-base framed buildings with irregular plan that may experience
significant seismic pounding induced by torsional displacements. However, friction force and
lateral stiffness of the CSSs present continuous variation during an earthquake because they
are proportional to the axial load. Moreover, further changes of the friction force result from
variation of the friction coefficient depending on the sliding velocity, with reduction at the
onset of motion of the CSS and motion reversals, axial pressure and temperature at the sliding
surface. In this work, structural pounding incidences are investigated with reference to fivestorey reinforced concrete (r.c.) framed structures with an L-shaped plan (Mazza, 2018)
placed adjacent to form T- and C-shaped plans. A simulated design of the original fixed-base
buildings is preliminarily carried out in accordance to a previous Italian code, for a mediumrisk seismic zone and a typical subsoil class. Then, the seismic retrofitting of the residential
buildings is carried out with the CSS bearings, for attaining performance levels imposed by
current Italian code in a high-risk seismic zone and for moderately-soft and soft subsoils. The
design of the base-isolation systems is carried out on the assumption that the same radius of
curvature is considered for all the isolators, with constant or variable dynamic-fast friction
coefficients. A computer code for the nonlinear dynamic analysis of the fixed-base and baseisolated test structures is developed, in order to compare different models of the CSS bearings
that consider constant and variable axial load combined with friction coefficient at breakaway
and stick-slip and as function of the sliding velocity, axial pressure and temperature. The
inelastic response of the superstructure is also taken into account by a lumped plasticity model
at the end sections of r.c. frame members, where flat surface modelling of the axial loadbiaxial bending moment elastic domain is adopted. Attention is focused on the pulse-type and
non-pulse-type nature of near-fault ground motions, with coupled bi-directional horizontal
components.
REFERENCES
[1] F. Mazza, Lateral-torsional response of base-isolated buildings with curved surface

sliding system subjected to near-fault earthquakes. Mechanical Systems and Signal
Processing, Vol. 92, pp. 64-85, 2017.
[2] F. Mazza, Seismic demand of base-isolated irregular structures subjected to pulse-type
earthquakes. Soil Dynamics and Earthquake Engineering, Vol. 108, pp. 111-129, 2018.
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FULL-WAVEFORM INVERSION OF SH-WAVE INPUT MOTIONS IN A
NEAR-SURFACE 2D DOMAIN
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Key Words: PDE-constrained optimization, Adjoint method, Incoherent dynamic traction inversion, and
Absorbing boundary condition.
There is a need to estimate complex seismic input motions in a near-surface domain, without resorting to
the hypocenter, from restricted seismic measurement data. Thus, engineers can replicate responses within
structures and soils after an earthquake occurrence by using the defined seismic inputs and evaluate the
impact of an earthquake on the built environment.
A new inversion modeling method is presented for reconstructing complex, incoherent SH wave input
motions in a two-dimensional (2D) domain that is truncated by a wave-absorbing boundary condition
(WABC), using a partial differential equation (PDE)-constrained optimization method. In a set of numerical examples, targeted, dynamic traction at the WABC mimics seismic incident wavefield. The
discretize-then-optimize (DTO) approach is used in the mathematical modeling and numerical implementation, and the finite element method (FEM) is applied to solve state and adjoint problems.
The numerical results show that incident, inclined plane waves, cannot be fully reconstructed using only
the top surface sensors. In order to improve the inversion performance, a vertical array of sensors on the
side boundary of a domain should be included. Second, the minimizer suffers less from solution multiplicity when it identifies lower frequency traction (e.g., a realistic seismic signal). Third, the larger value
of the inversion error in the reconstructed traction of a higher dominant frequency does not necessarily
translate to a larger error value in the corresponding reconstructed wave responses in the computational
domain due to the intrinsic low-pass filtering of the FEM wave solver. Lastly, our presented inversion
algorithm’s accuracy is not compromised by the material complexity of a background domain.
The presented proposed method could be extended to practical 3D settings and consider different measurement types. Thus, it could evaluate responses in built-in environments of interest during seismic
events.
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Numerical Investigation on Collapse Mechanisms of Suspended Ceilings in
Wide-Area Facilities
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In Japan, there have been many reports of damages caused to suspended ceilings of wide-area
facilities during high-intensity earthquakes. In response to these events, the collapse behaviors
of suspended ceilings were investigated through the experiment conducted at the E-Defense
shaking table facility [1]. However, it is costly to investigate collapse behaviors of ceilings,
which have various specifications dependent to their aim of use.
In this study, a numerical code that can simulate ceiling collapse phenomena in wide-area
facility under seismic excitation was developed based on the Adaptively Shifted Integration
(ASI) - Gauss code [2][3][4]. A numerical model of a suspended ceiling was validated by the
reproduction analysis of the experiment conducted at the E-Defense. Then, numerical analyses
on the behaviors of earthquake-resistant ceilings in the gymnasium were conducted.
Furthermore, a collapse behavior of the suspended ceilings that is complex in structure and can
be attached to a concert hall were investigated by a simulation.
According to the numerical results, the acceleration and displacement responses of the
numerical model agreed well with the experimental results. In addition, a detailed mechanism
of the ceiling collapse was obtained. The analyses of earthquake-resistant ceilings showed how
each major anti-earthquake measures affect and reduce the damages of suspended ceilings.
Finally, it was shown how the shape of ceiling surface affect the collapse behavior of suspended
ceilings with complex structure in the simulation of a concert hall.
REFERENCES
[1] T. Sasaki et al., Collapse Mechanism of Wide-Area Suspended Ceiling System Based on

E-Defense Full-Scale Shake Table Experiments, Shake Table Experiments on NonSeismic Suspended Ceiling and Seismically Designed Suspended Ceiling, 2015 (in
Japanese).
[2] D. Isobe, L. T. T. Thanh and Z. Sasaki, Numerical Simulations on the Collapse Behaviors
of High-Rise Towers, Int. J. Protective Structures, Vol. 3, No. 1, pp.1-19, 2012.
[3] D. Isobe, W.S. Han and T. Miyamura, Verification and Validation of a Seismic Response
Analysis Code for Framed Structures using the ASI-Gauss Technique, Earthquake
Engineering and Structural Dynamics, Vol. 42, No. 12, pp.1767-1784, 2013.
[4] D. Isobe, Progressive Collapse Analysis of Structures: Numerical Codes and Applications,
Elsevier, 2017.
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Recent progress on seismic analysis methods for underground structures
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Seismic analysis of tunnel structures is one of the most important topics on the disaster
prevention of underground engineering. Nowadays, tunnels are widely constructed with the
characteristics of long and large in dimensions and complex joints. Critical issues such as the
longitudinal seismic design theory, large-scale seismic response analysis method, and nonuniform earthquake excitation effects, etc., are challenging for seismic analysis of large and
long tunnels. Based on the literature reviews and urgent demands on seismic design of tunnel
structures, this paper focuses on the seismic analysis theories and computational methods for
long tunnels subjected to non-uniform seismic loadings. Firstly, several simplified models for
seismic design of long tunnels are introduced and analytical solutions for longitudinal responses
of long tunnels under arbitrary dynamic loads are derived, and degraded solutions are presented
for the special load case of travelling waves. These solutions can be conveniently used to obtain
the overall response of the tunnel structure subjected to seismic loading. Based on the proposed
multi-mass-spring-beam model, a simplified method is also developed for the longitudinal
seismic design of long tunnels. Secondly, a multiscale method is developed for the large-scale
seismic analysis of long tunnels, with coarse and refined finite element meshes, or with the
discrete element method and the finite difference method to compute the overall seismic
response of the tunnel while including detailed dynamic response at positions of potential
damage or of interest. This multiscale method does not have spurious wave reflections at the
fine/coarse interface and does not need filtering procedures. Finally, hybrid simulation methods
with numerical and physical sub-models for underground structures were also introduced. With
application in major projects such as the immersed tunnel of Hongkong-Zhuhai-Macau Linkage,
examples are presented to demonstrate the applicability of the proposed analytical, numerical
and hybrid simulation methods.
REFERENCES
[1] H.T. Yu, Z.W. Zhang, J.T. Chen, et al. Analytical solution for longitudinal seismic

response of tunnel liners with sharp stiffness transition. Tunnelling and Underground
Space Technology, 2018, 77: 103-114.
[2] H.T. Yu, Y. Yuan, and A. Bobet. Multiscale method for long tunnels subjected to seismic
loading. International Journal for Numerical and Analytical Methods in Geomechanics,
2013, 37(4): 374-398.
[3] H.T. Yu, Y. Yuan, and A. Bobet. Seismic analysis of long tunnels: a review of simplified
and unified methods. Underground Space, 2017, 2: 73-87.
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Building structures around the world have been designed using various framing methods. In
Japan, two-way steel moment frame structure, which is designed as a 3D seismic frame with
beams connected to biaxial columns, with moment connections in both directions, is
traditionally constructed. In contrast, in the United States and many other countries in high
seismic regions, one-way steel moment frame structure, which is designed as independent
seismic and gravity frame structure with only a few expensive moment connections in seismic
frames, is typically constructed.
Structures with these different framing systems are likely to exhibit different seismic response
and collapse mechanism when subjected to large earthquake excitation. However, simulation
up to complete collapse has almost not been conducted and safety margin to complete collapse
and seismic reliability of these different framing systems have not been sufficiently understood.
In this study, reliability analyses are conducted for one-way and two-way steel moment frame
structures using probabilistic approach. Incremental dynamic analyses (IDA) are conducted to
compute the annual probability of exceedance (APE) for a series of drift demand levels.
Analytical models used for the simulation are based on beam and shell elements. Tentative
results show that the two-way frames, which have a larger initial stiffness and strength than the
one-way frames, have a smaller APE for small drift demands for which members exhibit no or
small yielding, but lave a larger APE for large drift demands for which members exhibit large
plastic deformation resulting from bi-directional horizontal shaking.
REFERENCES
[1] G. MacRae and H. Tagawa, Seismic behaviour of 3D steel moment frame with biaxial
columns. Journal of Structural Engineering, Vol. 127(5), pp. 490497, 2001.
[2] H. Tagawa, G. MacRae, L. Lowes, Probabilistic evaluation of seismic performance of 3story 3D one- and two-way steel moment-frame structures. Earthquake Engineering and
Structural Dynamics, Vol. 37, pp. 681696, 2008.
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The out-of-plane verification of unreinforced masonry infills (MIs) placed at different floor
levels of a building is generally carried out through simplified methods, but seismic events in
Italy (e.g. L’Aquila, 1999) and worldwide (e.g. Northridge, 1994) have highlighted that code
provisions may result in wrong estimations of safety. The types of damage observed for MIs
are usually a combination of, or an interaction between, in-plane (IP) and out-of-plane (OOP)
mechanisms. Specifically, the IP drift ratio is generally reduced at the upper storeys of
buildings, where the OOP drift ratio increases due to an increase of seismic acceleration, while
significant OOP damage may also take place at the lower storeys where the highest values of
IP drift ratio are attained. The present work is aimed at identifying the effects of the IP and OOP
nonlinear interaction of MIs on velocity and acceleration floor response spectra in the OOP
verification of MIs. To this end, a review of the current Italian code provisions (NTC 2018) is
performed by means of comparison with some of the most prominent international seismic
codes (e.g. FEMA standards in US, NZSEE recommendations in New Zealand, Eurocode 8 in
Europe). A spatial one-bay multi-storey shear-type model is considered as equivalent to infilled
r.c. framed buildings. In particular, the dependence of the results on variation in the following
design parameters is considered: i.e. number of storeys, ranging from 3 to 8; aspect ratio of MIs
with two leaves of clay hollow bricks, defined as the ratio between the panel length and height;
strength level of the r.c. framed structure. Biaxial spectrum-compatible accelerograms are
considered at the ultimate limit states. A five-element macro-model comprising four diagonal
nonlinear beams and one (horizontal) central nonlinear truss (Mazza, 2019) for the prediction
of the OOP and IP behaviour of MIs, respectively, is first implemented in a C++ computer code
for the nonlinear dynamic analysis of r.c. infilled framed structures (Mazza and Donnici, 2019).
The proposed algorithm addresses the issue of nonlinear interaction by modifying stiffness and
strength values of the MI in the OOP direction on the basis of simultaneous or prior IP damage.
Moreover, a lumped plasticity model describes the inelastic behaviour of r.c. frame members,
including a 26-flat surface modelling of the axial load-biaxial bending moment elastic domain
at the end sections where inelastic deformations are expected.
REFERENCES
[1] F. Mazza, In‐plane–out‐of‐plane non‐linear model of masonry infills in the seismic analysis

of r.c.‐framed buildings. Earthquake Engineering & Structural Dynamics, Vol. 48, pp.
432-453, 2019.
[2] F. Mazza and A. Donnici, Effects of in- and out-of-plane nonlinear modelling of masonry
infills on the seismic response of r.c. framed buildings. AIMETA 2019, XXIV Conference
of the Italian Association of Theoretical and Applied Mechanics, Rome, Italy, 2019.
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Presented is an energy based framework for design and assessment of soil structure interacting systems.
Proposed framework is based on frequent assessment of design of soil-structure system response that is
loaded dynamically. Assessment of soil-structure system behavior is based on high fidelity, nonlinear, inelastic modeling and simulation where modeling uncertainty is significantly reduced. Energy dissipation
assessment is based on accurate, incremental calculation of energy dissipation that addresses all energy
dissipation mechanisms in all components of soil structure systems. Energy dissipation mechanisms
include viscous, velocity proportional damping, material, displacement proportional damping, radiation
damping and numerical, algorithmic damping. Components of soil-structure system where energy is
dissipated include soil and rock under the structure and its foundations, interfaces of soil with structural
foundations, joints within structure, energy dissipators within structure, interaction with internal and
external fluids and all parts of the structure, made up of concrete, steel, wood, etc.
Thermodynamically based energy dissipation calculations in all solids and structural components is
based on proper calculation of plastic work, plastic free energy, and plastic dissipation. This approach
ensures non-negative incremental energy dissipation, as required by the second law of thermodynamics.
Proposed framework is illustrated on a practical model composed of a frame structure, underlying soil,
and soil-foundation interface. Locations with high plastic energy dissipation, which indicates material
damage, are identified during design assessment. Design is then changed, updated so that energy is
dissipated in locations and at times as directed by the designer.
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In the present study, a seismic response analysis is conducted for a 31-story super-highrise steel
building frame using a high fidelity solid element mesh. A series of researches have been
conducted by the present authors[1]. A parallel finite element structural analysis code, ESimulator, which has been developed at the National Research Institute for Earth Science and
Disaster Resilience (NIED), Japan, is used in the analysis. Various kinds of building structures
including a highly nonlinear collapse analysis of a four-story steel frame[2] have been analysed
using E-Simulator. The 31-story frame is a center-core-type office building whose total height
is 129.7 m, and the size of the plan is 50.4 m × 36.0 m. The FE mesh has 15,598,662 elements,
24,220,688 nodes, and 72,662,064 DOFs. The number of multi-point constraints (MPCs) that
are used to connect component meshes is 2,832,402. Plates such as the flanges and webs of
beams are divided into at least two layers of solid elements in the thickness direction.
A parallel FE structural analysis software package, ADVENTURECluster is used as a
platform of E-Simulator. The algorithm of the analysis code is based on the domain
decomposition method, and E-Simulator was implemented on K computer, which was one of
the fastest supercomputer in the world when it started operation in 2011. The seismic response
analysis of the super-highrise frame subjected to a simulated ground motion of great Nankai
Trough earthquakes is conducted. The computation is performed on K computer using 2048
computation cores. The large strain elastic-plastic analysis is conducted. Time increment is
taken to be 0.1 s for observing the response due to lower order eigenmodes excited by the longperiod ground motion. Duration of the analysis is 125 s. The vibration due to coupled two lowest
modes in the longitudinal and transverse directions and a torsional mode is continued many
times. Region in plastic state spreads gradually as the number of cycles of the oscillation
increases. The equivalent plastic strain more than 30 % is observed. A downward vertical drift
due to plastic deformation is observed in the time history of up-down displacement.
REFERENCES
[1] T. Miyamura, M. Ohsaki and K. Kajiwara, Seismic response analysis of super-highrise

steel building frame modeled using solid elements. Journal of Structural and Construction
Engineering (Transactions of AIJ), Vol. 84, Issue 755, pp. 3949, 2019 (in Japanese).
[2] T. Miyamura, T. Yamashita, H. Akiba and M. Ohsaki, Dynamic FE simulation of fourstory steel frame modeled by solid elements and its validation using results of full-scale
shake-table test. Earthquake Engng. Struct. Dyn., Vol. 44, No. 9, pp. 1449–1469, 2015
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STIFFNESS AND DAMPING PROPERTIES OF CELLULAR SHEAR
WALLS WITH VISCOELASTIC FILLERS
Panagiota Syrimi1*, Spyridoula M. Papathanasiou2 and Panos Tsopelas3
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Aiming to enhance the stiffness and damping properties of cellular materials, the idea of
inserting viscoelastic fillers into the gaps of cells is developed. A representative volume element
of typical hexagonal honeycomb cells with and without inclusions is examined under uniaxial
tension of either horizontal or vertical direction as well as under shear stress, in order to define
the mechanical properties of the proposed composite material. Within each cell the viscoelastic
material is simulated through rubber bars attached to the hexagonal cell apexes. The optimal
layout of filled cells with respect to the overall number of cells of the representative volume
element is investigated, in order to achieve better stiffness and damping properties. The
proposed configuration is, by extent, implemented to a shear wall, tested under static cyclic
loading, to verify the efficiency of the viscoelastic inclusions.
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ADVANCES IN THE MODELING AND DISCRETIZATION OF
SLENDER CONTINUA AND THEIR INTERACTION
TRACK NUMBER: 900
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Key words: Slender continua, 1D Cosserat continua, geometrically nonlinear beam theories,
beam contact, beam-to-beam interaction, large rotations.
ABSTRACT
Highly slender fiber- or rod-like components represent essential constituents of mechanical
systems with a wide variety of applications in very different areas. Examples are high-tensile
industrial ropes as utilized e.g. in urban ropeway transport systems, heavy duty textile
webbings, fiber-reinforced composite or synthetic polymer materials. On entirely different time
and length scales, such slender components are relevant when analyzing the supercoiling
process of DNA strands, the characteristics of carbon nanotubes or the Brownian dynamics
within the cytoskeleton of biological cells. Often, these slender mechanical members can be
modeled as 1D Cosserat continua based on a geometrically nonlinear beam theory. For all
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mentioned examples, mechanical contact interaction crucially influences the overall system
behavior. Systems of this type are typically characterized by a large number of such components
within representative volume elements, arbitrary orientations and curvatures as well as high
slenderness ratios of these components. Consequently, such systems provide considerable
challenges for numerical solution schemes and state highest requirements with respect to
computational efficiency and robustness.
Following the successful first meeting at the ECCM Conference in Glasgow in 2018, the
proposed mini-symposium intends to continue the fruitful discussions between scientists from
different disciplines of computational mechanics in a workshop-like atmosphere. Again,
contributions focusing on modeling and discretization approaches for slender continua and their
interactions, both from method development and application point of view, are invited. Topics
of interest include, but are not limited to:
¥
¥
¥
¥
¥
¥
¥
¥

Geometrically nonlinear theories for slender continua (classical Simo-Reissner and
Kirchhoff-Love beam theories, beam theories accounting for cross-section
deformation or composite cross-sections, reduced beam or rope models etc.)
Finite element formulations for geometrically nonlinear beam problems (geometrically
exact, corotational, ANC or solid beam element formulations etc.)
Alternative discretization schemes for 1D continua besides the FEM (FDM, IGA etc.)
Parametrization, spatial interpolation and time integration schemes for large rotations
Modeling and discretization approaches for beam-to-beam contact interaction
Modeling and discretization approaches for multi-physics beam-to-beam interactions
(e.g. due to inter-molecular potentials such as van der Waals forces, electrostatic /dynamic interactions etc.)
Modeling and discretization approaches for the coupling between 1D and 3D continua
Modeling of mechanical systems involving fibers / slender continua in fields of
application reaching from classical engineering problems to biomedical / biophysical
systems to computer graphics
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A HIGHER-ORDER GEOMETRICALLY-EXACT COSSERAT BEAM
WITH A DEFORMING CROSS-SECTION
Mayank Chadha1 and Michael D. Todd2
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The development of the beam theories idealized by a space curve goes back to two and half centuries ago
and was instrumental in accelerating the second industrial revolution. The past few decades have seen
a tremendous amount of research in the area of theoretical development as well as the applicability of
geometrically-exact beams, particularly focusing on problems with large deformation.
In this exposition, we present our investigation on the variational formulation and numerical solution
of a higher-order, geometrically-exact beam with a deforming cross-section, instigated from generalized
kinematics that we had developed. The generalizations include the effects of a fully-coupled Poisson’s
and warping deformations in addition to other traditional deformation modes like, curvatures, axial deformation, and shear.
The kinematics at hand renders the deformation map to be a function of not only the configuration of
the beam but also on the higher-order derivatives of mid-curve axial strain and the curvature tensor. This
complicates the process of deriving the balance laws and exploring the variational formulation of the
beam. The weak and strong form is derived for the dynamic case considering a general boundary. An
approach to obtain and update higher order derivatives of curvature, required for the numerical solution
of the problem, is presented.
We primarily focus on the geometric non-linearity and restrict ourselves to linear small-strain elastic
constitutive law. The finite element modeling of this beam has higher regularity requirements. The
matrix form of the equation of motion is arrived at. Finally, numerical simulations, for static case,
comparing various beam models are demonstrated.
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A LOCAL FRAME APPROACH FOR LINE-TO-LINE CONTACT
BETWEEN THIN BEAMS WITH CIRCULAR CROSS-SECTIONS
A. Bosten1,2 , J. Linn2 , V. Dörlich2 and O. Brüls1
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Flexible slender structures like cables have a variety of applications in high-performance engineering
systems. The complex mechanical behaviour of such components, resulting from interactions between
individual fibers, cannot be captured by means of global constitutive laws [1]. In mesoscopic models a
cable is seen as a collection of fibers, modeled as 1D Cosserat beams, experiencing frictional contact.
In the mathematical framework of Lie groups, beams are described through a space curve augmented
by a frame attached to each cross section. The mechanical behaviour of a beam is the result of frame
transformations belonging to the Lie group of rigid body motions SE(3). Discretization methods consistent with the framework implicitly conserve the intrinsic geometric characteristics of Cosserat curves
and hence lead to interesting numerical properties [2].
In this contribution the modeling of cables made of elastic fibers with circular cross sections undergoing frictionless contact interactions is addressed. A continuous formulation as Cosserat beams with line
to line contact conditions [3] modeled as unilateral constraints is established in SE(3). A local frame
formulation of contact kinematics emerges from the formalism. The spatial discretization is performed
using helicoidal shape functions resulting from the geodesic interpolation of elements in SE(3). At the
minisymposium an outline of the problem with its scientific challenges, first numerical results, as well
as an outlook on future work will be presented.
REFERENCES
[1] Dörlich, V., Linn, J. and Diebels, S. Flexible Beam-Like Structures - Experimental Investigation
and Modeling of Cables. Advances in Mechanics of Materials and Structural Analysis. Springer,
Vol. 80: 27-45, (2018).
[2] Sonneville, V. et al. Geometrically exact beam finite element formulated on the special Euclidean
group SE(3). Comput. Methods Appl. Mech. Engrg. (2014) 268:451-474.
[3] Meier, C. et al. A finite element approach for the line-to-line contact interaction of thin beams with
arbitrary orientation. Comput. Methods Appl. Mech. Engrg. (2016) 308:377-413.
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EXPERIMENTAL INVESTIGATION OF SOFTENING OF CABLES
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This contribution focuses on the thorough experimental investigation of the softening behavior of cables
under cyclic bending. The results of cyclic experiments previously conducted by the authors [1] show
that even cables of relatively simple construction behave inelastically with nonlinear load paths and open
hysteresis loops and the shape of the static hysteresis of the preconditioned cycles differs quantitatively
from the shape of the virgin cycle.
Cables can be modeled using the theory of Cosserat rods. The constitutive laws can then be formulated
using the sectional quantities and the deformation measures of the Cosserat rod. In case of planar bending, the quantities of the constitutive law, i.e. the bending moment MB and bending curvature KB can be
measured directly using a pure bending test rig [2] and the phenomenology of the bending behavior can
be observed easily.
Previous work of the authors [3] showed that the simulation of the first cycle necessitates a constitutive
law which includes elastoplasticity with hardening coupled with a damage formulation. The following
cycles can be simulated with this model as well, if one assumes that the model parameters of the static
hysteresis depend on the deformation history, i.e. the parameters of the virgin hysteresis.
In this work, detailed experimental work was conducted in order to further investigate the dependence
on the deformation history according to the procedures described in [4].
REFERENCES
[1] V. Dörlich, J. Linn, T. Scheffer, S. Diebels. Arch. Mech. Eng., Vol. 63, pp. 215-230, 2016.
[2] V. Dörlich, J. Linn, S. Diebels. in Advances in Mechanics of Materials and Structural Analysis,
Springer, Cham, pp. 27-46, 2018.
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[4] L. Mullins, ”Softening of rubber by deformation,” Rubber chemistry and technology, Vol. 42(1),
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CONSTITUTIVE MODEL FOR THE MODELLING OF THE
MECHANICAL BEHAVIOUR OF CARBON FIBER TOWS
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Key Words: Carbon fiber tows, Higher order beam kinematics, Transverse compression
When they are used in weaving, and especially in 3D weaving, carbon fiber tows experience large deformations, particularly in tranvserse directions. Simulations of 3D interlock fabrics have been carried
out using either solid elements at the scale of the tow, or various beam elements at the scale of macrofilaments within the tows [1, 2, 3]. In order to reduce the computational time for such simulations, a
higher order beam model able to reproduce the transverse deformations of a carbon fiber tow is suggested. This model is based on a beam kinematics that assumes that the displacements of particles of
the beam are approximated by third order polynomial with respect to transverse coordinates, leading to
express the Green-Lagrange strain tensor as a sixth order polynomial.
An appropriate constitutive model based on the combination of a series of hyperelastic models, each of
them involving some particular components of the polynomial expansion of the Green-Lagrange strain
tensor, is proposed. The parameters of the different superimposed hyperelastic models are adjusted in
order to fit experimental data obtained on transverse compression tests.
REFERENCES
[1] Green, S. D., Long, A. C., El Said, B. S. F., and Hallett, S. R. (2014). Numerical modelling of 3D
woven preform deformations. Composite Structures, 108, 747-756.
[2] Isart, N., El Said, B., Ivanov, D. S., Hallett, S. R., Mayugo, J. A., and Blanco, N. (2015). Internal geometric modelling of 3D woven composites: A comparison between different approaches.
Composite Structures, 132, 1219-1230.
[3] Durville, D., Baydoun, I., Moustacas, H., Périé, G. and Wielhorski, Y. (2018). Determining the initial configuration and characterizing the mechanical properties of 3D angle-interlock fabrics using
finite element simulation. International Journal of Solids and Structures, 154, 97-103.
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IDENTIFICATION OF GRADUAL DEGRADATION DUE TO CYCLIC
MAGNETIC LOADINGS WITHIN COMPLEX SUPERCONDUCTING
CABLES
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1
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Aix-Marseille Université, CNRS, Centrale Marseille, LMA, France
4
Department of Electrical, Electronic and Information Engineering, University of Bologna, Italy
2

Key Words: Superconducting cables, Fusion, Frictional contact within beam assemblies, Finite elements
Superconducting cable-in-conduit conductors (CICC) used for magnets of tokamaks are made of few
hundred elementary wires which are assembled in several successive twisting steps, with different twist
pitches. The different loadings they undergo during their operation, and especially the cyclic magnetic
loading, generate compressive and bending strains at the scale of individual wires that may drastically
deteriorate their conducting properties.
A general approach has been proposed to simulate the mechanical behavior of such cables, representing
each wire with a finite strain beam model, and focusing on the modelling of frictional contact interactions
between them. This approach allows the initial shaping, a thermal loading and successive magnetic
loadings to be simulated for these cables [?]. This approach was recently improved to use more realistic
conditions at ends of the considered sample, by implementing hierarchical average conditions which
significantly reduces boundary effects [?].
New results highlighting the occurence of progressive sliding phenomena within wires induced by repeated magnetic loadings, and demonstrating their consequence on the distribution of strains that governs
the conductivity properties will be presented.

Figure 1: Deformed configuration of a CICC petal subject to a magnetic loading

REFERENCES
[1] Bajas, H., Durville, D., Ciazynski, D. and Devred, A. (2010). Numerical simulation of the mechanical behavior of ITER cable-in-conduit conductors. IEEE Trans. Appl. Supercond., 20(3), 1467–
1470.
[2] Riccioli, R., Torre, A., Breschi, M. and Durville, D. (2019). Mechanical Modeling and First Case
Study on ITER TF CICC Loading Cases With Upgraded Finite Element Code Simulations. IEEE
Transactions on Applied Superconductivity, 29(5), 1–5.
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MORTAR-TYPE METHODS FOR BEAM-TO-SOLID SURFACE
COUPLING AND CONTACT
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The interaction of rod- or beam like structures with three-dimensional continua (solids) can be found
in a variety of different physical problems, for example in classical engineering applications (e.g. fiber
reinforced composite materials, belt drives).
We utilize the finite element method (FEM) to discretize both the beams and the solids. The beams can
be efficiently described by a 1D beam theory [1]. Therein, all kinematic fields defining the beam (in
the quasi-static case displacement and rotation of the cross-section) are defined along a curve in space
– the beam centerline. The interactions between 1D beams and 3D structures (solids) can be classified
into three categories: beam-to-volume coupling, beam-to-surface coupling and beam-to-surface contact.
In the case of beam-to-volume mesh tying, or mesh tying, a beam is embedded inside a solid volume
[2]. In beam-to-surface coupling, the beam is tied to the surface of a solid. Finally, beam-to-surface
contact replaces the tied constraints of beam-to-surface mesh tying with unilateral constraints enforcing
the non-penetration condition. All coupling terms are defined on the beam centerline. This results in
efficient and accurate coupling algorithms for relevant parameters of the system, e.g. stiff slender beams
and soft solids. In all formulations, the coupling is realized by making extensive use of cutting-edge
mortar finite element methods. Both beam-to-surface coupling and contact can be seen as an extension
of beam-to-volume mesh tying, with the additional complexity of calculating closest point projections
between the beam centerline and the solid surface. For Lagrange finite element approximations of the
solid surface, the field of normal vectors is discontinuous across element boundaries, which can lead to
non-unique projections. Different ways to circumvent this problems have been proposed in the literature,
e.g. defining an averaged C0 -continuous normal field.
Among the main topics addressed in this talk are the definition of suitable normal fields along the solid
surface, studies of the different numerical integration strategies for the coupling integrals and the choice
of suitable Lagrange multiplier bases for mortar coupling.
REFERENCES
[1] Meier, C., Popp, A., Wall, W.A. Geometrically Exact Finite Element Formulations for Slender Beams: Kirchhoff–Love Theory Versus Simo–Reissner Theory. Arch. Comput. Methods Eng.
(2019) 26:163–243.
[2] Steinbrecher, I., Mayr, M., Meier, C., Grill, M., Popp, A. Mortar-based methods for embedding 1D
beams into 3D volumes. Computational Mechanics. (2019) Submitted.
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Predicting wire strands failure under rotary bend fatigue
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Mechanical endurance of flexible cables under cyclic stress is paramount for many industries,
from the automotive to the robotics industry. Development, quality assessment and testing are
however non-trivial and very time and cost intensive. This work aims to model mechanical
cable fatigue to speed up and streamline the cable development process as well as to predict
failure rates in the applications. We simulate bare wire strands in a rotary bend fatigue test
machine, as described in [1]. A commercial FEM tool is used to simulate the stresses; on top of
which the number of cycles until complete failure of the strand is predicted. Including the
manufacturing process, in particular the stranding phase in the model is paramount to a correct
description of the damage. For the used copper alloys, a kinematic hardening material model is
characterized and applied. We base the prediction of the number of cycles to failure on three
effects: 1) An initial damage index caused by the stranding process, calculated from the
isotropic damage law [2] for low cycle fatigue. 2) A cyclic fatigue damage based on high cycle
fatigue, using an S-N-curve measured with a single wire in the same rotary bend fatigue test
[1]. 3) A superimposed empirical correction considering the relative sliding distances for every
contact pair in the strand models the damage caused by fretting fatigue. We test our model
conducting experiments with seven different wire strand designs with constant total cross
section in the rotary bending fatigue machine. We find excellent agreement with our models.
REFERENCES
[1] J. D. Weaver and E. J. Gutierrez, Comparing Rotary Bend Wire Fatigue Test Methods at

Different Test Speeds, Journal of Materials Engineering and Performance, Vol. 24, pp.
4966−4974, 2015.
[2] J. Lemaitre and R. Desmorat, Engineering Damage Mechanics, Springer, 2010.
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Structure-preserving algorithms exhibit superior long-run numerical stability in nonlinear solid and elastomultibody dynamics. This paper provides time integrators for large flexible dynamic systems combining
the master-slave sliding contact pair between two beams. The time integrators maintain some of the
structural characteristics, which include the momentum (mid-point (MP) rule, energy-momentum (EM)
method), energy (EM method) and symplecity (NEWMARK trapezoidal rule).
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Figure 1: System configuration

Figure 2: Total energy

Considering the impact of rotation parameters on the construction of time integrator and spacial discretization [1], the rotational degree irrelevant director triad {dd i } (Fig.1) is proposed to describe the beam
section or the attitude of a rigid body. Additional geometric constraints are brought into the equations of
motion to keep the director orthonormality. The large flexible beam is discretized by the geometric exact
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beam formulation according to isogeometric analysis. To further obtain a smooth solution, the slave
node is related to the overall configuration of the master beam while it slides along the deformable beam
centerline (Fig.1). The frictionaless node-to-element contact constraint with released rotational degrees
is a typical bilateral constraint [2]. Due to the involvement of the beam material coordinate into the kinematic assumptions, the constraint has an effect on the systematic tangent stiffness matrix in every step of
iteration. Therefore, the model nonlinearity grows in the constrained large flexible dynamic system.
In research of the beam modeling, the director-based beam formulation has been compared to the general
3D GE formulation and ANC formulation, which are widely used in dynamic modeling of large flexible
slender structures. The contact transition between adjacent elements on the sliding line has been finely
considered to keep the continuity of sliding contact. The structure-preserving methods mentioned above
have been embedded into the numerical solvers for dynamic analysis. Besides, the comparison with time
decaying methods about energy/momentum demonstrates the conserving properties of the beam system
undergoing sliding contact. The MP approach and EM method among them show the best performance
on energy/momentum conserving.
REFERENCES
[1] Betsch, P. (Ed.). Structure-preserving Integrators in Nonlinear Structural Dynamics and Flexible
Multibody Dynamics. Springer. (2016).
[2] Muñoz J J, Jelenić G. Sliding contact conditions using the master–slave approach with application
on geometrically non-linear beams. International journal of solids and structures. (2004) 41 (2425): 6963-6992.
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Shape memory alloys are natural materials that undergo a phase transformation under mechanical load
that can be recovered by a heat treatment. At low temperatures they exhibit multiple stable states that can
be switched by deformation and a unique stable state at high temperature allowing complete recovery
of the original undeformed configuration by heating and cooling the material [1]. In this work we try
to mimic this shape memory behavior by designing structural elastic lattices that are bi-stable at low
temperatures and uniquely stable at high temperatures. Thus, at low temperatures these structures act as
efficient energy absorptive devices by moving from one stable configuration to the other while having
material healing capabilities to recover the original configuration through an external heat treatment.
We achieve this by building the structural lattice with a network of nonlinear springs that have (i) a slight
asymmetry in tension and compression and (ii) different thermal expansion coefficients. The mismatch
in the coefficients of thermal expansion induces residual thermal strains in some of the lattice members
which triggers buckling thus resulting in bi-stable configurations at low temperatures and monostable at
high temperatures. We systematically analyze the stability of the structural lattice under the influence of
the key dimensionless parameters that control the problem: ratios of coefficient of thermal expansion,
stiffness ratios, geometry etc. The analysis is performed first analytically borrowing ideas from singularity theory [2] and then computationally using finite elements. The main outcome of our analysis is a
phase diagram with a design space that could be of interest for experimental fabrication of this new type
of structural lattice.
REFERENCES
[1] Bhattacharya, K. Microstructure of martensite. Oxford University Press.
[2] Golubitsky, M. and Schaeffer, G.D. Singularities and groups in bifurcation theory. Applied Mathematical Sciences (1985) 51:Vol I.

2546

MS Organizer(s):
Assessment
of the
Carlo
effective
Feliceresponse
Ponzo, Alberto
of seismically
Pavese,isolated
Antoniostructural
Di Cesare
systems
and
Marco Furinghetti

Assessment of the effective response of seismically
isolated structural systems
MS Organizer(s): Carlo Felice Ponzo, Alberto Pavese, Antonio Di Cesare
and Marco Furinghetti

2547

2548

MS424Felice
Carlo
- Assessment
Ponzo, Alberto
of the Effective
Pavese, Antonio
ResponseDiofCesare
Seismically
and Marco
Isolated
Furinghetti
Structural Systems

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19- 24, 2020, Paris, France

ASSESSMENT OF THE EFFECTIVE RESPONSE OF SEISMICALLY
ISOLATED STRUCTURAL SYSTEMS
900 - STRUCTURAL MECHANICS, DYNAMICS AND ENGINEERING
FELICE C. PONZO*, ALBERTO PAVESE†,
ANTONIO DI CESARE* AND MARCO FURINGHETTI†
*

†

University of Basilicata – School of Engineering
Viale dell'Ateneo Lucano 10 – Potenza
felice.ponzo@unibas.it, antodice@yahoo.it

University of Pavia – Civil Engineering and Architecture Department
Via Ferrata 3 – Pavia
a.pavese@unipv.it, marco.furinghetti@unipv.it

Key words: Reliability analysis, Uncertainty evaluation, Seismic isolation and dissipation,
Isolation and damper devices.
ABSTRACT
Seismic isolation systems provide a significant reduction of the structural vulnerability of
both buildings and bridges subjected to earthquake excitations. The implemented devices
provide a low value of global lateral stiffness, which leads to the proper period elongation
and, consequently, the reduction of inertia forces at all levels is ensured. On the other hand,
high displacement demands can be achieved at the isolation layer: such a displacement value
can be reduced, by increasing the dissipative capacity of the implemented devices. Nowadays
a number of technical solutions are used in the common practice: among the others, Concave
Surface Slider devices and Rubber Bearings with & without lead core are generally adopted.
In the design phase the main characteristics of isolation devices are computed, according to
simplified procedures, which consider the mean values of mechanical properties as
deterministic parameters, even though research and commercial experimental campaigns have
highlighted a certain variability. Consequently, mechanical properties of isolation devices,
considered as random variables, could eventually lead to unexpected responses, in comparison
to the reference case, with deterministic parameters. Furthermore, the behaviour of isolation
devices is not well known, according to the available research, when extreme loading
conditions are applied, with displacement demands higher than the design value. Since in
extra-stroke conditions the behaviour of isolation devices is unknown, the design
displacement is generally considered as the collapse demand, and no further capacity is
modelled. This aspect leads to unrealistic risk assessment of seismically isolated structural
systems, which seem to experience a lower level of seismic rick, if the fixed-base
configuration is analyzed, thanks to a number of safety reduction factors for strength and
strain capacities of materials. The proposed mini-symposium represents a special occasion to
share recent advances and research on the aforementioned topics.
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Recent researches on seismic isolated structures are focused on the behaviour of isolation
devices when extreme loading conditions are applied, with displacement demands higher than
the design value [1]. Generally, the design displacement is considered as the collapse demand
and no further capacity is considered [2].
This study investigates the effect of the presence of displacement restraint on the response of
seismically isolated buildings based on concave surface slider bearings with mechanical
elements that serve as end stops in the event displacements larger than the design values. Two
six-storey residential buildings case studies with moment resistant reinforced concrete or steel
frames both isolated with Double Curved Concave Surface Sliders (DCCSS) are considered [3]
[4]. The isolated structures are designed according to the current Italian seismic code
considering the same seismic actions [2]. Pushover analyses have been carried out in order to
estimate the engineering demand parameters (top floor displacements) values used for the
definition of the superstructures collapse conditions. The effect of the impact of the isolation
systems against the displacement restraints, such as containment rings or moat walls, on the
seismic response of isolated structures is highlighted. The results of multi-stripe analyses using
twenty ground motions at ten different intensities [5] are compared.
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Nowadays analytical models of seismic isolators can fairly reproduce the force response of
such devices, when implemented in a large variety of structural systems, such as buildings
and bridges. Consequently, realistic hysteretic rules are available for the definition of the
dynamic system for Non-Linear Time History Analyses, and earthquake simulations of the
considered isolated structural systems can be computed. Such models are generally defined,
according to mean values of mechanical properties of isolation devices, even though a certain
variability has been experimentally assessed: precisely, statistical analyses of the outcomes of
test database have outlined that the main response parameters of isolators should be
considered as random variables, rather than as deterministic values. On the other hand, in the
common practice both design and assessment procedures are mainly based on deterministic
approaches, and bound analyses are ruled in just few standard codes.
The present endeavour presents a wide parametric study on a case study structure, in order to
assess the variability of the main response parameters, by accounting for random mechanical
properties of isolation devices. Precisely, a combination of Lead Rubber Bearings and Flat
Slider devices have been considered, and the spatial layout of isolators has been defined,
according to a given performance point. The structural response of the case study building has
been computed through Non-Linear Time History Analyses, by extracting 10’000 individual
values of mechanical properties of devices. Presented results are related to the mean response
of a spectrum-compatible set of natural records, in terms of displacement and force of both
superstructure and isolation system.
REFERENCES
[1] Pavese A., Furinghetti M. [2019] “Consequences of Mechanical Properties Variability of

Seismic Isolation Systems on the Structural Response of Buildings”, COMPDYN 2019 7th International Conference on Computational Methods in Structural Dynamics and
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[2] Furinghetti M., Pavese A. [2019] “Numerical Parametric Study on Property Modification
Factors of Isolation Devices”, XVIII Convegno ANIDIS "L’ingegneria Sismica in Italia"
– Pistoia (Italy) – Special Session SS01.
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ABSTRACT
Since the seminal works of JC Simo and his geometrically exact finite-elements method on the
Lie group SO(3), many improvements in geometrical approaches for 3D beam models (Cosserat,
Geometrically exact, etc.) and associated computational methods have resulted in a wide variety
of applications, ranging from structural dynamics in space or underwater, flexible hoses and
pipes in real-time virtual prototyping of assembly tasks, bio-mechanics of elongated animals,
bio-inspired and soft robotics design and control, and even in physically-based methods in the
computer graphics community. Today, all these communities have attained enough maturity to
share their results and practices on the topic.
Topics of interest include, but are not limited to:
• Geometrical approaches to 3D beam problems in ﬁnite deformations
• Geometrically exact ﬁnite elements of beams in their various acceptations and ﬂavors
• Beam models and associated numerical methods
• Precision and convergence of numerical methods for 3D beams, higher-order methods and
locking phenomena
• Nonlinear stability and energy dissipation properties of numerical methods for beam elastodynamics
• Modeling of beam structures based on anisotropic or heterogeneous materials
• Beam models for cables and wire-ropes
• Computational efﬁciency in beam simulations for large scale systems or real-time applications
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Non-prismatic beamlike structures, such as the blades of helicopters and wind turbines, are
widespread in engineering applications. For their structural modelling the best compromise
between computational efficiency and accuracy can be obtained by a schematization based on
3D beam elements. However, their behaviour cannot be properly modelled with the methods
and formulas commonly exploited for prismatic beams. This is because the spanwise variation
in the dimensions and orientation of their transverse cross-sections, specifically their taper and
pre-twist, produces non-trivial stress and strain distributions, and couplings between bending,
twisting and traction, which are not present in prismatic beams. Not to speak of the large
displacements that such structures may undergo, which further complicate the development of
analytical closed-form formulas able to predict their behaviour. To date much progress has
been made to develop theories for beamlike structures, but non-prismatic cases still require
investigations [1-3]. In general, the structure’s geometry must be properly modelled, as the
taper, twist, and curvature are important geometric features and should be explicitly included
in the model. The analysis should moreover not be restricted to small displacements. The
model should directly furnish the stress and strain fields in the 3D structure, be rigorous and
application-oriented, and provide classical results for prismatic cases. Following this main
guidelines, we propose a physical-mathematical model for non-prismatic beamlike structures
undergoing large displacements of the centre-line’s points, in- and out-of-plane warping of the
transverse cross-sections and small strains. A variational approach and the smallness of the
warping and strain fields are used to obtain the model. In this work we specifically discuss the
important effects of cross-sections taper and pre-twist on the stress and strain fields in such
structures, and present analytical closed-form results which are compared to the results from
nonlinear 3D-FEM simulations to confirm the effectiveness of the proposed approach.
REFERENCES
[1] Balduzzi G., Hochreiner G., and Fussl J., Stress recovery from one dimensional models

for tapered bi-symmetric thin-walled I-beams: deficiencies in modern engineering tools,
Thin-Walled structures, 119:934-945, 2017.
[2] Migliaccio G., Ruta G., Bennati S., and Barsotti R., Beamlike models for the analyses of
curved, twisted and tapered horizontal-axis wind turbine (HAWT) blades undergoing
large displacements, Wind Energy Science, 5, 685-698, 2020.
[3] Migliaccio G., and Ruta G., Rotor blades as curved, twisted, and tapered beam-like
structures subjected to large deflections, Engineering Structures, 222:111089, 2020.
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In many fields, such as biomechanics or the electrical industry, slender structures undergoing large deformations and rotations are present. As examples, fibres in different scales like hair and DNA or wires and
nanowires shall be mentioned. Usually, these structures are modelled using the theory of geometrically
exact rods. This theory differs from the classical beam theory allowing for geometrical nonlinearities,
such as large rotations of the cross-sections and large deformations.
To model geometrically exact rods with arbitrary constitutive behaviour a newly introduced two-scale
model can be used [1]. There, an ansatz similar to numerical homogenisation is applied. The geometrically exact rod model serves as a macro-scale model, whereas a model allowing for the relaxation of a
rod’s cross-section due to local strains serves as a micro-scale model [2]. The two-scale model is general
in the chosen material model, but numerically expensive. Thus, to model elastoplastic deformations of
geometrically exact rods the framework presented in [3] shall be used. For this purpose knowledge about
a suitable yield criterion is crucial. In the case of rods, the yield criterion has to be defined in terms of
internal forces and internal moments, also known as the stress-resultants. The aim of this contribution is
to work out a framework to obtain the yield loci of rods with symmetric cross-sections in terms of stressresultants. Therefore, different sets of simulations on the micro-scale are performed. The yield loci are
comprehensively discussed and dependencies are identified. Finally, with a least squares optimisation
method, appropriate analytical functions are fitted to the yield loci. To conclude, the fundamentals of the
elastoplastic geometrically exact rod model are laid out.
E-mail: ludwig.herrnboeck@fau.de
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This work addresses a semi-analytical sensitivity analysis for flexible multibody systems based on a Lie
group formalism, with a particular focus on geometrically exact beams. The beam is represented on the
special Euclidean group SE(3) using a motion approach, so that the position and rotation fields are treated
as a unit [1]. The direct differentiation method and adjoint variable method for dynamic systems on Lie
group require the availability of the complete linearized form of the equations of motion [2]. In this
context the work develops the complete linearization of equations of the beam element on the Lie group
SE(3) framework based on the local frame approach. Some important efficiency and accuracy aspects
of the high-order derivative of the curvature tensor of SE(3) are highlighted and discussed. Finally, a
numerical example is analyzed and exhibits a second-order convergence for both methods of sensitivity
analysis.
REFERENCES
[1] Sonneville, V., Cardona, A. and Brüls, O., Geometrically exact beam finite element formulated on
the special Euclidean group SE (3). Computer Methods in Applied Mechanics and Engineering 268
(2014): 451-474.
[2] Sonneville, V. and Brüls, O., Sensitivity analysis for multibody systems formulated on a Lie group.
Multibody System Dynamics 31, no. 1 (2014): 47-67.
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A new systematic, hierarchical approach is presented to derive cross-section deformation
modes of thin-walled beams in the framework of a higher-order beam theory. New sets of
higher-order modes such as warping and distortion are derived hierarchically from the lowest
mode set; a higher cross-sectional mode set is obtained as the secondary deformations of a beam
cross-section induced by the stress field associated with lower mode sets [1, 2]. We show that
higher-order modes can be built as a linear combination of the integrated functions of all lowerorder modes. The combination coefficients are determined by the orthogonality condition
among the higher-order modes. Because the proposed method does not require any
approximation in determining sectional mode shape, no cross-section discretization is needed,
which is commonly used in existing studies.
Static and eigenmode analyses of thin-walled beams with various cross-sections (nonrectangular open, closed and flanged sections) were performed by the proposed method and the
results were compared with those of shell and other beam-based approaches. The present
higher-order thin-walled beam analyses were shown to be comparable with the shell results
only by using 1% of the total degrees of freedom used for the shell analyses.
REFERENCES
[1] S. Choi and Y.Y. Kim, Consistent higher-order beam theory for thin-waled box beams

using recursive analysis: Membrane deformation under doubly symmetric loads.
Engineering Structures, Vol. 197, 2019
[2] J. Kim, S. Choi, G.-W. Jang and Y.Y. Kim, Analytic Approach for Hierarchically Deriving
Cross-sectional Modes of Higher-order Thin-walled Beam Theory. (in preparation)
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COMPUTATIONAL METHODS FOR REALIZING DIGITAL TWINS
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ABSTRACT
An increasing number of disruptive innovations with high economic and social impact shape our digitalizing world. Simulation technologies are key enablers of digitalization, since they facilitate digital
twins that mirror physical products and systems into the digital world. However, digital twins require
a paradigm shift in computational engineering: Instead of expert centric tools, such as common CAx
software, engineering and operation require largely autonomous digital assist systems that continuously
interact with the physical environment through background simulation, optimization and control. This
new type of digital engineering tools must efficiently integrate models and data from different product
life cycle phases and master the resulting exploding computational complexities. This minisymposium
aims to connect experts from both academia and industry who are interested in addressing the challenges
of realizing digital twins. Potential topics include the development of novel computational methods, as
well as their implementation for real-world problems and industrial applications. Some of the challenges,
topics and techniques to be addressed within this minisymposium can include:
• Transfer of highly detailed and complex simulation models and data to other domains and life
cycle phases
• Co-simulation methods and model predictive control integrating operational real-world data

• Model order reduction methods for efficient and accurate co-simulation, control and optimization
• Methods for prediction, control and optimization under uncertainties

• Integrated modeling and design optimization based on process and usage information
• Industrial applications and implementations of digital twins
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Advanced numerical models to enhance design and operation of industrial
scale process equipment
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The efficiency of large-scale industrial process plants, e.g. for air separation or natural gas
liquefaction, is governed by the performance of their key process equipment. Hence, accurate
methods for the characterization of heat exchangers, distillation columns and further main
equipment are vital for the design of these plants.
Complex interaction of physical phenomena such as multiphase flow in conjunction with heat
and mass transfer determine the functional principle of these apparatuses. In many cases this
necessitates a high degree of sophistication of the modelling approach in order to analyze the
prominent characteristics of the equipment. For the detailed investigation of process plant key
equipment, numerical methods like CFD or FEA are applied associated with the respective
computational costs. In order to analyze the transient behavior of an apparatus and its fluid- and
thermodynamic interaction with the process plant periphery, abstracted models are adopted and
embedded in a process simulation framework to include up- and downstream parts of the plant.
This contribution gives an overview of latest numerical models with varying levels of detail for
the representation of industrial scale process equipment. The presented developments reach
from small scale analysis of mass transfer in air separation units [1, 2] over CFD studies of coil
wound heat exchangers [3] to novel simulation techniques for the representation of
thermofluiddynamic transients in plate-fin heat exchangers [4, 5]. The boundary conditions,
benefits and limits which determined the selection of respective model complexity are discussed
with these examples.
As the presented modelling methodologies will be the basis for future initiatives with respect
to digital twin technologies, lifetime analysis and predictive maintenance, the current status [6]
will be exemplified and potential developments are outlined.

REFERENCES
[1] S. Hill, T. Acher, R. Hoffmann, J. Ferstl, D. Deising, H. Marschall, S. Rehfeldt and H.

Klein, Quantification of the Separation Efficiency of a Structured Packing by Numerical
Simulation. Chemie Ingenieur Technik, Vol. 91: 1833-1841, 2019.
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Co-Simulation of Multiphysics Problems with Data Driven Surrogate
Models
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Recent developments in the field of computational mechanics have introduced methods
combining conventional numerical methods with state-of-the-art artificial intelligence (AI).
These methods roughly involve two steps. First creating a surrogate for the numerical model.
Second is to use the generated surrogate in place of the numerical model or along with other
numerical models as a replacement to a part of Multphysics simulations.
Both approaches demand integration of AI related packages into existing simulation
workflows. The AI Application developed in Kratos[1] is one such an application which
enables the user to use AI methods in combination with Finite element methods (FEM). The
application includes a general interface developed with the help of CoSimulation application
of the Kratos framework. This includes routines to interact with the widely used software
packages for AI applications like Tensorflow [4] and PyTorch[3].
Multiphysics problems present a good case to test the above developed methodology as
individual numerical models of the simulation can be replaced by already generated surrogate
models from AI to perform the Multiphysics simulation. To this extent, a Fluid-Structure
Interaction (FSI) problem is chosen. The Mok [2] example is used for the simulation and
results are compared with benchmark results. Here, in the FSI simulation, the structural model
is replaced by a neural network generated surrogate. This Keras based neural network model
receives forces from fluid solver and predicts the displacement of the structure. The results are
compared with an FSI simulation using a FEM based structural solver. This contribution
discusses different properties of the surrogate effecting the outcome of the simulation and
methods to improve the stability and error in the estimates from the surrogate.
REFERENCES
[1]
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Dadvand, Pooyan, Riccardo Rossi, and Eugenio Oñate. "An object-oriented environment for developing
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Modelling, Simulation & Optimization (MSO) in a Data rich Environment plays a key role to
develop new economic opportunities: i) the virtual co-development of products and systems,
ii) novel digital services to the consumer along the complete value chain, iii) innovative
industrial solutions within Industry 4.0. MSO is at the core of business-to-business
applications in artificial intelligence and the upcoming advances in computational hardware
from high performance to edge computing. MSO will provide the next generation key
technologies enabling quantum leaps in digital twins. Beyond their impact on innovation and
efficiency, digital twins foster a unique opportunity to prevent the intermediation of European
Companies on business-to-business services, i.e. the case where third parties interfere as an
intermediate in business relationships at the expense of the original members of the ecosystem. EU-MATHS-IN and its industrial core committee are committed to open innovation
across large companies, SMEs, startups, and academia, to foster the development of digital
twins, and to provide means to enable the development of the necessary mathware. In this
talk, we will sketch our European perspective on digital twins.

REFERENCES
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Digital Twins are a major trend in digitization, e.g. they have been named three years in a row by Gartner
Inc. as one of the 10 hottest technology trends. Still the adoption of digital twins is slowed down by a
number of challenges, such as usability, real-time execution, or portability. Many of these challenges can
be only solved by means of mathematical tools. Mathematics lays the foundation for digital twins and is
one of their key enablers.
We will review the concept of digital twins, highlight its potential along a number of industrial success
stories, and in particular how mathematics made these possible. Along introducing the next generation
concept of digital twins, executable digital twins, we will review the major key challenges and how
mathematics will be able to contribute to these challenges. Our ambition is to spur novel mathematics
research inspired by real life industrial use cases.
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As one of the leading aircraft engine manufacturers, MTU Aero Engines is continuously
extending the state-of-the-art in computational engineering to increase its own long-term
competitiveness. This requires highly efficient and flexible geometric technologies combining
newest research results and real-world product design and repair inspection processes directly
used by the specialists.
Therefore, MTU invested heavily into a new type of digital engineering with a paradigm shift
in geometric modeling: A highly specialized geometric generation software, based on a CAD
kernel, generates advanced blade designs within a fully automatized multi-disciplinary shape
optimization framework, and its lossless integration into all life-cycle-phases in CAE, CAD
and CAM/Q by a central geometric model ensures competitive design-to-product times. To
master the complexity of describing efficiently free-from shapes of mechanical parts in the
design and re-design processes, the standard tensor-product splines were generalized towards
adaptive splines, i.e. truncated hierarchical B-splines [1,2,3] and patchwork B-splines [4,5].
The mini-symposium talk will give an overview of the core concepts and our latest results in
generating leading-edge designs and in bringing the digital and physical product together,
including the automatized integration of manufacturing and repair inspection tolerances.
REFERENCES
[1] C. Giannelli, B. Jüttler, H. Speelers: THB-splines: The truncated basis for hierarchical

splines, CAGD, 2012:29.

[2] G. Kiss, C. Giannelli, U. Zore, B. Jüttler, D. Großmann, J. Barner: Adaptive CAD model

(re-)construction with THB-splines, Graphical Models, 2014:76.

[3] C. Bracco, C. Giannelli, D. Großmann, A. Sestini: Adaptive ﬁtting with THB-splines: Error

analysis and industrial applications, CAGD, 2018:62.

[4] N. Engleitner, B. Jüttler: Patchwork B-splines Refinement, GAGD, 2017:19.
[5] N. Engleitner, B. Jüttler: Lofting with Patchwork B-splines, NFN-Report, 2019:79.

2570

Konstantinos Bayesian-Based
Output-Only
E. Tatsis, K. Agathos,
CrackKonstantinos
Detection in Solids
Vlachas
and
and
Shells
EleniUsing
N. Chatzi
Parametric ReducedOrder Models
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

OUTPUT-ONLY BAYESIAN-BASED CRACK DETECTION IN SOLIDS
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The effective localization and quantification of cracks in structural and mechanical systems remains an
active research topic in the engineering community. In contrast to crack or damage detection, for which
many alternative methods of a certain degree of functionality have already been established, crack localization and quantification is considerably more complicated and, in most cases, requires the availability
of extensive spatial information in combination with physics-based models. The problem becomes even
more challenging under the constraint of real-time performance on in-service systems, calling thus for
computationally efficient models and recursive methodologies able to operate in online fashion. In the
present work, crack detection in solid and shell structures subjected to dynamic loading is performed,
based on reduced-order numerical models and output-only Bayesian filters.
Within this context, parametric, projection based reduced order models for cracked solids and shells are
developed, with the parameters corresponding to geometric properties of the crack. To allow such a
parametrization, a reference crack configuration is defined and mesh morphing is employed to map this
configuration to a range of possible target cracks. Morphing is performed using a variation of inverse
distance weighting which allows to efficiently treat curved boundaries that might lie in the vicinity of
the crack. For curved shells, an additional transformation is performed, using discrete minimal surfaces,
to map curved surfaces onto planar ones. Once the models are parametrized, established techniques are
used to construct appropriate bases for subspaces of reduced size, where solutions are sought for, as well
as to project the system equations into these bases.
The problem of identifying the crack parameters of vibrating systems using spatially incomplete and
noisy output-only response measurements is hierarchically formulated in a two-level Bayesian framework. As such, the crack parameters to be identified are treated as random variables with a finite number
of evolving states. For each realization of the parameters, an output-only Bayesian filter is employed for
the unknown input and state estimation, creating thus a bank of filters which are recursively weighted,
upon assimilation of the measurement information, and subsequently updated in order to narrow down
the range of system parameters and identify the sought-for crack configuration. The overall framework
is tested on a number of numerical problems using simulated measurements.
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We consider nonlinear magneto-quasistatic (MQS) field equations which arise in simulation of lowfrequency electromagnetic devices coupled to electrical circuits. A finite element discretization of such
equations on 3D domains leads to a singular system of differential-algebraic equations (DAEs). First,
we study the structural properties of this system and present a new regularization approach based on
projecting out the singular state components. Furthermore, we investigate the passivity of the variational
MQS problem and the semidiscretized system by defining appropriate storage functions.
For model order reduction of the nonlinear MQS system, we use the proper orthogonal decomposition
(POD) method, e.g., [3], combined with the discrete empirical interpolation technique (DEIM) from
[1] for fast evaluation of the nonlinearity. Our model reduction approach is based on transforming the
regularized DAE into a system of ordinary differential equations (ODEs) by exploiting a special block
structure of the underlying problem and applying standard model reduction methods to the resulting ODE
system [2]. For the POD reduced model, we prove the preservation of passivity, while for the POD-DEIM
reduced model, we present a passivity enforcement method based on a perturbation of the output which
depends on DEIM errors. Numerical experiments demonstrate the performance of the presented model
reduction methods and the passivity enforcement technique.
REFERENCES
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SIAM J. Sci. Comput. (2010) 32:2737–2764.
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Changing geometrical parameters of CAD models and evaluating their direct effects on the structural
component behaviour is an important aspect in preliminary design phases. Due to the effort required to
transfer the geometric model to a structural FE analysis model, extensive design studies are not practical
and thus, the demand for a better integrated and automated solution rises. This paper presents an approach
to satisfy this demand in the case of aero engine assemblies.
A boundary condition which is omnipresent in larger assemblies like aero engine models is the calculation time and human as well as computational resources required for the analysis. Engineering judgement, experience and expensive manual work are required to set-up suitable analysis models. In most
of the cases a straight-forward meshing approach is either not possible or exceeding calculation limits.
For this reason, specific components are extracted and manually simplified in various ways to achieve a
compromise of detail and calculation resources.
The target of the approach presented in this paper is to reduce the amount of human effort required
to improve process effectiveness. An automated component identification shall support the process of
transferring a geometry to the CAE environment. The identification logic of the approach is based on
three fundamentals. The form or shape of geometric entities depicts the most obvious criterion. However,
the design of components which fulfil a similar purpose can take different shapes which complicates
finding shared elements or topologies. For this reason, the second aspect focuses on the function of
components. The method concentrates on the interaction and interfaces between geometrical entities to
identify the function of the component. The third fundamental is taking dimensions and the location
within the assembly into account and thus, provides further categorization information. The developed
multi-criteria approach supports the robustness of the methods and also opens up a wider application
spectrum.
In the course of this paper, a description of the recognition framework is given. First, the most significant
components which are imposed to simplification or modification before being transferred to the CAE
environment are selected for application cases. After specifying the categories, the logics being the basis
for the recognition are put into focus. Siemens NX is a CAD/CAM/CAE system and provides a programming interface by its API: NX Open. This interface has been used to access geometric information
and implement the recognition framework for a direct user interface. In the conclusion, an outlook to an
integration of the framework to an automated CAD-to-CAE process is given.
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ABSTRACT
Structural instability phenomena, e.g., buckling, occur on various length scales. In engineering
design, buckling is mainly considered on the macro-scale and is typically treated as failure
mode. There, simulations aim at determining the critical loading state and the initial postbuckling behaviour.
On the nano-meter and micro-meter scale, the purpose of stability analyses is not primarily
determining critical loading states but rather explaining phenomena observed in experiments
and finding mechanisms that trigger the occurrence of instabilities. Examples are studies on the
growth limit of carbon onions [1], or the pattern formation in soft matter such as hydrogels, or
biofilms [2]. There are situations in which the appearance of instabilities is even be exploited
for particular purposes. Examples for this are the pattern transformation in metamaterials [3] or
the determination of interface parameters in thin-film substrate systems [1].
Often, it is the case that instabilities at lower length scales influence the structural behaviour on
higher length scales. For instance, buckling of fibers in fiber reinforced materials reduces the
structure’s stiffness, and, in consequence, global structural instability may appear at
significantly lower load levels than predicted without taking such multi-scale effects into
account.
Moreover, buckling is typically related to compressive loading. However, there are several
situations in which tensile loading results in buckling. Overlooking such possibilities in
structural design may lead to unexpected failure.
The objective of this Minisymposium is to bring together experts from various disciplines
ranging from physics, biomechanics, and material mechanics to structural mechanics for
discussing recent advances in computational methods as well as for presenting uncommon
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phenomena related to instabilities.
Contributions on advanced simulation methods, including atomistic simulation techniques,
continuum mechanical methods, and multi-scale / multi-method approaches as well as on
applications of these methods for investigating instabilities on various length scales are within
the scope of this Minisymposium.
REFERENCES
[1] M. Todt, F. Toth, M.A. Hartmann, D. Holec, M.J. Cordill, F.D. Fischer, and F.G.
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In contrast to massive construction designs, the ultimate load, which a thin
plate can withstand, is often bounded by the stability reserve. Interestingly,
holes in plates may increase the critical buckling loads. Moreover, Blesa
Garcia and Rammerstorfer [1] recently suggested a semi-analytical
approach to finding positions for the holes such, that an optimal
improvement of the stability behavior is achieved.
While the above study addressed infinitesimally small holes, it is desirable to efficiently find
optimal shapes of the finite cutouts using repetitive simulations with a slightly varying
geometry of the plate. Conventional finite element analysis implies high computational and
(manual) pre-processing costs because of the continuous remeshing of each trial geometrical
domain, assembling the matrices of the finite element model and post-processing the results.
Moreover, this remeshing may result in a non-smooth dependence of the goal function on the
geometry of the cutout, which will influence the performance of the optimization algorithm.
The idea of the proposed contribution is to use a type of fictitious domain
method [2,3] for efficient buckling analysis of rectangular plates with holes
of arbitrary placement and shape. The same regular mesh of the plate finite
elements [4] is used for all configurations. The plane stress problem is solved
first, and the plate model is then used for the stability assessment. The cutout
is accurately excluded from the integration of the global stiffness matrix in
the finite element model using the finite cell method. This strategy is shown to be beneficial for
series of computations of critical loads for slightly alternating geometries of the holes since
only a subset of the elements needs to be re-computed and the procedure is easily automated.
REFERENCES
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The complex buckling behaviour of one of the simplest structures, an elastic thin strip, under
combined stretch and twist loading represents a fascinating example for structural stability
analysis.
In contrast to buckling of solely stretched strips [1], for stretch-twisted strips not just the
computation of the post-buckling process but also the simulation of pre-buckling behaviour
requires nonlinearities to be taken into account. The reason for this is that under twist,
buckling relevant compressive stresses develop not directly from the external load but result
from geometric nonlinear effects during the deformation process.
These compressive membrane stresses have components both in the longitudinal and in the
transversal direction with respect to the long axis of the strip. Depending on the length to
width ratio of the strip and on the ratio of the intensity of torque to tension loading, it is either
the longitudinal or the transversal compression stress distribution, which is predominantly
responsible for the loss of stability of the trivial equilibrium state. This fact is the reason for
the transition from one characteristic of buckling mode shapes to a completely different
characteristic of buckling modes in dependence of the length to width ratio of the strip and the
loading conditions. Of course, within each of these two characteristics the buckling modes
vary in terms of wave numbers in dependence of the mentioned parameters.
However, not only related to the fundamental equilibrium bifurcations, such mode transitions
appear but, moreover, mode transitions happen also in the post-buckling domain due to postbuckling bifurcations.
Capturing all these effects by numerical simulations requires a well thought out model and a
careful control of the computational analyses.
REFERENCES
[1] F. G. Rammerstorfer: "Buckling of elastic structures under tensile loads"; Acta Mech.,
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Atomic steps are observed on vicinal surfaces—crystal surfaces slightly misoriented from the highsymmetry crystallographic planes—of crystalline materials where they form periodic arrays separating atomic terraces. Under appropriate experimental conditions, the epitaxial growth of crystals occurs
through the propagation of these atomic steps.
The deposited atoms diffuse on the terraces before attaching to the steps where they crystallize, with each
step propagating at the same speed, providing a uniform crystal growth. A frequently observed instability is the step bunching: a bifurcation away from the above-mentioned uniform speed mechanism by
which differences in step velocities result in the bunching of atomic steps, thereby forming “macrosteps”
separated by wide terraces.
With the pioneering work of Burton, Cabrera and Frank (BCF) the dynamics of steps has been modeled
by accounting for adatom adsorption, desorption and diffusion on terraces and their attachement/detachement
(a/d) to steps. Since then, several physical mechanisms (elasticity, asymmetry in a/d rates at steps, adatom
diffusion along steps) have been added to the original model with the aim of understanding occurences of
step bunching. However, all existing analyses have been carried out in the framework of the quasistatic
approximation, a mathematical assumption usually considered appropriate in regimes of low deposition
rate.
In this work, we develop a linear stability analysis of the general governing equations without resorting
to that simplification and surprisingly find that the stability results are significantly modified, even in the
regime of slow deposition. While this result questions the scope of the quasistatic approximation it also
provides a new candidate mechanism for step bunching, pertinent for the understanding of its occurrence
in growth of GaAs(001) and Si(111)-7x7.
REFERENCES
[1] Guin, L., Jabbour, M. E., Shaabani Ardali, L., Benoit-Maréchal, L., and Triantafyllidis, N., Stability
of vicinal surfaces: Beyond the quasistatic approximation, Physical Review Letters (In press).
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ABSTRACT
Diagnosis of loss of stability of structures and of their postbuckling behavior is a challenging
topic of both fundamental and applied research as well as of engineering practice. The
complexity of many stability problems in engineering very often requires the use of advanced
mathematical theories of stability and of sophisticated methods of computational mechanics.
The rapid progress of computer efficiency has made it possible to tackle problems which
previously were considered to be intractable. Detailed studies have to be based on consistent
nonlinear formulations as well as on reliable and robust solution procedures. They are directed
for instance to the determination of the load-carrying capacity of thin structures being
influenced by initial imperfections, material behavior, geometry, and loading. Another field is
the design sensitivity analysis of the initial postbuckling behavior of elastic structures, and
related to this, the convertibility of such structures from imperfection sensitivity into
insensitivity. These are just two examples of a very wide field including the loss of stability in
the plastic material domain, dynamic instability, loss of stability of different types of structural
members such as beams, panels, shells, etc.
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In this research a new analytical solution for finding the buckling loads of thin isotropic rectangular
plates with different boundary conditions [1, 2], and with point supports in the interior is derived. Until
now, little to none cases were analytically solved for buckling of plates with such supports. The solution
method is based on the development of a static solution for a plate. The physical meaning of buckling is
the loss of stiffness, and it is found as the value of the in-plane loading intensity at which a zero normal
force on the plate surface will generate infinite displacement. The solution is obtained in a series form,
and the coefficients are solved to match the edge conditions. The solution will fit different boundary
conditions, of the deflection, slope, shear force and bending moment along the edges of the plate. Using
this new method, exact buckling loads and buckling modes of many new cases of classical boundary
conditions are found. Each internal support is enforced by adding an equation requiring the displacement
at that point equal to zero.
Table 1 shows the uni-axial buckling load and modes for two different boundary conditions and supports
arrangement. The results are compared with the FE software ANSYS and it can be seen that the results
are lower than the ones found in the FEM software, as expected. Using this new method many new cases
are solved for many combinations of boundary condition, aspect ratio, support arrangement and loading.
Table 1: Uni-Axial Buckling Load for a Square Isotropic Plate with Different Boundary Conditions (ν = 0.3)

Support
Case

1

Present
104.0552

CCCC
ANSYS
104.13

2

130.5018

1
2

Load

Present
51.8633

SSSS
ANSYS
51.875

130.64

87.0150

87.049

145.6155

145.77

88.7727

88.807

205.1747

205.57

116.9347

117.04

Mode 1

Mode 1
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Steel profiles with equal leg angle cross-sections are widely used as structural elements in
reticulated structures (i.e., formed by bars), like industrial buildings, trusses, and transmission
towers. Due to their geometric characteristics, columns made of equal leg angle cross-sections
with short to intermediate lengths exhibit a very particular structural behaviour. The
deformation of the legs in short columns with slender angle cross-sections show similarity to
the deformed configuration of a local buckling, however, Dinis et al. [1], based on
Generalized Beam Theory concepts – GBT [2], mechanically investigated the behaviour of
columns made of equal leg angle cross-sections and thus demonstrated there is no local
buckling but a global flexural torsional buckling. The majority of the studies concerning
angles’ behaviour were carried out in carbon steel columns, but stainless steel has already
been used, in various types of constructions, due to its high corrosion resistance, durability,
appearance, and aesthetics. Based on some studies presented in the literature, it could be
observed that both hot-rolled equal leg angle cross-sections and the austenitic stainless steel
material still indicated pressing needs for further investigations related to fixed ends columns
under the flexural torsional buckling ultimate limit state. The present paper presents a
numerical study calibrated against experimental results of these particular 304 austenitic hotrolled angle columns aiming to verify the accuracy of the Eurocode 3 – Part 1.4. The
experimentally measured initial imperfections in terms of local (cross-section rotation) and
global (major and minor axis bending) were used in the FEM, and its influence in the overall
response of hot-rolled stainless steel equal legs were investigated. Based on the parametric
analysis, the results showed that the flexural-torsional buckling behaviour is strongly
influenced by the initial imperfections considered in the finite element model, mainly in terms
of the cross-section rotation and major axis bending.
REFERENCES
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The paper is generally devoted to the problem of offshore oil and gas fields’ development.
The main focus of the study is mechanical behaviour of sea-floor sediments and stability of
infrastructure objects' supporting constructions.
We study the problem of estimation the effective mechanic properties of sea-floor sediments.
It is clearly important to know the elastic moduli and strength properties of the sediments in
vicinity of supporting constructions to understand the infrastructure response to external
effects typical for offshore conditions including sea waves and seismic events. At the same
time there are limited methods to estimate these properties as engineering drilling is extremely
costly and the sediments are characterized by complicated visco-elasto-plastic rheology.
There are also limited opportunities to study this rheology in laboratory conditions.
To solve the mentioned problem we propose usage of tube samplers of bottom sediments.
These tubes make it possible to study dynamic elastic properties at the ship laboratory
conditions: we introduce al algorithm to study dynamic elastic moduli of the samples using
multilevel ultrasonic studies. At the same time we study the sampling process itself as a tool
to estimate rheological properties of sea-floor sediments. In the current study we propose a
specific analysis of the samples and sampling process. The sampling tube is equipped with
tools providing an opportunity to calculate its acceleration at each moment of time during
sampling process. It is clear that this acceleration is dependent on controllable sampling
process conditions and mechanical properties of sea-floor sediments being sampled. A
corresponding contact problem is considered using finite-element method. It is shown that
there is an opportunity to evaluate some (but not all) parameters for visco-elasto-plastic
rheology of the sediments from known acceleration of the sampling tube. These estimations
are then combined with results of ultrasonic studied of the samples to establish a selfconsistent model of static and dynamic elastic properties under in-situ conditions. The
problem of rescaling this model to the scale of geomechanical modelling using effective
medium theory methods is considered as well.
The obtained results make it possible to improve the quality of model of mechanical
properties of the sea-floor sediments. This improvement provides the corresponding increase
in results of mechanical modelling of infrastructure stability and decrease the risks
accompanying offshore fields; development.
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The finite element analyses (FEAs) with geometrical nonlinearity including stability problems
have long been a difficulty in computational mechanics. It is well-known that the influence of
imperfections is crucial to these problems, and appropriate perturbations reflecting real
imperfections are often required to simulate this effect [1]. In this paper, a natural perturbation
method is described as an attempt to push this issue forward.
For a one-step elastic deformation, it has been proved by differential approach that the Willisform equations explicitly contain the effect of pre-stress gradients [2], and an experimental
verification of rotational springs has been conducted [3]. This situation can be generalized to
geometrically nonlinear deformation process by energy principles, with its governing equations
proved to be still in the Willis-form. Then, an Updated Lagrangian (UL) finite element
formulation can be established as a natural choice, and the resultant secant stiffness is a
symmetric matrix with solid physical basis. The corresponding numerical method for stress
gradient analyses has also been proposed to compute the secant stiffness matrix.
Later on, the proposed method has been used to conduct FEAs of various problems. For the 1D
rotational spring problem, this method has been adopted to compute the critical angular velocity,
and it can significantly reduce the number of Newton-Raphson (NR) iteration steps. For 2D
structures, numerical results have been compared with corresponding theoretical solutions to
further show its validity. For 3D case, it has been interestingly found that the buckling loads
form an approximate upper bound for cylindrical shells, as well as for spherical shells with
relatively large cambers [4]. Since perturbations can be naturally generated by the secant
stiffness matrix near the critical point, it can indicate the sensitivity of structural stability to
imperfections. Thus, this method may achieve meaningful results for stability analyses based
on perfect geometrical models without directly dealing with the detailed imperfections.
REFERENCES
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ABSTRACT
Main goal of this Minisymposium is providing a possibility for the exchange of new ideas and
results between research groups in the field of mathematical models and their implementation
in the investigation for strongly nonlinear dissipative mechanical systems. Special attention
will be given to examples of real dynamic problems considering interaction with dry friction,
fluid-structure interaction and other similar topics. In particular, models of dry friction for
combined kinematics as interacting rigid bodies participate in simultaneous relative rolling,
spinning and sliding motions are of interest. Fluid-structure interaction problems are also
assumed to be included in this circle of problems.
Corresponding Organizer: Alexey A. Kireenkov: kireenk@ipmnet.ru, kireenk@mail.ru
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Earlier [1], for the considered mechanical system, equations of motion on a surface with
friction were obtained in two cases: translational motion, rotational motion. In this paper, we
consider the general case of motion, including simultaneous translational and rotational
motion.
It is worth mentioning that in other papers, the author also considers systems moving due to
internal movers – systems with two massive eccentrics [2-3]. In general, interest in such
systems is due to an unusual way of moving – without using standard methods, such as
movements on wheels, legs, tracks.
The equations of motion in the mathematical model of the solid system with slider-crank
mechanisms as internal movers are obtained in the general case of translational-rotational
motion on a rough plane with dry friction. Viscous friction with linear dissipation is also
considered in the model.
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The symplest computer models for mechanical systems can be organized using Cachy normal form.
Further complicating the mechanical model is able to bring us to application the implicit functions of
next complexity level. Process of the multibody system computer models development is of special
difficulty.
There exist different ways for organizing such a models. Mainly these ways are reduced to the model
transformation to the form of differential-algebraic equations (DAEs). These latter ones correspond
to Lagrange equations of the first kind. Note that usually differential equations of DAEs mentioned
correspond to dynamical and kinematical equations of mechanics, while the algebraic equations are
generated by constraints.
Computational experience makes it possible to classify objects of the multibody system dynamics [1].
Such a model includes two classes of objects. They correspond to notions of “body” and “constraint”.
Let us also remark that these two classes of objects define the structure of the undirected graph such that
“bodies” play a role of the graph vertices, while “constraints” play the role of edges.
There exists yet another graph interpretation using the bi-chromatic bipartite graph. In this case both
bodies and constraints are interpreted as vertices. Objects of bodies compose a partition and are coloured
by one colour while objects of constraints compose the complement partition of the whole graph and
are coloured by another colour. Edges connecting vertices of partitions for the graph are arranged in a
way such that for any vertex of constraint there exist exactly two vertices of class “body” thus implementing participation in the constraint. Two ways for the multibody system dynamics computer model
graph composition mentioned above define ways for constructing the visual model of such a system thus
defining ports interconnection structure.
Different cases of the multibody system dynamics computer model implementation were analysed as an
examples. Models under construction are the following ones: (a) Rattleback; (b) Snakeboard; (c) Skateboard; (d) Tippe-Top; (e) Ball Bearing; (f) Spur Involute Gear; (g) Omni–Vehicle.
This work has been prepared at MAI and RTU MIREA with help of project ICMR-9.
REFERENCES
[1] Kosenko, I. I., Stepanov, S. Y. and Gerasimov, K. V. Contact tracking algorithms in case of
the omni–directional wheel rolling on the horizontal surface. Multibody System Dynamics (2019)
45:273–292.
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It is proposed applications of the theory of combined dry friction [1] in the problem of the ball rolling
on boundaries of two identical frames. This model can be used in investigation of the dynamic of the a
so-called “Butterfly” robot, consisting of two identical shaped plates rigidly placed parallel to each
other on a small distance aimed at manipulating a ball that can freely roll on the plates’ boundaries as
on rails [2]. The friction force and torque are computed by the integration over the contact area so that
the exact dynamically coupled integral model accounting the relationship of all the components of
friction is obtained. This exact model is replaced by approximated analytical model [3] which is
completely satisfy to all analytical properties of integral model as function kinematics parameters
without increasing the number of coefficients.
These investigations were supported by the state program of the scientific research works on the
section No.: AAAA-A17-117021310382-5 and by grant of the RFBR No. 20-08-01120
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[2] Surov, M., Shiriaev, A., Freidovich, L., Gusev, S., Paramonov, L., “Case study in non-prehensile
manipulation: Planning and orbital stabilization of one-directional rollings for the `Butterfly
robot`”, Proceedings - IEEE International Conference on Robotics and Automation, pp. 14841489 (2015).
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The theory of multi-component dry friction accounting for the coupled kinematics of relative
motion in finite contact spots [1] is applied to the modelling of pneumatic tires. The analytical
models of the combined dry friction accounting for the anisotropy of the dry friction factors as
well as the distribution of the contact pressure close to the real one [2] are introduced. The exact
integral relationships between the dry friction force and torque and the generalized velocities,
i. e. the speed of sliding and angular velocity of spinning, appears as a result of integration over
the contact spot and are too complex to be implemented analytically into the engineering
practice. The proposed approximate models are based on the fractional approximations [3] and
could be interpreted as rheological models with low number of constitutive constants. These
constants could be identified after the solution of some specific inverse problems with input
data given by the diagrams of the dry friction forces and torque obtained as a result of simple
physical tests [1]. Here these inverse problem are formulated and solved using the perturbed
benchmark solutions of the corresponding direct problems with the factors obtained after the
numerical solution of the contact problem for the heterogeneous pressurized tire. The possibility
of stable solution for the inverse problems on the basis of the proposed approach is shown.
The presented models as well as the method if constitutive constants identification could be
applied for more detailed investigation of unsteady rolling regimes of pneumatics which are
characterized by the non-vanishing sliding and spin.
These investigations were carried out within the framework of the state program of the scientific
researches on the sections No. AAAA-A17-117021310382-5 and No. AAAA-A19119012290118-3.
REFERENCES
[1] A.A. Kireenkov and S.I. Zhavoronok, Numeric-Analytical Methods of the Coefficients

Definition of the Rolling Friction Model of the Pneumatic Aviation Tire. Proc. of the 8th
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We consider the unsteady vibration problem of a rectangular Kirchhoff plate under action of mechanical
and diffusion perturbations. For the problem formulation, we use the coupled N-component elastic
diffusion continuum model in a rectangular Cartesian coordinate system, which has the next form [1, 2]:
üi −

(q)


∂J
∂σi j
− Fi = 0, η̇(q) + i −Y (q) = 0, (x1 , x2 , x3 ) ∈ G ⊂ ℜ3 , q = 1, N ,
∂x j
∂xi

(1)

(q)

Here the dots denote the time derivative; σi j and Ji are the stress tensor components and the diffusion
flux vector, xi are rectangular Cartesian coordinates; ui are displacement vector components; η(q) is the
concentration increment of q-th component in the N-component medium, Fi and Y (q) are mechanical and
diffusive bulk perturbations.
Further, the d’Alembert principle is applied to equations (1) [2]:




(q)

N 
∂Ji
∂σi j
(q)
(q)
η̇ +
δη(q) dG+
üi −
− Fi δui dG + ∑
−Y
∂x j
∂x
G
G
i
q=1


N  
(q)
(q)
Ji − Ii
ni δη(q) dS = 0.
(σi j n j − Pi ) δui dS + ∑
+
Πσ

q=1

(2)

ΠJ

(q)

where Pi and Ii are surface disturbances; G is the problem solution domain; ni are components of the

outer normal unit vector to ∂G, ∂G = ΠJ Πσ .

Using the necessary condition for the functionals stationarity (2), we obtain the unsteady bending model
of elastic diffusion Kirchhoff plate.
REFERENCES
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[2] Tarlakovskii, D.V. and Zemskov, A.V. An Elastodiffusive Orthotropic Euler-Bernoulli Beam with
Considering Diffusion Flux Relaxation. Math. Comput. Appl. (2019) 24(1):23.
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A spatial transient contact problem with moving boundaries of the interaction region for a thin
elastic cylindrical shell and solid impactor bounded by a smooth convex surface is considered.
A closed mathematical formulation is given and a system of resolving equations is constructed.
It is based on the spatial-temporal integral equation resulting from the principle of superposition
and contact conditions. The core of this equation is the transient function for the cylindrical
shell. To a closed system of resolving equations, it is supplemented by a kinematic relation for
determining the moving boundary of the contact area and the equation of motion of the impactor
as an absolutely rigid body. An algorithm for solving the spatial non-stationary contact problem
for an infinitely long cylindrical shell and solid impactor in the case of a normal impact on the
side surface of the shell is constructed and implemented. Examples of calculations are given.

REFERENCES
[1] G.V. Fedotenkov, V.V. Kalinchuk and A.Y. Mitin Three-Dimensional Non-stationary
[2]
[3]
[4]

[5]

Motion of Timoshenko-Type Circular Cylindrical Shell. Lobachevskii Journal of
Mathematics, Vol. 40, No. 3, pp. 311–320, 2019.
A.S. Okonechnikov, D.V. Tarlakovsky and G. V. Fedotenkov Transient Interaction of
Rigid Indenter with Elastic Half-plane with Adhesive Force Lobachevskii Journal of
Mathematics, Vol. 40, No. 4, pp. 489–498, 2019.
Mihajlova E.Yu., Tarlakovskii D.V., Fedotenkov G.V. A Generalized Linear Model of
Dynamics of Thin Elastic Shells Uchenye zapiski kazanskogo universiteta-seriya fizikomatematicheskie nauki Vol. 160, No. 3, pp. 561-577, 2018.
Mikhailova, E.Y., Fedotenkov, G.V., Tarlakovskii, D.V. Transient contact problem for
spherical shell and elastic half-space. Shell Structures: Theory and Applications Volume 4
- Proceedings of the 11th International Conference on Shell Structures: Theory and
Applications, pp. 301-304, 2017.
Mikhailova, E.Y., Fedotenkov, G.V., Tarlakovskii, D.V. The impact of liquid filled
concentric spherical shells with a rigid wall. Shell Structures: Theory and Applications
Volume 4 - Proceedings of the 11th International Conference on Shell Structures: Theory
and Applications, pp. 305-308, 2017.

2599

2600

MS Organizer(s):
Model
order reduction
Gerhard
for vibroacoustic
Müller, Wim Desmet,
problems
Elke Deckers, Peter
Göransson and Romain Rumpler

Model order reduction for vibroacoustic problems
MS Organizer(s): Gerhard Müller, Wim Desmet, Elke Deckers, Peter
Göransson and Romain Rumpler

2601

2602

MS371 - Model
Gerhard
Müller,Order
Wim Desmet,
Reduction
Elke
forDeckers,
Vibroacoustic
Peter Göransson
Problems and Romain Rumpler

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19- 24, 2020, Paris, France

MODEL ORDER REDUCTION FOR VIBROACOUSTIC PROBLEMS
900 - STRUCTURAL MECHANICS, DYNAMICS AND ENGINEERING
GERHARD MÜLLER*, WIM DESMET†, ELKE DECKERS†, PETER
GÖRANSSON°, ROMAIN RUMPLER°
*

Chair of Structural Mechanics, TUM Department of Civil, Geo and Environmental Engineering,
Technical University of Munich
Arcisstr. 21, 80333 Munich, Germany
gerhard.mueller@tum.de, https://www.bm.bgu.tum.de/en/members-of-staff/gerhard-mueller/
†

Production Engineering, Machine Design and Automation (PMA) Section, Department of
Mechanical Engineering, KU Leuven
Celestijnenlaan 300 - box 2420, 3001 Leuven, Belgium
wim.desmet@kuleuven.be, elke.deckers@kuleuven.be,
https://www.kuleuven.be/wieiswie/en/person/00011973
°

Aeronautical and Vehicle Engineering, KTH Royal Institute of Technology
Teknikringen 8, 114 28 Stockholm, Sweden
pege@kth.se, rumpler@kth.se, https://www.kth.se/profile/pege?l=en

Key words: Model Order Reduction, Interpolatory MOR, Vibroacoustics, Parametric MOR.
ABSTRACT
Vibroacoustic simulations are used to assess the vibration behaviour and sound radiation of
structures. To capture the characteristic wave phenomena and the coupling between structure
and acoustic fluid properly, a fine discretization of the numerical models has to be chosen,
resulting in very large systems of equations. The model order reduction (MOR) provides
powerful tools to reduce the size of the numerical models while the system response of the
reduced system does not significantly change.
Interpolatory MOR methods reduce the original model by finding a matrix projecting the full
system on a much smaller subspace containing the desired solution. Finding a suitable
projection basis and its efficient computation is the key to a properly reduced model. The
standard MOR methods have been extended to generate reduced models which can be
evaluated for different sets of parameters (parametric MOR). In the case of vibroacoustic
problems, it is desirable to preserve the second order structure of the original differential
equation, so that the reduced model can be used in the same way as the full order model.
Reduced models for vibroacoustic problems can be used in many application fields like the
design of acoustic metamaterials, sound propagation through structures such as airplanes and
trains, or room and building acoustics, among others. Parametrically reduced models can be
used for the efficient optimization of sound radiating structures.
This interdisciplinary minisymposium brings international scientists with mathematical
background working on the formulation of model order reduction methods together with
researchers and engineers working on vibroacoustic problems applying the MOR methods. It
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aims at presenting the most innovative studies and ideas on parametric MOR, efficient basis
generation, and applications of the MOR methods on the design of complex structures and at
laying the groundwork for new cross-disciplinary collaborations.
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The frequency response of vibro-acoustic systems can be improved by using, for example, porous materials. Their material properties are typically varying with the frequency and can be introduced by
complex-valued functions, which are added to the system matrices. Model order reduction (MOR) methods are required for the efficient evaluation of such models, as vibro-acoustic systems are often numerically expensive to solve. However, classic reduction methods cannot directly be applied on systems with
frequency dependent material properties. In this contribution, a new approach to reduce the numerical
complexity of systems containing frequency dependent porous materials is presented and its efficiency
and accuracy is compared to existing methods.
In the proposed method, the function modeling the material’s frequency dependency is approximated
as a function in barycentric form, using the Adaptive Anderson Antoulas (AAA, [1]) algorithm. This
representation is converted to a descriptor-like form and added to the corresponding system matrix. The
resulting system can be reduced using e.g. an Arnoldi procedure. Contrary to a similar approach based on
the Taylor expansion [2], the method does not require analytic derivatives of the frequency dependency
functions while showing a better accuracy.
It is possible to add multiple frequency dependent functions to the system and approximate each of them
separately, which is required by the u - p and u - u formulations of porous materials following the JohnsonChampoux-Allard model [3]. In this contribution, the new method is applied on both formulations.
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Acoustic frequency sweep analyses gain in popularity as they facilitate the deduction of the relative
characteristics of a model, e.g. characteristic frequencies, effect of narrowband acoustic treatment.
However, employing BE techniques to achieve a detailed description of the system behavior constitutes
a tedious procedure as it implies a system assembly and solution – scaling with 𝒪𝒪(𝑁𝑁 ! ) and 𝒪𝒪(𝑁𝑁 ! )
respectively – for each frequency line considered. In that context, this work proposes an automatic
model reduction technique for multi-frequency acoustic BEM analyses to alleviate the corresponding
computational cost based on the technique presented in [1]. The proposed technique, upon the
deployment of a valid polynomial expansion, leverages a Galerkin projection to express the system on a
reduced basis. The corresponding reduced basis is assembled through an appropriate recycling scheme
of Krylov subspaces [2] produced at a set of master frequencies. The selection of the master frequencies
as well as the order of the Krylov subspaces are yielded by an automated procedure guaranteeing that
the relative error of the response of the reduced model satisfies a predefined error limit across the
frequency spectrum of interest. Additionally, deploying also a memory contraint, it is possible to
maintain the size of the reduced model within acceptable limits. Thus, employing the proposed method
significant speed-up factors are observed and acoustic frequency sweep analyses are facilitated.
References:
[1] Panagiotopoulos, Dionysios, Elke Deckers, and Wim Desmet. "Krylov subspaces recycling based
model order reduction for acoustic bem systems and an error estimator." Computer Methods in Applied
Mechanics and Engineering 359 (2020): 112755.
[2] Michael L Parks, Eric De Sturler, Greg Mackey, Duane D Johnson, and Spandan Maiti. Recycling krylov
subspaces for sequences of linear systems. SIAM Journal on Scientific Computing, 28(5):1651–1674,
2006.
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Recently, a novel parametric model order reduction formulation has been derived for vibro-acoustic
systems that allows for the reduction of systems with low-rank parametric changes [1]. This scheme
does not require sampling of the parameter space, in contrast to conventional parametric model reduction
techniques. This means that a single reduction basis, obtained with conventional non-parametric model
order reduction schemes, can be used for a wide range of parameter values. This is done by rewriting the
system in a non-parametric form, in which the low-rank contributions act as inputs. A disadvantage of
this scheme is that the size of the input matrix scales with the amount of chosen parameters, leading to a
potentially large reduced basis when many parameters are considered.
Therefore, in [2] an automatic Krylov reduction scheme has been proposed that utilizes the similarity
in the reduced bases for inputs which are spaced closely together to still get a small reduced basis with
a large number of inputs. This is done by using a combination of block second order Arnoldi with a
singular value decomposition acting on the resulting basis. The algorithm includes an error estimator
that uses a complementary approximation to calculate the error. The main advantages of this algorithm
as compared to the commonly used iterative rational Krylov approach [3] are that only a small amount of
system inversions are required and that the final reduced order model has the desired predefined relative
error in the specified frequency band.
In this paper the automatic Krylov reduction scheme and low-rank parametric model order reduction
approach are combined and a suitable error estimator is derived, to arrive at compact but accurate parametric reduced order models. The effectiveness is shown with several examples.
REFERENCES
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Model reduction is a necessity in various vibroacoustic problems. The reduced basis method (RBM)
is particularly suited for parametric problems, i.e., the same PDE for many different parameter values.
Examples include multi query and realtime situations. However, there are limitations of the RBM in
the sense that not all parametric PDEs can be treated efficiently by using the RBM. We will discuss
some of those limitations in particular for vibroacoustic problems and will also indicate some recent
developments to overcome arising difficulties.
In particular, we will discuss recent advances for model reduction of Helmholtz-type problems, wave
and Schrödinger equation as well as time-dependent problems.
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ABSTRACT
Masonry structures constitute a large portion of the European cultural heritage. These
structures are designed to withstand self-weight loads but are much vulnerable to extreme
actions such as seismic loading, impacts and soil movements induced by settlements or
landslides. In areas prone to seismic and hydro-geological risks, developing modelling
approaches that are able to capture the static and dynamic behavior of masonry is therefore
essential to quantify the risk and address possible safety interventions. In this perspective, in
the last decades the scientific community has developed different computational methods to
achieve a consistent prediction of the structural response of historical masonry structures.
The main goal of this Minisymposium is to discuss the latest advances in the modelling of
historical masonry by means of detailed modelling approaches. Contributions based on the
use of discrete element, finite element, combined discrete/finite element and rigid block
models are welcome. The potentials and the challenges brought by these modelling
approaches for masonry are discussed. The focus of this Minisymposium is on their
applicability in modelling structures under static and dynamic loading conditions mimicking
earthquakes, impacts, and soil movement situations.
In a more general perspective, this MS will gather all researchers interested in the non-linear
analysis of masonry structures and will serve as a forum to debate present challenges on the
mentioned computational strategies.
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Combined Cracking-Shearing-Crushing model.
This paper defines an innovative approach for modelling masonry walls when the structural
behaviour of new or existing buildings, subjected to vertical and lateral load, has to be
evaluated. Such an approach aims to provide a calculation tool that allows to model the nonlinear behaviour of masonry structures with a reduced numerical effort, but, nonetheless,
without jeopardizing the accuracy of obtained results.
The proposed model is a typical D-FEM (Discontinuum - Finite Element Model) that,
differently by the most common methodologies, is composed by deformable blocks separated
by interface elements arranged along pre-established surfaces of potential cracks. To this aim,
the "Combined Cracking-Shearing-Crushing" model, proposed by Lourenco for the FEM
analysis with the so called simplified micro-models, is used.
Some experimental tests taken by litterature are described. Such tests are used as reference for
setting up a non-linear model with the "simplified micro-modelling" approach, which considers
the presence of blocks, of the same geometry of the stone units, separated by interface elements.
Once that this modelling approach is validated, it is used to obtain the non-linear response of
65 masonry panels which differ in terms of geometry, vertical loads, as well as in terms of the
most significant mechanical parameters.
The obtained responses for the 65 panels are taken into account for the calibration of the here
proposed model. In detail, a proper variation of the coefficients contributing to the "Combined
Cracking-Shearing-Crushing" formulation is implemented through a trial and error procedure,
which ends when a satisfying comparison between the results provided by the two different
methods of modelling is achieved; this for taking into consideration the constraints imposed on
the development of cracking surfaces.
The outcomes obtained with the here proposed modelling approach are then elaborated in order
to develop suitable closed form equations, which provide the necessary coefficients that have
to be used for implementing the modified "Combined Cracking-Shearing-Crushing" when a
generic masonry panel has to be modelled.
REFERENCES
[1] P.B. Lourenco. Computational strategies for masonry structures. (Doctoral thesis). (1996).

Civil Engineering Department, Delft University, The Netherlands.

[2] O. Giustolisi, D.A. Savic. A symbolic data-driven technique based on evolutionary

polynomial regression, Journal of Hydroinformatics, 8(3), 207-222, 2006.

[3] J.R. Benjamin, C.A. Cornell. Probability, statistics, and decision for civil engineers, New
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A Discrete Element Model for unreinforced and reinforced Masonry vault
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Modelling masonry constructions in which discontinuities govern the structural capacity is not
a trivial task. Difficulties increase when the model involves reinforcement, which uncertainties
and bond behaviour can be difficulty captured. An experimental Campaign carried on at Roma
Tre university is modelled in this article through the Discrete Element Method. The structure
consists in a full-scale masonry barrel vault statically loaded at 1/3 span. Bricks have been
assumed infinitely rigid, considering that all the deformations were concentrated on the
interface, while for the small-grain backfill a single elasto-plastic block has been used. The
beneficial effect of buttresses and small-grain backfill is investigated in terms of load and
displacement capacity. Then, two different types of Steel Reinforced Grout have been modelled
and applied on intrados and extrados of the vault, investigating the bond behaviour. The failure
mode and the crack pattern obtained by the proposed model is compared with that observed in
the experimental test as well as the load-displacement response curves for both unreinforced
and reinforced cases. The proposed method efficiently captures the behaviour of the
unreinforced vault and, in particular, the backfill deformation and load-spreading effect, hinges
position and formation order. Moreover, it identifies the load bearing and displacement capacity
increment, failure mode and debonding of the reinforced models, with some imperfections on
the crack pattern.
REFERENCES
[1] Cavicchi A, Gambarotta L. 2005 Collapse analysis of masonry bridges taking into

account arch–fill interaction. Eng Struct;27(4):605–15.

[2] De Santis, S., Roscini, F., and de Felice, G. 2018. “Full-scale tests on masonry vaults

strengthened with steel reinforced grout.” ELSEVIER, composites Part B.

[3] Itasca 2017. UDEC Manual. Version 6. Minneapolis, MN: Itasca Consulting Group.
[4] Lemos, J. 1998. “Discrete elements modelling of the seismic behaviour of the stone

masonry arches.” Computer Methods in Structural Masonry, 4, 220–227.
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In Northern Netherlands, now exposed to induced-seismicity, the majority of pre-1940 detached
unreinforced masonry (URM) houses typically feature large openings, flexible diaphragms and high
clay-brick chimneys. These characteristics, combined with the lack of seismic detailing, significantly
increase their vulnerability towards dynamic actions. Besides experimental testing, detailed
numerical analysis are needed to support risk and seismic assessment strategies. In this work, a
discontinuum-based simplified micro-model, developed in the framework of the Applied Element
Method (AEM), is used to simulate the experimentally-observed response of a shake-table-tested
URM building prototype with chimneys. The use of such a relatively new addition to the discrete
element family, combined with the employment of simplified assumptions for reducing
computational expense, enabled a comprehensive numerical study to be carried out in a reasonable
timeframe. To account for the influence of the masonry texture on the global response, the
experimentally-employed Dutch cross-bond pattern was explicitly reproduced numerically. The
actual governing failure modes, as well as the collapse capacity of the specimen, were satisfactorily
captured by the proposed AEM-based model. To extend laboratory findings, the impact of the use of
non-invasive textile reinforcement solutions was also investigated, thus providing a numericallyvalidated foundation on which to base future designs and potential retrofitting strategies.
REFERENCES
[1] Meguro K, Tagel‐Din H. Applied element simulation of RC structures under cyclic loading. ASCE
Journal of Structural Engineering. 2001;127(11):1295‐1305.
[2] Malomo D, Pinho R, Penna A. Using the applied element method for modelling calcium silicate
brick masonry subjected to in‐plane cyclic loading. Earthquake Engineering & Structural Dynamics.
2018; 47:1610-1630.
[3] Kallioras S, Correia AA, Graziotti F, PENNA A, MAGENES G. Collapse shake-table testing of
a clay-URM building with chimneys. BULLETIN OF EARTHQUAKE ENGINEERING. 2019; 1-40.
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Masonry arches are among the most common structural elements that can be found in existing
buildings, especially historical constructions. Arches usually crack when they are subjected to
differential displacements of the abutments. These latter can be attributed to various causes
such as differential settlements, subsidence, landslides, leaning of supporting walls/pillars and
many others. Despite the support displacements produced by these phenomena are generally
limited in their instantaneous magnitudes, they may lead to severe damage and even collapse
over time [1]. If differential settlements and subsidence on the one hand and instability of the
supporting structures on the other result respectively in vertical and horizontal support
displacements, phenomena like slow-moving landslides produce a combination of both.
However, so far, the research has been mainly focused on the stability of arches undergoing
spreading supports or vertical settlements, while only few studies have dealt with the effects of
inclined displacements [2][3].
In this work, the effects of differential support displacements (vertical, horizontal and inclined)
on dry-joint masonry arches are investigated by means of both incremental equilibrium limit
analysis and non-linear static FEM analysis. Within the framework of limit analysis, arches
were discretized as assemblages of rigid blocks, with infinite compressive strength, interacting
at no-tension frictional interfaces. In FEM analysis, a micro-modeling approach was adopted,
and arches were discretized as sets of elastic voussoirs, stiff and infinitely resistant in compression,

connected by no-tension interfaces where all the non-linearity was concentrated. Various configurations
of differential support displacements were analyzed with the aim to identify collapse mechanisms

and determine the maximum displacement and corresponding thrust at collapse. As a result,
different collapse mechanisms and a limit displacement domain were identified as a function
of the direction of the displacement applied at one support of the arch.
REFERENCES

[1] M. J. DeJong, Settlement effects on masonry structures, Struct. Anal. Hist. Constr., pp.

449–456, 2016.
[2] S. Galassi, G. Misseri, L. Rovero, and G. Tempesta, Failure modes prediction of masonry
voussoir arches on moving supports. Eng. Struct., Vol. 173, pp. 706–717, 2018.
[3] Zampieri, P., F. Faleschini, M. A. Zanini, and N. Simoncello, Collapse mechanisms of
masonry arches with settled springing. Eng. Struct., Vol. 156, pp. 363–374, 2018.
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The paper shows how rigid block modelling can be conveniently used to predict the response
of historic masonry structures when dynamic analysis, incremental static analysis (i.e. static
pushover) and limit analysis are used for the assessment of collapse mechanisms under extreme
events such as earthquakes and support movements [1-3].
A discrete model is adopted with rigid blocks interacting at frictional, no-tension interfaces. As
such, very few parameters govern the response of the numerical model, which are the rigid
block configuration, the coefficient of friction and, of course, the distribution of dead and live
loads. Under the assumption of associative behaviour for displacement rates at contacts, the
equation systems governing equilibrium, kinematic compatibility and failure conditions is
equivalent to dual variational problems which can be conveniently solved using mathematical
programming procedures.
Applications to a number of experimental and numerical case studies are presented to discuss
the computational efficiency and accuracy of the proposed formulation. Comparisons with
other discrete element models are also presented to point out differences with alternative
modelling approaches.

REFERENCES
[1] F.P.A. Portioli, Rigid block modelling of historic masonry structures using mathematical

programming: a unified formulation for non-linear time history, static pushover and limit
equilibrium analysis. Bulletin of Earthquake Engineering, Vol. 18 (1), pp. 211-239, 2020.
[2] F. Portioli, L. Cascini, Large displacement analysis of dry-jointed masonry structures
subjected to settlements using rigid block modelling. Engineering Structures, Vol. 148, pp.
485-496, 2017.
[3] L. Cascini, R. Gagliardo, F. Portioli, LiABlock_3D: A Software Tool for Collapse
Mechanism Analysis of Historic Masonry Structures. Int. Journal of Architectural
Heritage, Vol. 14 (1), pp. 75-94, 2020.
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Most emblematic monumental and historical buildings are masonry structures, made of brick and stone.
Assess their response and vulnerability against explosive threats is a crucial issue in the preservation
of architectural assets and their visitors [1]. The investigation of the blast loading response of masonry
structures requires a proper modelling approach of the material and the loads arising from an explosion.
We use the Discrete Element Method (DEM) for modelling the dynamic structural response of typical
architectural assets−planar walls, arched and vaulted geometries−to explosions. The approach allows
considering the detailed mechanical and geometrical characteristics of masonry, as well as the inherent
coupling between the in- and out-of-plane motion [2].
Blast loads are applied through an external dynamic library, which accounts for the effect of surface
rotation of masonry components due to the pressure load (incident angle effect).
Our modelling approach is validated through existing experimental tests involving masonry walls subjected to far-field explosions [3].
Then the response of an emblematic arched and vaulted masonry structure subjected to blast loading is
investigated [4]. The influence of several micro-mechanical parameters−i.e., dilatancy angle, cohesion,
tensile strength and dimensions of the building blocks−is assessed relying on parametric analyses. The
proposed approach is central to understand the behaviour of masonry structures subjected to blast loading
and conceive appropriate protection devices.
REFERENCES
[1] Masi, F., Stefanou, I. and Vannucci, P. A study on the effects of an explosion in the Pantheon of
Rome. Eng. Struct. (2018) 164:259–273.
[2] Godio, M., Stefanou, I. and Sab, K. Effects of the dilatancy of joints and of the size of the building
blocks on the mechanical behavior of masonry structures. Meccanica (2018) 7:1629–1643.
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Figure 1: DEM approach for a) planar, b) arched, and c) vaulted structures under blast loads.

[3] Michaloudis, G. and Gebbeken, N. Modeling masonry walls under far-field and contact detonations.
Int. J. Imp. Eng. (2019) 123:84–97.
[4] Masi, F., Stefanou, I., Vannucci, P. and Maffi-Berthier, V. A Discrete Element Method basedapproach for arched masonry structures under blast loads. Submitted paper (2019) https://hal.
archives-ouvertes.fr/hal-02320696.
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This paper presents the results of a numerical model for the simulation of the dynamic
soil-structure interaction applied to the rocking behavior of rigid façades. The model includes
the horizontal foundation-soil flexibility due to dynamic interaction between soil, foundation
and structure. The flexibility of the soil is simulated via lumped parameter models (LPM),
which are tuned combinations of masses, springs and dashpots able to approximate the behavior
of the actual soil-foundation system. Once that the equations of motion are obtained, an example
is presented and discussed. It considers the interaction between a rigid façade and a rigid
prismatic foundation resting on a homogenous soil subjected to a horizontal seismic
excitation. A parametric study showed that the soil-structure interaction can both increase
or decrease the rocking response of the façade, depending on the frequency content of
the input. Practical considerations are made for interpreting the role of the dynamic soilstructure interaction in the rocking behavior of façades moving out-of-plane.
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ABSTRACT
In automotive, aerospace and civil engineering fields, lowering energy consumption is a
crucial objective. New challenging slender structures are investigated with the objectives of
minimizing the weight and enhance their functions through, thickness reduction, new
architectured metamaterials, extremely soft materials that can sustain large deformations
under various stimuli, which inevitably leads to complex responses involving multiple
bifurcations. Such instabilities can occur across different length scales from microscopic
material level to macroscopic structural level with possible interactions. This requires novel
theories, computational and experimental techniques. Advanced mathematical models are
needed to quantitatively predict complex solutions involving secondary bifurcations in the
post-buckling branches.
Determination of the load-bearing capacity of thin objects subject to mechanical loading or
thermo-mechanical coupling, including their geometrical imperfection sensitivity, residual
stresses effects, the presence of rigid or soft contact induced by adjacent structures or
confinement medium, stiffened configurations and multi-layered shells and plates, complex
material behaviour and curved geometries, are few examples among the new challenging
problems targeted in this symposium. We hope to bring together experts working on these
different aspects to review the emerging challenges and share the latest advancements in this
vibrant research field. Topics of particular interest include but are not limited to :
•
geometric and material instabilities in soft materials such as liquid crystalline
polymers
•

wrinkling, creasing, folding and ridging in extreme materials under various stimuli

•

shape buckling of flexural structures such as plates, shells and membranes

•
growth-induced deformations in biological tissues, biomaterials, bio-inspired
structures
•

micro-structural and macroscopic modelling in composites across length scales

•

novel mathematical modelling method and constitution theory
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Natural and human-made thin films experience fold creation, developing networks of localised zones
that affect the mechanical response of membrane structures. In particular, space antennas are lightweight
thin-film systems employed in aerospace engineering as a bridge of communication between space and
Earth. Their efficiency relies on the maximisation of both the aperture area and the surface flatness.
The latter is hindered by the creation of creases during the packaging process performed before launch.
Once in orbit, space antennas are deployed and tensioned to enhance their directional accuracy. Therefore, the knowledge of the mechanical response of creased thin films is fundamental for the design and
optimisation of such advanced membrane structures[1, 2].
To this purpose, the behaviour of thin-film folds has been characterised and employed for the development of a model that predicts the highly non-linear response of creased membranes. The analytical
solution is based on the Euler Elastica theory[3], and allows the prediction of the equilibrium configurations and the quadratic mean of the surface flatness. Finite element simulations and experimental
measurements on thin films with single and multiple creases have been performed to validate the proposed model. Through digital image correlation technique, the surface accuracy of tensioned creased
membranes has been measured and compared with theoretical results, showing a very good agreement.
REFERENCES
[1] Lechenault, F., Thiria, B., Adda-Bedia, M., E. The mechanical response of a creased sheet. PRL
(2014) 112: 24430.
[2] Dharmadasa, B. Y, Mallikarachchi, HMYC, Jimenez, F.L., Characterizing the mechanics of foldlines in thin kapton membranes. AIAA Spacecraft Structures Conference (2018) 0450.
[3] Bigoni, D., Bosi, F., Misseroni, D., Dal Corso, F., Noselli, G. New phenomena in nonlinear elastic structures: from tensile buckling to configurational forces. Extremely Deformable Structures.
Springer (2015), 55-135
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ABSTRACT
Rolling of thin sheets generally induces flatness defects due to the small thickness of the sheet
and to the thermo-elastic deformation of rolls, whose profile in the roll-bite does not generally
match perfectly the strip thickness profile. This leads to heterogeneous plastic deformations
throughout the strip width and then to out of mid-plane displacements that relax compressive
residual stresses [1]. The most important flatness defects are “edge-waves” and “center-waves”
buckles. During the rolling process, the buckling waves are usually suppressed by global
traction. Thus, in some cases, the sheet may appear more or less flat, or even perfectly flat on
the rolling line. Nevertheless we can still talk about flatness defects, insofar as there may be
residual stresses in the sheet. This is why the post-bite stress profile is called “latent flatness
defects”. Few works are available in the literature dealing with instability phenomena observed
in rolling process. Among them we can cite [2-4].
In the present work, we develop a numerical technique to compute flatness defects of thin sheet
during the rolling process. To this end, we propose a coupling technique based on Arlequin
method [6] which allows us to couple a three dimensional finite element model with a shell
element well adapted to large displacements, large rotations and to instability phenomena [5].
To solve the resulting non linear problem, asymptotic numerical method is used. It is a
numerical tool based on high order predictor algorithm which allows to compute instability
responses with high accuracy [7]. Results of this algorithm are compared successfully with
experimental data.
REFERENCES
[1] A. Hacquin, P. Montmitonnet, P. Guillerault, A steady state thermo-elastoviscoplastic finite element model of
rolling with coupled thermo-elastic roll deformation, Journal of materials processing technology. 60 (1996) 109–
116.
[2] F. D. Fischer, F. G. Rammerstorfer, N. Friedl, W. Wieser, Buckling phenomena related to rolling and levelling
of sheet metal, International journal of mechanical sciences 42 (10) (2000) 1887–1910.
[3] S. Abdelkhalek, H. Zahrouni, M. Potier-Ferry, N. Legrand, P. Monmitonnet, P. Buessler, Coupled and
uncoupled approaches for thin cold strip buckling prediction, International journal of material forming. 2 (2009)
833-836.
[4] R. Nakhoul, P. Montmitonnet, M. Potier-Ferry, Multi-scale method for modeling thin sheet buckling under
residual stresses in the context of strip rolling, International journal of solids and structures 66 (2015) 62–76.
[5] H. Zahrouni, B. Cochelin, M. Potier-Ferry, Computing finite rotations of shells by an asymptotic-numerical
method, Computer methods in applied mechanics and engineering. 175 (1999) 71–85.
[6] H. Ben Dhia, Multiscale mechanical problems: the Arlequin method, Comptes Rendus de l’Académie des
Sciences,Serie IIb,Paris, (1998) 899-904
[7] K. Kpogan, H. Zahrouni, M. Potier-Ferry, H. Ben Dhia. Buckling of rolled thin sheets under residual stresses
by ANM and Arlequin method. International Journal of Material Forming. Vol. 10 (3), pages: 389-404, 2017
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The modeling and simulation of thin nonlinear elastic sheets where wrinkling is a prominent feature has
been the focus of much recent work due to the utility and ubiquity of such geometries in both nature
and man-made structures (see [1] for a thorough review of the current state of the field). While many
successful approaches for determining the stress fields and wrinkle morphology have been developed,
focus has largely been confined to the case of isotropy. However, many thin structures, such as heart
valves have a fibrous, laminated substructure [2, 3].
We present a nonlinear two-dimensional framework for thin, fiber-reinforced, incompressible elastic
sheets [4]. The model is unique in that it is obtained by a rigorous asymptotic development of the threedimensional equations with the small thickness of the sheet playing the role of the perturbative parameter.
This stands in contrast to more conventional two-dimensional plate or shell models, the accuracy of
which relative to an underlying three-dimensional framework is not known a priori. Contact is made with
Spencer’s formulation [5] for transversely isotropic and orthotropic materials. These model materials are
reinforced, respectively, by either one family of fibers or by two families of initially orthogonal fibers.
Two-dimensional strain energies suitable for single laminae and two-ply laminates are presented
The plate model is discretized using a contour-integral finite differencing scheme based on Green-Stokes
theorem. The method is stiffness-matrix-free while yielding approximations akin to four-node quadrilateral finite elements with reduced integration [6]. To determine equilibrium deformations, the discretized
model is embedded in a fictitious damped dynamic problem via the method dynamic relaxation (DR).
DR has been used successfully to determine equilibrium deformations with stress fields and wrinkle
morphology that well-match known experimental and theoretical results [7, 8]. Numerical simulations
of various fiber-reinforced geometries are shown to illustrate the substantial effect anisotropy has on the
wrinkling patterns.
Recent extensions of the model to the case of finite strain and plasticity are also discussed.
REFERENCES
[1] Wang, T., Fu. C., Xu, F., Huo, Y., and Potier-Ferry, M. On the wrinkling and restabilization of highly
stretched sheets. Int. J. Engng. Sci. (2019) 136:1-16
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ABSTRACT
Nonlinearities in mechanical systems subjected to dynamic loads lead to complex responses including amplitude-dependent vibration frequencies, jump phenomena, energy transfers, bifurcations, quasiperiodic and chaotic responses, localization. . . The physical nature of the nonlinearities can for instance
be geometrical, stemming from large amplitude displacement, or related to contact and friction phenomena at the interface between subsystems.
The computation of the dynamical response of such systems is still a challenge nowdays since engineers
are often interested in long time responses of several periods of oscillations, either for transient responses
or in the periodic or quasi-periodic steady state. A particular interest is the computation of so-called
nonlinear modes. In those cases, reduced-order models are crucial to conduct parametric studies, to
analyze bifurcation scenarios through continuation techniques or to explore the vibratory response.
Papers are welcomed in the following areas, but not restricted to:
•
•
•
•
•
•
•
•

model reduction and computations based on nonlinear modes,
continuation methods and their development,
numerical analysis of stability and bifurcations in nonlinear structural systems,
numerical methods dedicated to periodic and quasi-periodic solutions,
targeted energy transfers, vibration reduction, localization,
finite element-based formulations applied to nonlinear vibrations,
experimental continuation techniques,
experimental identification of parameters.
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Following the industry trend for ever smaller, lighter and/or more compact devices and structures, nonlinear dynamic analyses of large Finite Element (FE) mechanical systems have become almost compulsory
over the years. The computational times and resources to be devoted to such studies are however generally demanding, in some cases even prohibitory. Therefore, Reduced Order Models (ROMs), already
popular and theoretically sound for linear analysis, have been extended to nonlinear models in the effort
of alleviating these limitations, and still represent an active and relevant research topic. A number of
solutions for different applications are already available in literature [1]. However, as many nonlinear
ROMs might still require significant offline costs for their very construction (training), the opportunity
of developing parametric ROMs has also been explored [2]. Most of these methods, however, require a
number of full-order simulations to be applied. In this contribution, we build on a parametric ROM for
shape defects which we have already presented in a previous work [3]. The study of shape defects is relevant, most remarkably in the MEMS field, where even small deviations from the nominal geometry can
drastically change the performances of a device. The proposed technique parametrizes the defect directly
into the nominal geometry by mean of a redefinition of the strain tensor. This results in nonlinear tensorial terms for the ROM, which are contracted on both the generalized coordinates and the defect shape
amplitudes. These terms are constructed once for all in the offline phase. No data is required, nor to
compute the stiffness terms neither to compute the projection base, which is composed by modal-based
quantities as vibration modes, modal derivatives, and defect sensitivities. The method is here recast in a
more rigorous framework, which allowed us to derive higher order approximations and to define some
error measures to bound the amplitude and the type of defects that can be studied. The final pROM
fetures second, third and fourth order defect-depending tensors for the reduced linear, quadratic and cubic stiffnesses, respectively. The effectiveness of the method will finally be tested through numerical
simulations of a real MEMS gyroscope prototype.
REFERENCES
[1] M. P. Mignolet, A. Przekop, S. A. Rizzi, and S. M. Spottswood, “A review of indirect/non-intrusive reduced
order modeling of nonlinear geometric structures,” J. Sound Vib., vol. 332, no. 10, pp. 2437–2460, 2013.
[2] P. Benner, S. Gugercin, and K. Willcox, “A Survey of Projection-Based Model Reduction Methods for Parametric Dynamical Systems,” SIAM Rev., vol. 57, no. 4, pp. 483–531, Jan. 2015.
[3] J. Marconi, P. Tiso, and F. Braghin, “A nonlinear reduced order model with parametrized shape defects,”
Comput. Methods Appl. Mech. Eng., vol. 360, p. 112785, 2020.
∗ Corresponding

author. E-mail: ptiso@ethz.ch

2632

Evangelia Nicolaidou,
Accounting
for InertiaThomas
in Nonlinear
L. HillReduced-Order
and Simon A. Neild
Models Using Commercial Finite Element
Software
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

ACCOUNTING FOR INERTIA IN NONLINEAR REDUCED-ORDER
MODELS USING COMMERCIAL FINITE ELEMENT SOFTWARE
Evangelia Nicolaidou∗1 , Thomas L. Hill1 and Simon A. Neild1
1

Department of Mechanical Engineering, University of Bristol, Bristol, BS8 1TR, United Kingdom
∗
e.nicolaidou@bristol.ac.uk

Key Words: Reduced-order modelling, Structural dynamics, Geometric nonlinearity
Nonlinear reduced-order modelling is used to alleviate the, often prohibitively large, computational cost
associated with the detailed dynamic analysis of highly complex models of engineering structures. In this
work, we employ a force-based indirect reduction method [1] to obtain reduced-order models (ROMs) of
geometrically nonlinear structures. This involves projecting the equations of motion (EOMs) of the full
model, onto a low-dimensional space spanning a small subset of the linear modes of the full system. In
the reduced modal space, the nonlinear internal forces in the ROM EOMs typically take the form of cubic
polynomials of the retained modes [2, 3]. The coefficients of these polynomials are computed through
regression analysis in a least-squares manner, using a dataset of computationally cheap nonlinear static
solutions of the full system. These are obtained by applying a set of prescribed static forces on the full
model, and computing the corresponding displacements. A drawback of this method is the sensitivity of
the resulting ROMs to the amplitude of the forces used to calibrate them and, as a result, the need for
cumbersome fine-tuning [2, 3].
In this work, we propose a new approach for deriving the ROM EOMs based on the Euler-Lagrange
equation, such that the inertia of the unmodelled modes is accounted for, ensuring that the kinetic as
well as the potential energy of the system is conserved after the reduction. With this formulation, new
structures are introduced in the EOMs, which deviate from the cubic polynomials used traditionally. The
approximation of these new functions is carried out by utilising the projection of the static solution dataset
onto the unmodelled modes, which the standard approach typically neglects. The improved accuracy of
these novel ROMs, as well as their robustness to the scaling of the training data, are demonstrated using
a finite element model built within commercial software.
REFERENCES
[1] Mignolet, M.P., Przekop, A., Rizzi, S.A. and Spottswood, S.M., A Review of Indirect/Non-Intrusive
Reduced Order Modeling of Nonlinear Geometric Structures, J. Sound Vib., 332(10), pp. 24372460, 2013.
[2] Rizzi, S.A. and Przekop, A., System identification-guided basis selection for reduced-order nonlinear response analysis, J. Sound Vib., 315(3), pp. 467-485, 2008.
[3] Kuether, R.J., Deaner, B.J., Hollkamp, J.J. and Allen, M.S., Evaluation of geometrically nonlinear
reduced-order models with nonlinear normal modes, AIAA J., 53(11), pp. 3273–3285, 2015.
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Object-Oriented Programming.
This work is intended to propose a generic organization of classes, in the context of the ObjectOriented Programming (OOP) paradigm, to perform structural analyses of frame and truss
models considering both dynamic and geometrically nonlinear effects. This is the result of an
expansion of the LESM (Linear Elements Structural Model) program [1], developed at the
Tecgraf/PUC-Rio Institute as a complementary tool for undergraduate and graduate structural
analysis courses of PUC-Rio. The program was initially designed to be an educational opensource code, performing linear-elastic analysis only. However, the demand for dynamic and
nonlinear effects has encouraged the development of academic works for the creation of a new
version of the program. These new implementations took advantage of OOP features that
increase code modularity, exploring the concepts of inheritance, abstraction and polymorphism.
The current state of the software is presented by showing the new class organization of the code
following the UML pattern, as well as some validation examples.
The inclusion of dynamic analysis to the program is based on the work of Lopes et al. [2].
In this case, local mass matrices are formulated according to a consistent, lumped or mixed
approach, and the numerical methods adopted to solve the transient system of equilibrium
equations include Newmark, Wilson-θ and Runge-Kutta. The implementation of geometrically
nonlinear analysis is based on the work of Rangel & Martha [3]. In this case, tangent stiffness
matrices are formulated according to a corotational approach, and the incremental-iterative
methods to solve the nonlinear system of equilibrium equation include load control, work
control, different versions of arc-length control, etc. These two effects may be combined to
study the occurrence of instability phenomena by performing eigenvalue analyses.
REFERENCES
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This investigation is dedicated to bifurcations – Hopf, symmetry breaking and period doubling
– occurring in geometrically nonlinear flutter of plates. Rectangular variable stiffness
composite laminates (VSCLs), consisting of layers with curvilinear fibres where fibre angles
change linearly from one edge of the layer to the other edge, are examined. The displacements
of the plate are modelled using a third-order shear deformation theory and the aerodynamic
loading due to a supersonic airflow is approximated using linear Piston theory. The full-order
model has been previously developed and validated in the linear strain-displacement regime
[1], while the reduced-order model in nonlinear strain-displacement regime is evaluated in [2].
In this study, we use a reduced-order model that is capable to find complex dynamics. It will
be shown that models with a too small number of degrees of freedom – often employed by
researchers – can conceal the rich dynamics that occur during nonlinear flutter of VSCLs.
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Fig. 1. A bifurcation diagram of nonlinear flutter of a VSC layer (on the left) and phase-plane plot of solutions at
λ=7.954 (on the right).

In an example of nonlinear flutter of a VSC layer (shown in Fig. 1), oscillations from simple
harmonic to chaotic are found. By inspecting Floquet multipliers and Fourier spectra, it is
demonstrated that symmetry breaking and period doubling bifurcations took place. These
bifurcations end in chaotic solutions by increasing the aerodynamic loading to λ=7.954. A
reduced order model with few degrees of freedom is not able to obtain neither those bifurcations
nor unstable solutions.
REFERENCES
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Supersonic Flow. Compos. Struct. (2018) 194:335–3441.
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In this work, networks of coupled linear and nonlinear oscillators serve as models for exploring processes in which short bursts of environmental change result in sustained endogenous network activity
that returns to a quiescent state only after a characteristic time. A key feature is the co-existence of
multiple stable steady-state responses over limited ranges of parameter values coupled to the imposition
of autonomous rate laws for slowly-varying problem parameters. We take general inspiration from complex social network dynamics, e.g., insect societies responding to variations in the availability of food or
forager mortality. In previous work [1], we investigated a distributed learning strategy on networks of
linear oscillators, showing how information transmission constrained by network topology could render
an optimal network design dynamically unstable and instead drive the network to a state of complete dysfunction. In contrast to the passive nature of the oscillator dynamics in [1], here we purposely introduce
endogenous energy sources that allow for nontrivial dynamics even in the absence of learning dynamics.
As an example, in a particular four-node network with positive damping εζ on the linear nodes and
linearized negative damping −ε on a single nonlinear node, a subcritical Hopf bifurcation occurs at
ζ = 1 in the limit ε → 0. Near the bifurcation point, we couple a multiple-scales approximation of the
local dynamics in terms of a slowly-varying oscillation amplitude A with an autonomous rate law for the
slowly-varying linear damping:


5 2
1−ζ
5 3 5 5 
−1

−ζ + 1 + σ + A
(1)
A+ A − A , ζ = τ
A =
4
8
16
4
for some small,
positive

√ σ and large τ. In the limit τ  1, we obtain a family of steady-state amplitudes
2
A = 1 ± 9 − 4ζ/ 5 with the upper sign corresponding to stable limit cycles that co-exist with the
trivial equilibrium for 1 ≤ ζ < 9/4. For finite τ, a jump from the stable equilibrium at A = 0, with
ζ(0) ∈ (1, 9/4), to this branch of stable limit cycles may be induced by a short sufficiently large burst of
exogenous excitation. A return to the trivial equilibrium amplitude and ζ ≈ 1 + σ follows by the induced
variations in ζ that drive the state past the saddle-node bifurcation (in the A dynamics) at ζ = 9/4. We
thus obtain sustained network activity even after the excitation is removed and a reset to a quiescent
state only after a characteristic time. For general network topologies, we explore optimal design choices
that place the nonlinear node in locations that render such hysteretic behavior robust to large parameter
uncertainty, for example by ensuring that they persist over large ranges of ε.
REFERENCES
[1] Saghafi, M., Dankowicz, H., and Tabor, W. Emergent Task Differentiation on Network Filters.
SIAM J. Applied Dynamical Systems (2017) 16(3):1686–1709.
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Seismic energy dissipation modeling in reinforced concrete structures represents an important issue to
apprehend and estimate their structural vulnerability and to quantify related safety margins. At a local scale, dissipative mechanisms are expressed according to constitutive laws taking into consideration
more or less complex phenomena and their couplings. At the global scale, energy dissipation is usually
modeled by equivalent viscous damping, using variants of Rayleigh damping model. Practically, this is
a way to depict uncertain and complex mechanisms, leading sometimes to a matrix without a physical
basis, leading to uncontrolled evolution of energy dissipation when non linearities occur [1]. To address
this problem, numerous alternatives have been proposed such as the use of a Rayleigh damping with a
tangent stiffness matrix. The aim of the presented work is to compare the performance of damping formulations proposed in the literature, with the results obtained from shake table experiments performed on
reinforced concrete beams [2]. A multifiber beam element formulation with nonlinear constitutive laws
for concrete is used to model the response of the beam. Energy balance computations are performed at
local and global scales to evaluate the effects of damping formulations on energy dissipation distribution.
In addition, a one degree-of-freedom identification method is applied on dynamic responses to evaluate
damping evolution in relation to damage parameters. When non linearities appear, the tangent stiffness
approach was found to be the best candidate to describe energy dissipations. Furthermore, the mass proportional part tends to induce spurious dissipation that can be avoided by not considering this term in the
Rayleigh formulation. Energy balance computations showed that viscous damping energy always represents the major part of total dissipations despite the consideration of numerous dissipative phenomena
at concrete level. Besides, at local scale, the friction phenomenon mostly dissipates the energy, as soon
as cracks develop. So, improvement are still required to better model the most dissipative phenomena at
local scale to reduce the need for large effective equivalent viscous damping at the global scale.
REFERENCES
[1] Hall, J. F. Problems encountered from the use (or misuse) of Rayleigh damping. Eathquake Engineering and Structural Dynamics. (2005) 35:525–545.
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Geometrical nonlinearities, due to large transverse displacements of thin structures, are encountered in a
large range of applications, as long as the thickness of the structure is small corresponding to the other
dimensions. On the other hand, the use of piezoelectric materials to actuate or/and sense the vibrations
is also widely spread. This paper focuses on the numerical computation of the frequency response,
in the frequency domain, of structures with geometrical nonlinearities and equipped with piezoelectric
patches. Recent advances in non-intrusive reduced-order finite element modeling of nonlinear geometric
structures offer new perspectives for massive nonlinear prediction in structural computation [3]. To the
knowledge of the authors, the case of both geometrical nonlinearities and piezoelectric electromechanical
coupling has been scarcely considered in the past literature and the purpose of this paper is to fill this
gap.
In this context, this article has several purposes. First, it will be shown that it is possible to extend a
particular non intrusive method, the so-called stiffness evaluation procedure (STEP), relying on the static
application of prescribed displacements and introduced in [4], to compute the piezoelectric coefficients
of the ROM using a commercial code in a non intrusive way. Then, even if the STEP has been validated
in many articles in the past (see [1] and reference therein) to compute the geometrically nonlinear part
of the ROM, it will be shown that using 3DEF is not as straightforward as it could appear at first and
that it conducts to strange behaviours of slow convergence as a function of the number K of modes
retained in the expansion basis, much slower that in the case of the use of plate or shell two-dimensional
finite-elements. Finally, the computation of the piezoelectric coupling coefficients will be validated with
comparison to an analytical reference model of a three layers hinged hinged beam with two colloacated
piezoelectric patches, extending the pieoneering results of [2].
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[1] A. Givois, A. Grolet, O. Thomas, and J.-F. Deü. On the frequency response computation of geometrically nonlinear flat
structures using reduced-order finite element models. Nonlinear Dynamics, 97(2):1147–1781, 2019.
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[3] M. P. Mignolet, A. Przekop, S. A. Rizzi, and S. M. Spottswood. A review of indirect/non-intrusive reduced order
modeling of nonlinear geometric structures. Journal of Sound and Vibration, 332(10):2437–2460, 2013.
[4] A. A. Muravyov and S. A. Rizzi. Determination of nonlinear stiffness with application to random vibration of geometrically nonlinear structures. Computers and Structures, 81(15):1513–1523, 2003.
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Due to the demand for renewable and clean energy sources, the generation of electricity from
wind farms has become a reality in Brazil. The central unit of energy generation in these farms
are the wind turbines composed of tower, nacelle, and blades. Reduction in mass and material
is always desirable in these units due to the final cost impact on a farm consisting of several
units.
The main external excitation source in these systems is the wind, or the system itself, as in the
case of possible imbalance. The design of the support tower and foundations must take into
account quasi-static stresses as well as the varying and transient stresses to which the system
may be exposed in service and which could lead to fracture and/or fatigue problems.
Minimizing the mass of these structures and keeping their vibration level at acceptable values
is a difficult task that can be done by controlling vibration either passively (with Dynamic
Vibration Absorbers, DVA) or actively with actuators, the latter being the best performing
overall[1].
The present work developed a comparative study of the use of dynamic vibration absorbers (in
two perpendicular directions) in a Wind Turbine Tower (WTT) discretized by Finite Elements[1]
to mitigate wind action, having effects on the acceleration developed in the nacelle as well as
the resulting stresses at the base of the structure. Three different scenarios were considered:
non-damping, passive damping, and active control, also called hybrid[2] because it contains the
DVA and control forces of an actuator (active + passive). The wind is generated as a correlated
tridimensional stochastic field following Davenport[3] spectra.
The design of the tuned mass damper followed the methodology provided by [4, 5], which ideally
applies for structures without structural damping, but which shows satisfactory results for
structures with low damping. The introduced hybrid control was designed using the linear
quadratic controller theory[6], which in turn is based on the optimal control theory.
The DVA is designed to match the first two natural frequencies (bending modes) of the
structure, in which case it would achieve 90% attenuation if the excitations were synchronized
with these frequencies[7]. Analyzing Table 1, comparing the top WTT RMS acceleration values,
the passive control attenuated 30.98%, whereas hybrid control presented a significant reduction
of 41.93% for the top RMS acceleration when compared to the original structure, under wind
action.

2639

Nícolas R. Karnopp, Herbert M. Gomes

Table 1: WTT top accelerations.
Without control
Absolute
RMS
maximum
x(m/s²) 3.6710-2 1.3010-2
y(m/s²) 5.0710-2 1.8410-2

x(m/s²)
y(m/s²)

Passive control, DVA
Absolute
RMS
maximum
4.0710-2
1.2810-2
-2
3.6910
1.2710-2

Hybrid control
Absolute
RMS
maximum
3.6410-2 1.0510-2
3.6910-2 1.0710-2

Percentage of reduction in RMS acceleration
Without control →
Passive control→
Without control →
Passive control
Hybrid control
Hybrid control
-1.73%
-18.12%
-19.54%
-30.98%
-15.86%
-41.93%

After analysis performed by this work, it is seen that passive control presents a certain
improvement in acceleration parameters, reactions, and loads, but in some cases, it is not
efficient due to the random nature of wind excitation, given that DVA is projected for some
specific frequency. Especially concerning this fact, the hybrid control presented results
satisfactory, since it responds to the actual sensed dynamics of the structure and doesn't hold to
just one frequency.
It is important to note that the accelerations suffered reductions in their average value, and this
fact that not occurred to the tower loads and base reactions, that just had their amplitude
reduced. This contributes to the reduction of fatigue caused by the structure.
For future works, it is suggested the study of different wind spectra, the analysis of wave effects,
for offshore wind farms, and earthquakes. It is also suggested the use of different DVA
strategies, such as tuned liquid dampers, fluid dampers, or pendulum dampers.
REFERENCES
[1] L. C. Foschiera. Dynamic analysis of wind generator towers under random wind loading.
2018. 15p. Monograph. Mechanical Engineering Department, Federal University of Rio
Grande do Sul, Brazil.
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Meteorol. Soc., 87: 194–211, 1961.
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University, 2013. 435 p.
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Press, 1997. 544 p.
[7] D. M. Lima, P. A. López-Yánez, M. A. P. Alves. Vibration control device for steel tubular
towers of Horizontal Axis Wind Turbines. Latin American Journal of Solids and
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Non-intrusive model-order reduction technique is advantageous for fast and efficient dynamic analysis
of large nonlinear finite element (FE) models, which are developed in commercial FE packages and do
not release nonlinear element formulations [2, 1]. In this way, the nonlinear internal forces of a Nonlinear Reduced-Order Model (NLROM) are written in the form of polynomials with unknown coefficients.
These coefficients are then determined from inputs/outputs that are achieved through nonlinear static
analysis of the full model.
One of the bottlenecks for developing a displacement-based non-intrusive reduced order model comes
from performing a “proper” basis selection, which is compact enough, easy to compute, and possibly
load-independent. It should also convey the most essential nonlinear properties of the full-order model.
Most of the applied reduction bases in this context do not contain all of the mentioned properties for a
desired non-intrusive reduction basis.
In this work we present a basis for non-intrusive model reduction technique, which combines the socalled modal derivatives with non-intrusive methods. We demonstrate in this work that using modal
derivatives increases the accuracy of nonlinear reduced order models when compared to previously proposed methods. Moreover, modal derivatives are easier to obtain and select than available alternatives.
We compute the modal derivatives in a non-intrusive manner using finite deference and append them to
a basis of dominant linear vibration modes, and use such basis to identify nonlinear stiffness coefficients
of the reduced model. Another advantage of the proposed approach is that it is a simulation-free method,
namely, it requires no dynamic simulation of the full-order model to be obtained. Also, the reduced
model developed by non-intrusive modal derivatives can be used for a variety of load cases in a desired
frequency and amplitude range. The proposed approach is applied to different FE examples and their dynamic responses under random sound pressures obtained with the reduced order model we propose are
compared to those computed with other available techniques. Our numerical tests confirm the efficiency
and accuracy of the proposed approach, at no additional online and offline computational costs.
REFERENCES
[1] Morteza Karamooz Mahdiabadi, Andreas Bartl, Duo Xu, Paolo Tiso, and Daniel Jean Rixen. An
augmented free-interface-based modal substructuring for nonlinear structural dynamics including
interface reduction. Journal of Sound and Vibration, 462:114915, 2019.
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Occupant safety during vehicular crashes continues being an important topic worldwide. New
passive and active road safety equipment are being developed each year to reduce the number
of serious and fatal injuries on the roads. Full scale crash tests are the best option to evaluate
the newly designed road safety systems. European Standard [1] for the road barriers stands it is
not mandatory to use Anthropomorphic Test Devices (ATDs) in such tests. Thus, the impact
severity indexes are usually calculated solely on the vehicle accelerations. However, fast
development of the numerical methods and computational resources allows us to perform
numerical simulations of the considered systems [2]. Furthermore, research on the
biomechanics resulted in creation of the Human Body Models (HBMs) that are the numerical
representation of the mechanical behaviour of the Post Mortem Human Subjects (PMHS)
during various of conditions.
This study is focused on the analysis of the numerical simulations of the occupied Ford F250
vehicle crash with rigid wall as a step to analyse the impacts with road safety barriers. The
vehicle is equipped with the driver airbag, seat and seatbelts model. The driver airbag was
folded using two different folding techniques: zig-zag and top-roll. The occupant responses of
the ATD numerical model (Hybrid III Dummy) are validated against the full scale crash test
and then compared to the Open Source HBM – ViVA [3]. The responses refer to the Head
Injury Criterion (HIC), Neck Injury Criterion (NIC) and the Max Chest Compression. The
differences of the responses with regard to the airbag folding techniques are outlined. The
correlation with the EN 1317 Impact Severity Indices [1] is presented.
The Impact Severity Indices for all simulations remain in the safety margins. The results show
the influence of the steering wheel position with respect to the occupant on the behaviour during
the collision. The chosen folding technique affects the internal pressure value and distribution
and, thus, influences the occupant responses.
REFERENCES
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simulations, Adv. Eng. Softw. 90 (2015) 22–40. doi:10.1016/j.advengsoft.2015.06.004.
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The dynamic responses of nonlinear systems are often computed using continuation methods, which
rely on the responses of interest being connected a known solution. However, some responses can be
isolated – i.e. disconnected, in parameter space, from the primary responses of the system. These isolated responses, or isolas (for nonconservative systems), therefore represent solutions that are extremely
difficult to detect without a priori knowledge of their existence [1]. Such solutions may represent highamplitude responses, which are critical in many engineering structures.
One method of detecting isolas employs an energy-based method, combined with backbone curves – the
loci of unforced, undamped responses (i.e. nonlinear normal modes). This approach is able to predict
the points at which the forced responses cross the backbone curves; hence, if an isola crosses a backbone
curve, this prediction provides an initial solution from which to continue. Whilst this approach has
been employed successfully [2], it relies on the assumption that the backbone curves may be computed
reliably. However, backbone curves may also be isolated, which presents a significant challenge.
Recent work [3] has demonstrated that isolated backbone curves emerge from bifurcations when the
dynamic symmetry of the system is broken. Dynamic symmetry may be achieved when the physical
structure is asymmetric; therefore, this is a mathematical condition, rather than a physical constraint.
These simple mathematical relationships provide a parameter which may be used to connect the isolated
backbone curves to the primary backbone curves, and thus reliably compute them using continuation.
Here, we demonstrate this approach for a mechanical system. It is shown that, without a priori knowledge of their existence, isolas in the forced response cannot be reliably detected, as they correspond to
isolated backbone curves. Using the concept of dynamic symmetry, these isolated backbone curves are
computed, and used to reliably find these isolas in the forced response. We discuss how this approach
may be generalised and used to reliably predict the forced responses of more complex structures.
REFERENCES
[1] R. J. Kuether, L. Renson, T. Detroux, C. Grappasonni, G. Kerschen, M. S. Allen, Nonlinear normal
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Modern radio engineering systems, electronic computing hardware and navigation equipment
on board moving objects, when being put into operation, can experience significant impulse
and vibrational mechanical actions. These impacts can introduce additional errors in readings
of the devices, and sometimes lead to their mechanical break-down. The most common
constructive solution of such problems is to combine all electronic elements into a single unit,
which is fixed to the body of the supporting structure by means of dampers. Such a unit has 6
degrees of freedom: 3 translational and 3 angular. Under the action of external impacts it can
generate coupled forms of vibrations that combine angular and translational motions. For
many electronic devices this raises the question as to how one can limit movement of
protected unit especially its angular vibrations. One of the effective ways to solve the problem
is to use the method of passive vibration protection.
In this paper, we study the movement of an electronic assembly represented as a single solid
body. It is fixed on a rigid platform, which is mounted on a supporting structure using a
system of four dampers. The supporting structure is subjected to translational vibration in
three mutually orthogonal directions. We study the vibrational response of the unit to these
disturbances, which actually are the coupled translational and angular vibrations. The
simulation was performed in the framework of the general theory of the motion of a rigid
body. The numerical implementation is carried out using the MATLAB software.
At the first stage of the study, we performed a series of numerical experiments, which made it
possible to carry out a parametric analysis of the motion characteristics and to specify the
required accuracy of parameter measurements in subsequent physical experiments.
At the second stage of the study, we performed a series of physical experiments, during which
the following system characteristics were determined: moments of inertia of the protected
unit; position of the center of mass of the unit; spatial arrangement of dampers; elastic and
dissipative characteristics of dampers.
At the third stage, a full-scale numerical experiment was carried out. During this experiment
we subsequently changed the values of individual parameters of the system relative to the
reference values. A parametric analysis of the numerical solutions showed that the amplitude
values of the kinematic characteristics of the angular vibrations of the protected unit depend
on the position of its center of mass, spatial orientation of dampers as well as the elastic and
dissipative characteristics of dampers. The obtained relationships made it possible to
determine the system parameters, at which the arising angular vibrations of the protected unit
do not exceed the permissible values.
At the final stage of the study, a series of physical experiments was carried out on the
vibration testing machine. The results were used to verify the obtained numerical solutions.
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In recent years, there has been an increasing interest on the possibility to take advantage of mechanical
nonlinearities for the passive control of vibrations. The reason is to overcome major drawbacks of classic
Tuned Mass Dampers (TMD), which lack robustness and can be tuned only to a particular frequency. In
turn, the Nonlinear Energy Sinks (NES) are inherently broadband [1], and can thus arbitrarily match any
modal frequencies simultaneously. However, NES generally require overcoming a threshold to activate
a nonlinear energy transfer [2]. Nevertheless, it has been shown that bistability and chaos can reduce this
energy threshold [3]. Here, we aim at modeling and simulating the behavior of a Vibro-Impact Nonlinear
Energy Sink [4] (VI NES) for the vibration control of Civil Engineering frame structure with Multiple
Degree of Freedom (MDoF). The device is made of a container enclosing an inelastic sphere, interacting
via a nonlinear viscoelastic dissipative force [5] with the inner walls of the container. As the structure
vibrates, the particle bounces within the container, exploring dynamical regimes ranging from periodic
collisions [6] to chaos. Here, we study the effectiveness of the VI NES in controlling structural free
vibrations and forced vibrations due to multi-harmonic base motions and broadband seismic inputs. The
results in terms of vibration control are compared with those achievable by using a TMD.
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[1] Vakakis, A.F., Manevitch, L.I., Gendelman, O. and Bergman, L. Dynamics of linear discrete systems connected to local, essentially non–linear attachments. JSV (2003) 264(3):559–577.
[2] Lo Feudo, S., Touzé, C., Boisson, J., Cumunel, G. Nonlinear magnetic vibration absorber for passive control of a multi–storey structure. JSV (2019) 438:33–53.
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numerical study. J. Comput. Nonlinear Dynam (2014) 10(1):011007 (13 pages).
[4] Pennisi, G., Stephan C., Gourc, E. and Michon, G. Experimental investigation and analytical description of a vibro–impact NES coupled to a single–degree–of–freedom linear oscillator harmonically forced. Nonlinear Dyn. (2017) 88(3):1769–1784.
[5] Antypov, D. and Elliott, J.A. On an analytical solution for the damped Hertzian spring. EPL (2011)
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ABSTRACT
Beam theories have been used to model structures across different length scales. Examples include
carbon nanotubes at the nanoscale (with bond lengths in the order of 1 Å = 10−10 m) to long pipelines
at the macro scale (exceeding hundreds of meters). Studies include the phenomena of instability and
resonance observed at different scales, which can threaten the safety of engineering systems, provide
opportunities for new generations of energy harvesters and nano-sensors, offer powerful interpretations
of biomechanical functions, etcetera.
A vast body of technical literature exists in which the mechanical properties of beam-like structures
(BLS’s) are lumped at their centroidal axis (e.g. the Euler-Bernoulli and Timoshenko beams), neglecting
slippage between adjacent fibres. Little attention has been comparatively paid to the effects of partial
interaction between individual components in a composite system, e.g. multiple slender elements connected through deformable layers, although such arrangements can play a fundamental role in some static
configurations and vibrational regimes. Possible examples at different scales are grouted connections at
the transition piece in offshore wind turbines and Van der Waals interactions between molecular chains.
The proposed minisymposium aims to bring together researchers working on analytical and numerical
methods for the static and dynamic analysis of BLS’s at different scales, including (but not limited to):
• Composite BLS’s made of multiple continuous strands with distributed connections;
• BLS’s with nonlocal elasticity and nonviscous damping;
• Application of BLS’s models to study stability
and vibration problems at different scales;
• Propagation of model uncertainties;

2649

• Beam theory at the nano-scale;
• Application of beam dynamics such as nanomechanical sensors, vibration energy harvesters, vibration of slender towers;
• Comparisons with experimental studies;
• Advanced analytical methods;
• Combined vibration and buckling problems.
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The sheds, usually in metal structure, are commonly used for commercial or industrial
establishments. Such structures can be designed under the laws established by the Ultimate
Limit State (ULS) parameters, Service Limit Status (SLS) or Usage (SLU), even though many
of them may be subject to large displacements caused by vibrations, static loads or, even the
combination between both. The own weight’s structure and the wind dynamic load combined
is a perfect example how these structures are subjected to combined forces. Thus, alternatives
to control or minimize the excessive displacement are needed. There are several methods of
controlling vibration, and this paper presents the bracing system. Shed and 3 different bracing
systems were designed in Fig. 1, single diagonal (fig. 1 a), double diagonal, (Fig. 1 b) and
inverted V, (Fig. 1 c). These systems are designed to resist vertical and horizontal actions, and
its main function is to provide stability to structures when they suffer from wind load action. In
this paper NBR 6123/1988 was used to compute wind load.
a)
b)
c)

Figure 1 - (a) Simple diagonal system (b) Double diagonal system (c) Inverted V system

Numerical calculations were carried out in SAP2000 and Visual Ventos, in order to study the
dynamic behaviour of the shed submitted to such actions. The analyses were restricted only to
displacements in the X and Y directions (Fig. 2 a up to c). Afterwards, the reinforced structure
was compared with that one without bracing.
a)

b)

c)

z

Figure 2 - Deformations system (a) Points analyzed (b) X Direction (c) Y Direction

After the computations the minimal X and Y displacement were found for inverted V-shaped
bracing system. Furthermore, the reinforce structure also provided great rigidity to the frame
and a better distribution of the efforts in the structure nodes.
REFERENCES
[1] ABNT, A. B. DE NORMAS TECNICAS. NBR 6123: Forças devidas ao vento em

edificações. Associação Brasilera de Normas Técnicas, 1988.
[2] CHAVES, J. R. F. Análise dinâmica de pórticos metálicos contraventados. Universidade
de Brasília, 2009.
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The proper description of the wind load is one of the main conditions for an accurate tree
stability assessment. Current studies dealing with wind loading of the tree focus on the
determination of the wind magnitude (site exposure, surface roughness, etc.) or the drag factor
determining the tree response to the wind. The standard approach assumes that wind force is
applied in a unique point (centre of gravity). Such a description of the loading brings a
significant simplification of the reality, where the tree stem is submitted to multiple forces
distributed from higher-order branches to lower order one. The aim of this study is to describe
the influence of the simplification by comparison of branch response (deflection curve) in the
case of single- and the multi-point loading.
Four beam-like models were built in ANSYS APDL according to geometry and material
properties of real tested branches. The models were created by tapered beams with realistic
elliptical cross-sections and orthotropic material. The models were experimentally validated
in the case of one-point loading and consequently used for simulations of various loading
scenarios. The description of applied force distribution along the branches by weighted
division of total wind force according to a) leaf area, b) leaf mass and c) diameters of side
branches was tested. The branch response differs between single- and multi-point loading.
The multi-point loading cause higher curvature of deflection curves, while in the case of
single-point loading, the branches tend to incline more. The differences in model response to
multi-point loading were described in relation to changing branch geometry parameters.
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Dielectric elastomers show promising performance as actuators for soft robotics. Thus, accurate
and efficient numerical algorithms for the simulation of Dielectric Elastomer Actuators (DEA)
are required for the design and control of the soft robotic system. In this work, the Cosserat
formulation of geometrically exact beam dynamics is extended by adding the electric potential
as an additional degree of freedom to account for the electrical effects.
A formulation of electric potential and electrical field for the geometrically exact beam model
is proposed such that complex beam deformations can be generated by the electrical forces. The
electromechanically coupled constitutive model for the beam formulation is derived
consistently from continuum mechanics, which leads to a direct transfer of the dielectric
constitutive models in continuum mechanics to the beam model. The electromechanically
coupled beam dynamics is solved within the variational time integrator scheme.
By applying different electrical boundary conditions to the beam nodes, different deformation
modes of the beam are obtained in the numerical examples, such as contraction, shear, bending
and torsion. To investigate the computational accuracy of the geometrically exact beam model,
the magnitudes of deformation of the beam model are compared with the results of a 3D finite
element model. It can be observed that the deformations in the beam model agrees well with
that in the finite element model, however, less degrees of freedom are required to resolve the
complex deformations in the beam model. The developed beam model is integrated into
multibody dynamic systems to represent complex actuations.
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Many engineering structures, such as the rotor blades of wind turbines and helicopters, can be
considered curved, twisted and tapered beam-like structures, undergoing large deflections and
3d cross-sectional warping. For their structural modelling, the best compromise between
computational efficiency and accuracy can be obtained by a schematization based on suitable
beam-like elements. Over the years many beam theories have been developed, from classical
models for extension, twist and bending, to formulations which include shear deformation, to
geometrically exact and asymptotic approaches [1-4]. However, there is still a gap between
existing models and those that could be suitable for complex beam-like structures. In general,
the geometry of the reference and current states must be appropriately described. Curvature,
twist and taper are important characteristics and should be explicitly included in the model.
The analysis should not be restricted to small displacements. The model should provide the
strain and stress fields in the 3d structure, be rigorous and usable by engineers and provide
classical results when applied to prismatic structures. Following these guidelines, this work
addresses the development of a mathematical model to simulate the mechanical behaviour of
non-prismatic structures. The 3d reference shape is schematized as a collection of deformable
plane figures (i.e. the cross-sections) along a suitable 3d curve (the centre-line). Each point of
each cross-section in the reference state moves to its current state by a global rigid motion on
which a local warping motion is superimposed. Two kinematic maps identify the reference
and current states of the 3d structure and are used to determine the gradient of transformation,
the Green-Lagrange strain tensor and the stress fields too, provided that a constitutive model
is chosen. The problem’s unknowns, such as centre-line displacements, local-frames rotations
and cross-sectional warping fields, are determined as solution of balance equations deduced
by a stationary condition of an energy functional. The resulting model explicitly provides
information on the effects of twist and taper parameters on the strain and stress fields in the 3d
structure. Moreover, it is suitable to simulate large deflections and rotations of centre-line and
local-frames and small deformation of the cross-sections. The obtained analytical results and
numerical examples confirm the effectiveness of proposed approach.
REFERENCES
[1] A.E.H. Love, A treatise on the mathematical theory of elasticity, 4th Edition, Dover

Publications, NY, 1944.
[2] J.C. Simo, A finite strain beam formulation, the three-dimensional dynamic problem, part
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updated version, International journal of engineering science, Vol. 59, pp. 40-64, 2012.
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Everyone has played with a carpenter tape measure and has seen the capability of such structure to develop localized folds. This phenomenom can be explained by the parallel that can be made between the
bending behaviour of such a tape and a reguralised Eriksen bar model [1, 2]. A rod model with flexible
cross-section has been recently proposed that accounts for the creation of flods due to an almost complete flattening of the cross-section[3]. When considered as a beam submitted to uniform bending, the
tape exhibits an up-down-up moment-curvature response from which we can deduce some mechanical
features : curvature in the fold area, moment after the creation of folds... The capability of developing
localized folds and the above mentioned mechanical features depend on the cross-section profile. Some
authors propose analytical or semi-analytical approaches devoted to specific cross-section profiles[4, 5].
We propose here a numerical approach that is suitable to any symmetric cross-section profiles and is not
limited to shallow tape-springs. Considering the uniform bending of thin walled beam treated as a shell,
the problem can be reduced to one-dimensional that can be discretized with the finite element method.
Validation with results from literature are proposed and several cross-section profiles are studied.
REFERENCES
[1] Seffen, K.A., & Pellegrino, S. (1999). Deployments dynamics of tape springs, Proceedings of the
Royal Society A, 455, 1003-1048.
[2] Martin, M., Bourgeois, S., Cochelin, B., & Guinot, F. (2019). Planar folding of shallow tape
springs: The rod model with flexible cross-section revisited as a regularized Ericksen bar model.
International Journal of Solids and Structures, in press.
[3] Guinot, F., Bourgeois, S., Cochelin, B., & Blanchard, L. (2012). A planar rod model with flexible
thin-walled cross-section. Application to the folding of tape springs. International Journal of Solids
and Structures, 49, 73-86.
[4] Walker, MG and Seffen, KA (2019) The flexural mechanics of creased thin strips. International
Journal of Solids and Structures, 167, 192-201.
[5] Seffen, KA (2020) Folding a ridge-spring. Journal of the Mechanics and Physics of Solids, 137.
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In the context of interoperability and fourth european railway package, a new research work is
conducted within SNCF Réseau to improve the current technical rules behind rolling stocks
admission. A numerical tool based on a lightweight model of the track and a lumped mass
railway vehicle is thus being built to evaluate the maximum vehicle’s speed regarding track
fatigue issues. In this sense, the study aims to provide a better estimation of stress state in rails
due to moving vehicles when realistic track irregularities are introduced.
In a first approach, vertical vehicle/track interaction is studied considering a simplified 2D finite
element model of the track (beam discretely supported by an assembly of springs, dampers and
punctual masses), a lumped mass vehicle model and a long wavelength longitudinal level defect
constructed from a typical power spectral density of track irregularities as defined in [1]. It
intends to quantify the impact of the vehicle’s dynamic overload on the track response and
verify the possibility of these overloads to excite track vibration modes. First results indicate a
slight increase of bending stress comparing to the case of a defectless rail. However, a
comparison of the dynamic response of the track to its equivalent static response at each time
step gives identical results, showing that inertia forces of the track are negligible comparing to
vehicle’s vertical loading at low frequencies as indicated in [2].
Lateral vehicle/track interaction is also investigated. Unlike the vertical interaction case, a
strong difference is expected between dynamic and static track responses because of the lower
track’s stiffness in the lateral direction.
REFERENCES
[1] Standard, O. R. E. (1989). B176 RP1. 1989, vol. 1: Preliminary studies and specifications,

vol. 2: Specification for a bogie with improved curving characteristics, vol. 3:
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[2] Knothe, K. L., & Grassie, S. L. (1993). Modelling of railway track and vehicle/track
interaction at high frequencies. Vehicle system dynamics, 22(3-4), 209-262.
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Initially motivated by earthquake engineering, this work investigates the transverse vibration
of idealized buildings obtained by vertically repeating unbraced frames. Such reticulated
systems can also represent the microstructure of foams, plants, bones, the sandwich panels
and truss beams used in aerospace and marine structures. When the frame size is small
compared to the wavelength of the vibration of the structure, the homogenization method of
periodic discrete media can be used to rigorously derive an equivalent beam model describing
the global behaviour with a low computational cost. The existence of several stiffness
contrasts in frame structures leads to enriched local kinematics and various global behaviours
can be generated by modifying the properties of the elements.
In [1], Hans and Boutin realised a systematic study of single frame structures, the unit cell of
which is a floor supported by two walls. They found that the transverse vibration can involve
three mechanisms: shear (bending of the elements at the frame scale), global bending
(tension-compression of the two walls in antiphase) and inner bending (bending of the walls
in phase at the structure scale). Therefore, the generic beam model including all the
mechanisms is an extension of the Timoshenko beam theory described by a sixth-order
differential equation. The present work analyses how the behaviour of frame structures
changes when the number of walls increases. The question is addressed theoretically by
applying the homogenization method on double and triple frame structures. The main result is
that the equivalent beam models developed for single frame structures remain valid providing
that the response of the structure is governed by the deformation of the whole unit cell. In that
case, only the expression of the parameters has to be adapted. For more complex structures, a
numerical process is proposed for the determination of the equivalent beam parameters. This
approach is validated through comparisons with finite element simulations.
REFERENCES
[1] S. Hans and C. Boutin, Dynamics of discrete framed structures: a unified homogenized

description. J. Mech. Mater. Struct., Vol. 3, n°9, pp. 1709 1739, 2008.
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French), PhD thesis, ENTPE-Ecole Centrale de Lyon, 2010.
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ABSTRACT
With the evolution of the computational power, there is a tendency to overlook analytical and
semi-analytical solutions, despite their inherent advantages. One should, however, be aware of
the fact, that these solutions provide the necessary insight into the relevant physical phenomena
and are accompanied by quickly obtainable highly precise results. With the help of
dimensionless parameters one can understand general tendencies for a specific group of
possible combinations of real parameters, and, as the physical model usually requires
substantial simplifications, this also means that the results obtained are reduced to essential
information that can be simply analysed.
This Mini-symposium aims at bringing together academic scientists and industry researchers
dedicating their investigations to solutions related to analyses of dynamic systems, with special
emphasis on transportation structures and moving loads. It covers a broad research area from
simple models to complicated applications, focused on analytical modelling, accompanied by
numerical simulation and optimization. Interdisciplinary ideas regarding physical problems
appearing in constructions subjected to dynamic excitations (mainly due to moving loads) are
welcome in this session.
However, the proposed Mini-symposium is not limited to analytical approaches. All new
solutions or problems formulations within the area of moving loads, including those using
numerical or hybrid methods, are also well seen.
REFERENCES
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Dynamic response of systems associated with railways is very important subject of modern
structures investigations related to high speed rails. The problem described in this paper arises
from nonlinear properties of rail tracks, especially rail fastening systems and rail track
foundation. Their nonlinear stiffness has been experimentally confirmed and it is recognized as
important factor influencing rail track vibrations [1]. The analysed infinitely long double-beam
system can represent rail track as a two layer structure [2]. The first layer shows properties of
rails and the second one describes sleepers behaviour. Semi-analytical solution to this model
has been experimentally verified in terms of vertical vibrations in the case of nonlinear
foundation and load representing train moving with constant speed [3].
In the current paper, two nonlinear factors are considered, foundation stiffness and stiffness of
layer between beams corresponding to rail fastening system properties. Mathematical model is
described by two coupled differential equations with appropriate boundary conditions.
Analytical approximation using wavelet filters, combined with Adomian’s decomposition
applied to nonlinear terms, are improved and used to solve the system. Parametrical study is
carried out for a wide range of physical parameters, leading to estimation of the approach
applicability domain. In addition, examples of the system response to random load are presented
and specially developed procedure of this load generation is described. The proposed random
solution to the double-beam model is an important novelty in subject and has not been shown
so far. Solution to the similar system subjected to moving masses, instead of forces, is
considered as further work.
REFERENCES
[1] P. Koziol, “Analytical Modelling of Rail Track to Account for Nonlinear Properties of

Structure”, MATEC Web of Conferences, 262, 11005, 2019.
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This paper studies the effect of vehicle-bridge interaction (VBI) on the vibration of the bridge, and
subsequently proposes a decoupled analysis scheme for the VBI problem, with reference to high-speed
railway (HSR) systems. The study examines the VBI problem analytically and reveals the main coupling
parameters between vehicles and bridges. It proves that, except for the stiffness ratio, the impedance
ratio, defined as the ratio of the vehicle damping and the bridge mechanical impedance, is also a dominant
coupling parameter between the two systems. Following, the study shows that, VBI alters the mechanical
system of the bridge via an additional damping, an additional stiffness and a modified loading term. The
coupling terms (i.e., the vehicle response) appear solely in the modified loading term. Assuming small
stiffness ratio, which is realistic for practical train bridge systems, the proposed decoupling scheme
eliminates the vehicle response from the bridge equation of motion in a systematic manner. With respect
to the fully coupled system, the proposed method returns more accurate results compared to well-known
decoupled methodologies, such as the moving load approximation.
REFERENCES
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Eng. Struct. (1997) 19:936–944.
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ABSTRACT

Many modern problems of the dynamics of buildings, structures (bridges, masts, towers,
monuments), cars and crews need to take into account the actual dynamic characteristics and
variable properties (dissipative, inertial and stiffness) of all subsystems of an object in time and
space. These properties are often nonlinear. There are known four groups of nonlinearities
(geometric, physical, structural and genetic). The report provides numerous cases, for example,
the presence of dry friction in the nodes of structures and supports, the foundations of roads and
soil pillow, the suspensions of freight vehicles that move around the structure.
In these cases, the principle of superposition cannot be applied in the calculated
combinations of system forces, and, apparently, the whole finite element method with linear
dynamics. Moreover, if a moving load moves along elements, for example, a bridge. Type of
columns of sprung crews with resonant modes for a particular object: taking into account the
distribution of masses along the axes, intervals and speeds of the bands, taking into account the
instantaneous breaks of bonds in some nodes and the creation of new bonds, with blows, in
others.
The author and the young members of the “Resonance” team were engaged in the nonlinear
dynamics of buildings, bridges, wagons, etc. New flat and spatial multi-mass models of
structures, media, and connections were created and tested, as well as methods for constructing
discrete calculation schemes and systems of nonlinear differential equations of motion. We used
the method of numerical integration of the equations, and the finite element method for control in
a linear transition, as well as experiments (field and laboratory). References to the literature can
be found in the abstracts of dissertations by Davydov I.I., Chaban V.P., Yaroshenko D.S.,
Makarov A.V. and other members of the our team.
The interaction of the consructions of structures and crews with the bases, with the flows of
vehicles and pedestrians was investigated. We are compared laboratory and field vibrogramms of
simultaneous static and dynamic displacements and stresses in sections of the rod systems of
models. Recommendations were given on the selection of the type and options for the rational
installation of damping devices, on the remote determination of critical dynamic loads and
especially overloaded (or destroyed) elements of the object. We are created the principles of the
algorithms of the corresponding instrument BIM-technologies of inspection, dynamic
certification and technical assessment, monitoring, amplification or management of the
reconstruction of complex structures based on their condition and dynamic characteristics.
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Additional dynamic loads generated due to the acceleration/deceleration of the moving trains may result
in excessive ground vibrations. In several existing studies, various train-track-ground interaction models are usually implemented for simulating the track-ground response under motion-induced dynamic
loading. These studies are, however, limited to the uniformly moving load systems. Only a few studies
are available in the open literature in which the railway track structural response is evaluated under the
accelerating/decelerating concentrated loads [1, 2]. Furthermore, no studies have been reported that systematically analyze the dynamic response of the track structure traversed by an oscillator moving with
time-varying velocity.
In this paper, we investigate the track deflections induced by a single-degree-of-freedom oscillator system
moving with time-varying velocity (accelerating/decelerating) on a generalized railway track model. The
track model is represented by a rail beam (an infinite Euler-Bernoulli beam) overlying a spring layer with
an equivalent, frequency-dependent stiffness. A newly developed, computationally inexpensive two-step
iterative approach is used for evaluating the rail beam deflection under moving oscillator load. Further,
the so-called frequency-dependent stiffness is derived from the deflection of the sleeper overlying the
track substructure (ballast and ground). The sleeper is idealized as a finite Euler-Bernoulli beam, and the
ballast and underlying soil medium are represented by a homogeneous, isotropic elastic layer underlain
by an elastic half-space. The sleeper beam deflection is obtained in frequency-domain by utilizing the
Green’s function of the layered elastic medium evaluated using the integral transform method.
Results are shown for three types of loading cases, including acceleration, deceleration, and constant
velocity motion of the oscillator system. It is found that at higher values of initial speed (200-250 km/h),
disregarding the effects of velocity variation, may lead to a significant underestimation of rail beam
deflection magnitude. On the other hand, for the same acceleration/deceleration values, the changes in
deflection magnitude are appreciably less at lower initial speeds (70-100 km/h).
REFERENCES
[1] Anders Karlström. An analytical model for ground vibrations from accelerating trains. Journal of
Sound and Vibration, 293(3-5):587–598, 2006.
[2] Mingliang Li, Tao Qian, Yang Zhong, and Hua Zhong. Dynamic response of the rectangular plate subjected to moving loads with variable velocity. Journal of Engineering Mechanics,
140(4):06014001, 2013.
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ABSTRACT
Rapid developments of Additive Manufacturing (AM) technologies generate a need for
specialized computational methods to simulate and predict the complex thermomechanical
aspects of the manufacturing process, and for dedicated structural optimization approaches to
maximally benefit from the unprecedented design complexity that AM provides. These two
topics are inherently linked [1], as design optimization without process information is prone to
produce unrealistic solutions, and efficient simulation approaches can provide the necessary
process input to the optimization process.
This Minisymposium is specifically devoted to this link, i.e. to the latest developments in
simulation-based design optimization of parts and processes for AM. We aim to bring together
researchers from multiple disciplines to exchange ideas on AM process modelling, AM process
physics, computational techniques for efficient AM simulation, AM model reduction, AM
process optimization, and component shape optimization and topology optimization involving
AM-specific considerations.
Suitable topics include, but are not limited to:
•
•
•
•
•

New developments in reducing computation time for process modelling of additive
manufacturing
Multi-material additive manufacturing: process modelling and/or design optimization
Simplified process modelling for additive manufacturing: model reduction techniques,
benchmarking against high-fidelity models
Topology optimization for additive manufacturing, based on design rules and/or
including one or several aspects related to AM process physics
Experimental validation of optimized parts realized by additive manufacturing

To be suited for this Minisymposium, process simulation studies should include a link to or
benefit for design purposes, and design optimization studies should include certain aspects
related to the AM process.
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In additive manufacturing oriented topology optimization, manufacturability constraints
should be considered. In addition to overhang constraint, the member length control and
connectivity constraint are also very critical to a printable design. Both too small holes or too
thin components are not manufacturable. Further, during the powder-based AM processes, in
order to remove the unmelted powder, enclosed voids in the design must be avoided. This is
the so-called connectivity control.
In the popular SIMP topology optimization approach, the element densities are design
variables which can be intermediate values between 0 and 1. The basic difficulty of the length
control in SIMP method is how to describe the length of structural member when the structure
is described by distribution of intermediate element density. The common method to impose
the length constraint is the projection/filter method. Connectivity is a global character of
structural design and is impossible to be described in explict mathematic formula.
The present authors have developed a novel framework to realize the overhang angle and
minimum length constraints for 2D and 3D minimum compliance topology designs in [1,2].
Instead of the projection/filter method, these constraints are formulated in terms of local
element density distribution, aggregated into one constraint and included in the topology
optimization formulation. Moreover, by combining the minimum length and overhang angle
constraints, the hanging features are suppressed in an elegent way.
In this work, the minimum and maximum length control on solid member and hole is
achieved in an unified framework by imposing the concerned design variable’s density to be
smaller or larger than its adjacent design variables’ average density. These element-wise
length constraint are included in the topology optimization formulation directly, which is
more concise in mathematical formulation.
Given the fact that an enclosed void with smooth internal surface is impossible to exist if
no normal direction of its internal surface is collinear with a given direction through which the
unmelted material could be removed, the global connectivity constrint could be formulated in
terms of the density gradient at the structural boundary. This constraint on density gradient
along a given direction avoids the difficulty to describe the connectivity in mathematics
directly. However, this idea to impose the constraint on connectivity fails when the internal
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surface of the enclosed void is not smooth and has a sharp corner which covers the given
direction. This is a dislike structural feature and somehow similar to the hanging feature in
solid region. Followig the approach to supress hanging feature in [1], the connectivity control
can be imposed effectively and conveniently by combining the density gradient constraint and
the length constraint.
In order to reduce the computational effort, the element-wise length constraints and
connectivity constraints mentioned above are aggregated into two constraints respectively.
Numerical examples are given to demonstrate the methods’ effectiveness.
REFERENCES
[1] K.Q. Zhang, G.D. Cheng, L. Xu, Topology optimization considering overhang constraint

in additive Manufacturing, Comput. Struct. Vol. 212, pp. 86–100, 2019.
[2] K.Q. Zhang, G.D. Cheng, Three-dimensional high resolution topology optimization
considering additive manufacturing constraints, Submitted to Addit. Manuf. under review.
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École Polytechnique, CNRS UMR7641, route de Saclay, 91128 Palaiseau Cedex, France
e-mail: [mathilde.boissier, allaire]@cmap.polytechnique.fr - Web page:
https://portail.polytechnique.edu/cmap/fr
2
Laboratoire Universitaire de Recherche en Production Automatisée (LURPA)
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In the Laser Powder Bed Fusion (LPBF) additive manufacturing process, the object is built layer by layer:
an energy source, moving along a chosen path, melts metallic powder and solidification comes with the
cooling. The laser path is substantial, by its impact on the energy and thus heat distribution, which is
of high importance in thermal expansion and thus on the final object’s quality [5]. In the literature, the
focus is mainly on improving existing path patterns (zigzags or offsets for example) [4] and only few
consider an optimization ”from scratch” [1]. We propose here to apply shape optimization and optimal
control tools to laser path planning [2].
The optimization problem consists, in the layer plane (2D), in melting the structure without over-heating,
while minimizing the path length. In the steady state, shape optimization tools can be applied [3]. This
model, in which the source corresponds to the Dirac-mass of the whole path, might not be realistic but
it presents many algorithmic difficulties. It also could give some intuition for electron beam melting
processes which allow for higher scanning speeds that with lasers. Then, in the unsteady case, the useful
tools are control optimal ones. This problem interweaves two differential equations [6]. The first one is
ordinary (ODE) and corresponds to the path equation, characterizing the source position at each time.
The second is a partial one (PDE), corresponding to the heat equation, which source depends on the ODE.
In both cases, numerical results allow for interesting perspectives such as the source power optimization
or coupling the path and item’s shape in the optimization process.
REFERENCES
[1] Alam T.M., Nicaise S., Paquet L., An optimal control problem governed by heat equation with nonconvex constraints applied to selective laser melting process, Hal preprint: hal-02302403(2019)
[2] Boissier M., Allaire G., Tournier C., Scanning path optimization using shape optimization tools,
Hal preprint: hal-02410481(2019)
[3] Henrot A., Pierre M., Shape variation and optimization. A geometrical analysis, EMS Tracts in
Mathematics (2018), 28.
[4] Liu J., Gaynor A.T., Chen S., et al., Current and future trends in topology optimization for additive
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In order to exploit additive manufacturing capabilities, it is usual to form lightweight structures
by introducing lattice structures with repetitive cell patterns in the interior of the outer shell of
the original as an integrated part of the manufacturing process. This practice favors porous
designs, reducing the total material volume and improving the performance of structures. This
work proposes a new discrete method for shell-infill optimization of structures based on the
Sequential Element Rejection and Admission (SERA) method [1], extending recent works on
topology optimization [2] for the so-called shell-infill structures [3]. The proposed procedure
splits the design domain into quadrangular subdomains, and controls the infill density with a
set of local material volume constraints that monitor the material volume within each
subdomain. The localized material within these subordinate cells is allowed to flow between
two discrete material models: ‘real’ and ‘virtual’, where two separate criteria are considered for
the rejection and admission of elements. The outer shell of the structure is detected by means
of a contour detection algorithm know as Smallest Univalue Segment Assimilating Nucleus
(SUSAN) [4]. The results obtained demonstrate the effectiveness of the method, showing that
detailed porous designs that mimic structures such as trabecular bones found in nature can be
efficiently achieved with the proposed strategy. Numerical examples are employed to
demonstrate the effects of the local volume constraint and the influence of the subdomain aspect
ratio.
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Topology optimization is one of the fastest growing Computer Aided Engineering
method, in wide landscape of engineering numerical computations field of research. Direct
connection with additive manufacturing, places this type of designing in top of future
industry, so improving process of optimization and result, will have huge impact for all
range of business issues. One of most challenging problems in optimization of structures,
is time of computation and validation optimal design.
For these reason finding a new approach of receiving optimal or sub-optimal design
proposal is crucial. This paper includes new approach for applying deep generative nets for
topology optimization problems in additive manufacturing. An evolutionary optimizing
algorithm - constant surface criterium algorithm (CSSA)[1] – was connected to deep
generative neural net[2]. After learning process, from sample designs generated with CSSA,
sub-optimal 2D structure can be proposed by generating from CNN, or computed by traditional
algorithm. All process was prepared for manufacturing in additively process, for few popular
materials – metal and plastic based. Results show that generating sub-optimal results is possible
in nearly seconds. However for more complex designs accuracy of results need to be improved.
Connecting deep learning solutions to evolutionary optimizations gives meaningful results, and
proves that joining different types of numerical computations techniques, could give a
synergistic effects in wide scale designing process.
For future research extension by 3D models and improving accuracy need to be
developed, also with validating proposed designs with additive manufacturing and testing.
REFERENCES
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The fast adoption and commercial use of new production techniques in additive manufacturing
(AM) requires standardized procedures for the qualification of AM produced parts. One
approach to provide such abilities lies in the development of specific tools for in situ process
monitoring, anomaly detection and quality assurance. [1,2].
As machine learning algorithms are increasingly applied to improve monitoring for industrial
processes [3], we explore the use of deep autoencoders for the selective laser melting (SLM)
process for metals. We train the autoencoder on real data sets for feature extraction from high
dimensional sensor data, inspect the obtained data signatures for their relevance in anomaly
detection, and compare with traditional approaches based on the principle component analysis
(PCA) and the Mahalanobis distance approach.
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The strong mechanical anisotropy of Fused Filament Fabricated (FFF) parts dictates us to
include the filament layout in the design process, although usually discarded. The current
strategy for filament path design employs Finite Element Analysis, where the filament
orientation in each finite element is optimized to minimize an objective function. The
resulting optimal orientation field has to be then post-processed into a set of instructions to
code the filament paths. A major downside of this strategy is that there are yet no established
techniques to informatively position the filaments following an orientation field and enable
good agreement between the performances conceived in the design and the real time. The
current work is dedicated to address this limitation, wherein a set of production-ready
filament trajectories directly result from the design process. The idea is to find the optimal
control parameters for an assumed level-set function whose contours describe the filament
trajectories of the part to be produced. Such an approach enables easy imposition of the
manufacturing considerations and locally assign anisotropic material properties as a function
of the level-set parameters. Recent works [1, 2] have used uniform B-splines and streamline
functions to represent the level-set surfaces. Although they obtained production-ready
filament paths, only local gradient-based algorithms were used. The current work extends the
same methodology to find globally optimal solutions by employing metaheuristic methods.
REFERENCES
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Dynamic behavior is a key aspect in the design process of high-precision motion stages [1]. Compared
to traditional machining techniques, additive manufacturing (AM) provides a nearly limitless freedom in
the design. By exploiting topology optimization, designs with optimal eigenfrequencies can be obtained to
improve the dynamic performance of a motion stage beyond that of traditional designs. However, there are
gaps to be bridged from topology optimization for AM as demonstrated in recent literature to applications of
industry-relevant complexity [2]. In this contribution, using a motion system stage as a representative case
study, several solutions to close these gaps are presented.
In order to arrive at a practical solution several problems can be identified. First of all, the design needs
to be producible with AM. Secondly, post-processing steps such as milling need to be incorporated in the
optimization process. For instance, in post-processing support material can be removed which is required
for the printing process, but which can be detrimental to the dynamic performance of the stage. Finally,
non-design elements such as actuators which are assembled at a later stage, do not depend on the printing
process, but do affect the dynamic performance of the stage, and have to be incorporated in the optimization
accordingly.
The printability issue is tackled by using an overhang filter, ensuring a self-supporting design [3]. An
extension to this formulation is proposed, which enables use of overhang angles smaller than 45◦ , and
removes the need for printing directions to be aligned with the density grid. Also, issues emerging with a
large-scale case (≈30M degrees of freedom) are identified and handled. Additionally, a robust formulation
for eigenfrequency optimization is used to obtain minimum feature size control [4].
Milling steps are incorporated after obtaining printable design fields, thereby removing sacrificial support
structures, which are kept to a minimum by adding a penalty term. After milling, actuators are physically
assembled at locations previously occupied by support material. To obtain the correct physical properties of
the actuators, their geometry is first voxelized into a structured grid, after which the material properties can
be updated.
By integrating these improvements, we show that use-cases of industry-relevant complexity are within
reach, specifically showcased by a high-precision motion stage. This example will be presented in detail
and demonstrates that the novel additions outlined above together enable a topology optimization process
that can generate practical and producible designs. This research thus facilitates the realization of AM
benefits in high-end industrial applications.
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The photopolymerization-based additive manufacturing process, including 3D printing techniques such
as stereolithography and digital light processing, has undergone considerable development over the
last few decades. These techniques provide flexibility in the physical and chemical properties of 3D
printed materials [1]. The photopolymerization process is based on ultraviolet (UV) curing of liquidstate monomers/oligomers in the presence of photopolymerizable photoinitiators [2], which is known as
the UV irradiation curing process.
The UV light intensity has a significant effect on the reactivity and solidification process, modeling
which has many challenges. In this work, we present a novel model that determines the required UV
light intensity in the photopolymerization process. To make meaningful predictions of the UV light
intensity influence on the curing process, it is essential to appropriately model the UV light waves.
Maxwell’s equations are considered for this purpose. The photopolymerization process itself is described
by the reaction-diffusion equation, which is coupled to Maxwell’s equations in a unit square of the resin.
Isogeometric analysis is used to discretize the produced coupled system of equations [3]. We present
numerical results which demonstrate the light intensity influence on the UV curing process.
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Support structures for additive manufacturing are essential for the successful execution of the
process and enable the well-printability of overhang areas, maintain the component, dissipate
heat and reduce thermo-mechanical deformation. After manufacturing process, the supports are
removed. Consequently, these supports generate non-negligible material extra costs and
material waste but also labour cost induced by the support removal stage.
To tackle this issue, two main approaches are usually adopted: slim the supports structures or
design self-supported components [1]. The first approach is adopted in the present work. Lattice
structures have been selected as supports. The amount of lattice structure is minimised
combining topology optimisation, homogenisation and additive manufacturing process
simulation. The topology optimisation enabled to guide the design process in order to obtain an
optimal design using the SIMP method. The process simulation used combines a macroscale
thermomechanical approach with weak coupling using voxel mesh. The homogenised
behaviour of the lattice structure is carried out using the forward homogenisation approach.
Homogenised behaviour is mandatory to achieve topology optimisation and to optimise the
process simulation time. Before setting up the methodology, a preliminary investigation has
been performed to validate the consistency of a homogenised behaviour for the additive
manufacturing process simulation.
The methodology starts with the homogenisation of the behaviour of the lattice structure. Then,
the printing process of the component and associated supports is simulated in order to extract
the boundary conditions for the third step: the topology optimisation of the support structures.
The supports are optimised at the end of the process after the cooling stage. Once the amount
of supports is minimised, a new support design is generated and a second simulation of the
process is performed to validate the optimisation results. To finish, the lattice support structures
geometry is created from the voxel mesh of the optimised design.
This methodology has been applied on an industrial component and enables to reduce by 27%
the mass of supports while maintaining the same level of residual deformations after printing.
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Direct Metal Deposition (DMD) shows potential to economically produce large-scale structures
such as ship propellers and aircraft structures. In the DMD process, the metal is melted and
deposited simultaneously while following predefined deposition paths. A design-related
consideration for the DMD process is that intersecting features should be avoided as much as
possible [1]. At an intersection, extra material deposition typically occurs, which leads to nonuniform deposition heights in a structure. For example, the deposited height in the middle of
the intersection shown in Figure 1, is 10% more than the height away from the intersection. To
maintain uniform height, the extra material has to be removed by machining after a certain
number of deposition steps. This in turn increases the production time and material waste. Nonuniform deposition is more severe for thin intersections than their thicker counterparts. Unlike
for thin intersections, the deposition paths on thick intersections can be adjusted to mitigate
non-uniform deposition.
Topology Optimization (TO) as a design tool can be used to generate optimized designs
dedicated to DMD. For that purpose, we propose a simple and computationally efficient stressbased quantity, termed as intersection indicator, which identifies intersections in a design during
TO. The key idea is that intersections will experience multi-axial stress states. For example,
considering a load case shown in Figure 2(a), a baseline design is obtained from compliance
minimization, which is shown in Figure 2(b). The intersection indicator for the baseline design
is shown in Figure 2(c). In order to minimize intersections in the baseline design, a weighted
aggregation of the intersection indicator was minimized in combination with compliance.
Higher weights were assigned to the thin intersections in comparison to the thick intersections.
Figure 2(d) shows a design obtained with this multi-objective optimization, having fewer small
intersections than the baseline design and thus more suitable for DMD. Similar results will be
presented for other numerical examples.

Figure 1: Intersecting feature produced by DMD. Non-uniform deposited height at intersection.
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(a)

(b)

(c)

(d)

Figure 2: (a) Loadcase : MBB beam. (b) Baseline MBB beam design from compliance
minimization. (c) Intersection Indicator for the baseline design. (d) MBB beam design obtained
from compliance and intersection minimization.
Acknowledgments: This research was carried out under project number S17024a in the
framework of the Partnership Program of the Materials innovation institute M2i (www.m2i.nl)
and the Technology Foundation TTW (www.stw.nl), which is part of the Netherlands
Organization for Scientific Research (www.nwo.nl).
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A numerical study of an extrusion-based additive manufacturing (AM) process, such as the fused deposition modelling (FDM) process, is performed. The FDM-process, well known in 3D printing applications,
has recently received increased attention. Extrusion-based AM technologies are mostly applied in rapid
prototyping, but now the production of functional parts is growing. Due to the complexity of the process,
it is commonly found that FDM studies are only focused on one stage of the process. This work attempts
to model this process in a more complete way, where in a single simulation different stages of the process
can be studied.
This study is developed in the framework of the stabilized space-time finite element method. The filament contour is tracked using a boundary-conforming free-surface approach [1]. A variant of the virtual
ring mesh update method [2] is used in order to allow new filament material to enter the extruder. In
particular, this method enables to have a deactivated mesh zone, where the fluid equation is not solved.
Thus, a free entry of elements in the fluid domain is allowed. In addition, the curved border of the nozzle is considered by using a spline-type boundary representation. A special handling involves the free
surface motion, since due to the nature of the process, its movement is governed by a high tangential
velocity. Additionally, different material behaviors are present in the process, such as shear thinning,
viscoelasticity and non-linear elasticity. Thus, a single model is applied for melting, flow and solidification, which will be able to represent the non-linear behavior of the material. Finally, the results will be
compared with those found in the literature.
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Additive Manufacturing (AM) offers unprecedented design freedom that allows for manufacturing highly
complex and efficient engineering structures. However, parts produced using AM still suffer from certain defects. For example, in the context of metal parts, local accumulation of heat leads to inferior
surface quality [1]. Also, high thermal gradients lead to residual stresses which eventually cause deformations [2]. Numerical modeling of the heat transfer phenomenon during the AM process can identify
geometrical features which cause local heat accumulation. Moreover, the temperature history obtained
by such a thermal model is also useful for predicting microstructure evolution and final part distortions.
However, the computational expense associated with a part-scale thermal model is extremely large. Note
that the laser spot is in the order of hundred microns while typical AM parts are in the order of centimeters. Hence, to model the steep thermal gradients caused by a fast moving laser spot, very fine spatial
and temporal descritizations are required which increase the associated computational burden [3].
In this contribution, we study several ways of increasing computational efficiency of part-scale thermal
AM simulations. First, a reference thermal AM model is developed which introduces a laser-spot sized
heat source with a realistic heating time. The computational expense associated with this model is very
high which makes it prohibitive for part-scale implementation and design optimization. Hence, two simplifications are considered which lead to two categories of simplified AM models. The first simplification
assumes a larger heat exposure area, while the exposure time remains the same as the reference case. This
is referred to as the flash heating model. The second simplification assumes a larger heating time as well,
referred to as the gradual heating model. In both the approaches, it is ensured that total deposition energy and time remains the same as that in the actual process. A design with overhang is considered and
temperature fields obtained using reference, flash and gradual heating models are compared. It is found
that temperature fields as predicted by the flash heating model match closely with the reference case.
However, computational cost still remains high due to fine mesh requirements. On the other hand, gradual heating offers a significant computational advantage. Although it underestimates local temperatures
near the heat source, it is found to be capable of correctly identifying problematic geometric features
which cause steep thermal gradients during the AM process. Lastly, a detailed discussion is provided on
usability of both flash and gradual heating models from the perspective of capturing different AM defects.
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The objective of this paper is to optimise the internal structure of 3D printed parts by reducing the infill
density. In 3D printing, the term infill is referred to the internal structure of the part. The infill design
is created by the user by using slicing software before printing and it is generally uniform throughout
the structure. In this paper, we propose a method based on remeshing techniques, to control the internal
structure of the part. A remeshing method is coupled with Finite Element simulations in order to define
the infill structure. It allows to reinforce the part in the area where the mechanical strength must be
improved, to minimize the amount of material used and thus to strengthen the structure.
The proposed method is based on an iterative process during which the internal structure of the part
evolves with respect to the stresses until an optimum solution is reached. The pattern of the infill structure
is a mesh composed of triangular cells. At each iteration, the structure is analysed using FEM simulations
to observe the stress distribution throughout the part. A remeshing method is used to generate the new
infill structure by reinforcing the fragile zone with new beam elements, and coarsening the mesh in rigid
zone.The main advantage of the proposed technique is that it reinforces the internal structure of the part
by reducing the material usage hence, making it quicker. In addition, it can be used as early as possible
in the digital design chain, thus limiting costly experimental tests.
To validate this method, this methodology has been applied on MBB beam structure and compared it with
results of the literature, obtained with topology optimization [1]. The material used for this comparison
was PLA (Poly lactic acid). The proposed method has been integrated in a computational environment
using the ABAQUS solver and the BL2D adaptive mesher. A mesh composed of triangular elements was
used during the adaptive remeshing. However, the inside of triangular elements were associated to the
cells of the infill structure. Thus, Finite Element simulations were realized with beam elements. Results
show that the final geometries of the infill structure defined with the proposed method and topological
optimization are very similar for a given volume fraction.
It would now be interesting to apply this method for parts of more complex geometry with non-constant
section 3D parts.
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A novel process of manufacturing continuous fiber-reinforced composite lightweight
structure was proposed. At first, the continuous carbon fiber bundle made of 3000 single carbon
fiber filaments is impregnated by the melted polylactic acid extruded from a single screw
extruder to form continuous carbon fiber prepreg filament. Thereafter, the common FDM
printer nozzle in extruder head was replaced by a larger 1.5-mm diameter one for unrestrained
printing of the filament. This is because the small nozzle will result in the filament not being
fully utilized, and then influence the normal progress of the printing process. Three kinds of
curved corrugation structures has been designed and fabricated. The effects of various printing
parameters including print speed, layer thickness and infill density are considered to produce
curved corrugation structures. And, the Optical Microscopy and Micro-CT have been employed
to evaluate the external and internal manufacturing accuracy. The bearing capacity of different
corrugation structures was conducted by three-point bending tests and compared with each
other. The result shows that the bending performance of sinusoidal corrugation structure is
better than those of triangular and trapezoidal corrugation structures. In addition, the
deformation and failure mechanism of curved corrugation structures during compression
loading were investigated. In this work, the optimized manufacturing process of lightweight
structures based on 3D printing and the range of printing parameters is given. Meanwhile, this
study proves the process is feasible for manufacturing curved corrugation structures with
continuous fibre reinforced thermoplastic composite, and a great potential can be foreseen for
complex lightweight structure designs.

2688

S. Moosavi,
Topology
Optimization
D. Chamoret,
Considering
S. Tie Bi, N.Additive
Sabkhi and
Manufacturing
Y. Culnard Constraints In An Industrial
Context
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Topology Optimization considering Additive Manufacturing constraints in
an industrial context
Sourena MOOSAVI¹, Dominique CHAMORET2, Salima TIE BI2, Naoual SABKHI1 and
Yannick CULNARD 1
1

R&D Department, Altran Technologies, 11 Rue de la découverte 90000 Belfort France,
name.lastname@altran.com
2 Laboratoire Interdisciplinaire Carnot de Bourgogne,
UMR CNRS 6303 / Univ. Bourgogne Franche Comté (UBFC), UTBM, 90000 Belfort,
France,name.lastname@utbm.fr

Key Words: Topology Optimization, Additive Manufacturing, Computational Mechanics,
Finite Element Code, Optimal Design
Manufacturing-oriented Topology Optimization (TO) is an active field of research both in
academic and in industrial world. On one hand, the potential offered by topology optimizat ion
as a powerful design method is undeniable in improving the structural performance in different
areas of engineering. On the other hand, Additive Manufacturing (AM) technology provides
numerous industrial mechanisms of manufacturing and producing complex structure where
classical methods fail to deliver an outcome [1].
Merging both branches of TO and AM together introduces encouraging results in terms of
designing optimized structures showing an acceptable mechanical response. In our
contribution, we present a topology optimization model developed for additive manufacturing
design. Using an innovative meshing algorithm, we particularly showed how the topology
optimization could be implemented in order to consider the constraints of additive
manufacturing specifically the printability of the parts with overhang angle (Figure 1).
The design of the self-supporting structures is a challenging part of the additive manufacturing
process, without which the process becomes tedious in terms of time, efficiency and financial
resources. Therefore, a continuous effort for a better understanding of such issue is justified.
The authors suggest an improvement on the work carried out by Langelaar [2,3] in this context.
The model used in this study is a more complicated geometry compared to the model used by
Langelaar. While the model used by Langelaar is a simple academic model, our work is based
on a complex industrial geometry (Figure 1).
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Figure 1: Schematic illustration of the proposed methodology on an industrial example

The Optimality Criterion (OC) [4] was exploited as the TO method in our work. The novelty
of our work lies particularly in utilising the unstructured mesh, which, is a first attempt in using
such grids in this context. An innovative numerical algorithm is designed specifically for taking
into account the critical overhang design in order to avoid support structures. It is worth
mentioning that the numerical results obtained in our research work are the outcome of an in
house code developed in collaboration between Altran Technologies and Université de
Technologie de Belfort-Montbéliard.
REFERENCES
[1] A. Panesar, J. Plocher, Review on design and structural optimization in additive

manufacturing: Towards next-generation lightweight structures, Materials and Design 183
(2019) 108164.

[2] M. Langelaar, Topology optimization of 3D self-supporting structures for additive manufacturing.
Additive Manufacturing (2016), 12, 60–70.
[3] M. Langelaar, Combined optimization of part topology, support structure layout and build

orientation for additive manufacturing, Structural and Multidisciplinary Optimization
(2018) 57:1985-2004.

[4] M. P. Bendsoe, O. Sigmund, Topology Optimization, Theory Methods and Applications, ISBN

: 978-3-642-07698-5, Springer 2004.

2690

Martin Bihr,
Topology
Optimization
Grégoire Allaire,
Of Support
Beniamin
Structures
Bogosel,
ForJulie
Thermomechanical
Querois and Felipe
Constraints
Bordeu In Powder
Bed Additive Manufacturing
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

TOPOLOGY OPTIMIZATION OF SUPPORT STRUCTURES
FOR THERMOMECHANICAL CONSTRAINTS IN
POWDER BED ADDITIVE MANUFACTURING
M. Bihr1 *, G. Allaire2 , B. Bogosel2 , J. Querois1 , F. Bordeu1
1

2

Safran Tech, Rue des jeunes Bois, 78117 Châteaufort, France,
martin.bihr@safrangroup.com,
julie.querois@safrangroup.com,
felipe.bordeu@safrangroup.com.
Ecole Polytechnique, Route de Saclay, 91128 Palaiseau, France,
gregoire.allaire@polytechnique.fr,
beniamin.bogosel@polytechnique.edu.

Key Words: Topology Optimization, Additive Manufacturing, Thermomechanic
In metal additive manufacturing, especially with the SLM (Selective Laser Melting) technology,
support structures are often needed to ensure the manufacturability of the part. Being extramaterial, thoses structures need to be removed and do not participate to the final use of the part.
We propose, as in [1], a mathematical model and optimization constraints to obtain optimized
support design with a levelset topology optimization process. Following [2], a new optimization
criteria has been studied allowing the supports to prevent thermal deformations induced by the
laser beam, as explained in [3]. They may also be used to evacuate the heat accumulated in the
part during the manufacturability, and reduce the amount of residual stresses.
Moreover, the constructibility is ensured by a constraint developped in [4] that limits overhanging
surfaces.
These aggregate optimization constraints allow the design of optimal supports and the manufacturability of the part, that has been experimentaly verified.
The optimization algorithm relies on the levelset method and on the computation of shape
derivatives by the Hadamard method. In this approach, only the topology of the supports is
optimized for a given structure.
REFERENCES
[1] G. Allaire , B. Bogosel, Optimizing supports for additive manufacturing, Struct. Multidiscip. Optim. 58(6), 2493-2515 (2018).
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ABSTRACT
4D printing synergistically combines the capabilities of additive manufacturing (AM) to
fabricate objects with complex shapes and topologies using multiple and advanced, functional
materials to create active, stimuli-responsive structures that can change their shape after being
manufactured. In recent years, 4D printing has emerged as a frontier in the advancement of
both 3D printing and stimuli-responsive material researches, and several types of 4D printing
mechanisms have been developed based on external stimuli such as temperature, moisture,
light, pH, electric or magnetic fields and functional materials such as shape memory polymers
and alloys, swelling hydrogels, thermo- and photo-responsive materials etc.
Various backgrounds, ranging from manufacturing technology to material science, and from
mathematical modelling to thermo-mechanical testing, are currently contributing to the
advancement of this field of research. To bring 4D printing technologies closer to application,
computational modeling, simulation, and design optimization are of particular importance.
However, this represents a fundamental, but challenging and currently under-developed topic
due to the tight connection between process, material functionalities, and the final design. In
particular, simulation and design of 4D printed structures often requires mechanical modelling
of large deformations, nonlinear and viscous constitutive behavior, transient deformation,
multi-physical (such as thermo-, hydro-, or photo-mechanics) and process-dependent multiscale material behavior of inhomogeneous material distributions.
This Minisymposium is intended to cover the latest advances in simulation-based design for
4D printing. We aim to bring together specialists from different disciplines to exchange ideas
on stimuli-responsive material modelling, process physics and simulation, computational
techniques for modeling, design and optimization, experimental characterization and
validation, and applications.
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Some of the challenges, topics and techniques to be addressed within this Minisymposium
will include, but will be not limited to:
• Constitutive modeling of functional materials at different scales
• Thermo-mechanical process modeling for AM of stimuli-responsive, smart materials
• Computational simulation and discretization methods
• Topology and design optimization for shape-changing structures
• Experimental characterization and validation methods
• Assisted-design for applications
REFERENCES
[1] F. Momeni, S.M.M. Hassani, X. Liu, and J. Ni, “A review of 4D printing”, Mater. Des.,

Vol. 122, pp. 42−79 (2017)

[2] N. Inverardi, S. Pandini, F. Bignotti, G. Scalet, S. Marconi, and F. Auricchio,

“Temperature-memory effect in 3D printed photopolymers with broad glass transition”,
AIP Conf. Proc., Vol. 1981, pp. 020146 (2018)

[3] Z. Ding, O. Weeger, H.J. Qi, and M.L. Dunn, “4D rods: 3D structures via programmable

1D composite rods”, Mater. & Des., Vol. 137, pp. 256–265 (2018)

[4] M.J. Geiss, N. Boddeti, O. Weeger, K. Maute, and M.L. Dunn, “Combined Level-Set-

XFEM-Density Topology Optimization of 4D Printed Structures undergoing Large
Deformation”, J. Mech. Des., Vol. 141(5), pp. 051405 (2019)
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Gastroretentive drug delivery system (GRDDS) is a widely employed approach for the treatment of local
diseases and for increasing the bioavailability of drugs poorly stable in the intestinal environment, since it
can address several challenges associated with conventional oral delivery. Among the different strategies
to attain GRDDSs, those based on the use of pharmaceutical-grade shape memory polymers have gained
special attention thanks to the possibility of developing systems administered in a collapsed configuration
and able to self-expand upon interaction with gastric fluid at body temperature, thus preventing passage
through the pylorus [1]. Recent advances in 4D printing technology [2] open up promising opportunities
to develop customized self-expandable GRDDSs. The aim of the present work is to investigate an approach based on a constitutive model integrated in a computational tool for the assisted-design of shape
memory expandable GRDDSs manufactured via fused deposition modeling 3D printing and extrusion.
Accordingly, a three-dimensional visco-elastic model under finite strain is considered in a finite element
framework [3]. Numerical results are validated on the results of an experimental campaign performed on
GRDSSs based on a shape memory poly(vinyl alcohol) of pharmaceutical grade. The approach proves
good prediction capabilities and allows to reduce the number of experiments in the future.
REFERENCES
[1] Melocchi, A. et al. Expandable drug delivery system for gastric retention based on shape memory
polymers: Development via 4D printing and extrusion. Int. J. Pharmaceutics (2019) 571:118700.
[2] Momeni, F., Seyed, F. et al. A review of 4D printing. Mat. & Design (2017) 122:42–79.
[3] Diani, J., Gilormini, P., Frédy, C. and Rousseau, I. Predicting thermal shape memory of crosslinked
polymer networks from linear viscoelasticity. Int. J. Solids Struct. (2012) 49:793–799.
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Shape memory alloy (SMA) is one of the most famous active materials during the past three
decades which have been used in different shape memory actuator designs [1]. However, the
limited value of recoverable strain of SMAs (4-8%) caused the generation of new approach to
embed SMA wires in a soft polymeric matrix and achieve large deformable actuating with
diverse types of deformation such as bending, twisting [2]. One of the major challenges of this
type of SMA-embedded soft composite actuators is that to retain the actuator in the actuated
(deformed) shape, the SMA wire should be kept in actuated state which increase the required
energy. This is due to the compliance behaviour of the soft matrix.
One solution to the abovementioned problem is to incorporate active or phase changeable
polymers into the matrix of the actuator. This is particularly doable because of the recent
progresses in additive manufacturing technologies. Therefore, we have presented new actuator
designs with variable stiffness in the polymeric matrix which is fabricated by multimaterial
inkjet 3D printing and is able to deposit various range of digital materials in micron scale [3,4].
Therefore, our 4D printed actuators are capable of retaining shape in the actuated state as well
as shape recovery.
In this study, we have presented the numerical simulation of the 3D-printed composite actuator
hinges to determine important actuation parameters and develop a design tool for future
applications. The three-dimensional finite element models were conducted in ABAQUS and
the nonlinear temperature dependence behaviour of SMA and shape memory polymer (SMP)
are incorporated through the user material subroutines (UMATs). The finite element results
then have been compared with the experimental measurements and illustrate the accuracy of
our numerical analysis. Therefore, the validated computational framework could be used for
further development of actuators that could generate complex deformations.
REFERENCES
[1] S. Barbarino, E.S. Flores, R.M. Ajaj, I. Dayyani and M.I. Friswell, A review on shape memory
alloys with applications to morphing aircraft. Smart Materials and Structures, 23(6):063001, 2014.
[2] H. Rodrigue, W. Wang, D-R. Kim and S-H. Ahn, Curved Shape Memory Alloy-based Soft
Actuators and Application to Soft Gripper. Composite Structures, 176, 398-406, 2017.
[3] Y. Mao, K. Yu, M.S. Isakov, J. Wu, M.L. Dunn and H.J. Qi, Sequential self-folding structures by
3D printed digital shape memory polymers, Scientific reports,5:13616, 2015.
[4] Q. Ge, A.H. Sakhaei, H. Lee, C.K. Dunn, N.X. Fang and M.L. Dunn, Multimaterial 4D printing
with tailorable shape memory polymers, Scientific reports, 6, p.31110, 2016.
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4D printing has emerged as a family of methods that enable fabrication of 3D structures, which
can transform into new shapes when subjected to environmental stimuli such as temperature,
light, or humidity. Attractive features of 4D printing are the potential to realize a complex 3D
structures by self-assembly from low-dimensional printed structures, offering significant
advantages of saving both raw materials and manufacturing time, as well as new programmed
functionality.
In this talk, we introduce the “direct 4D printing” method, which is based on multi-material 3D
printing of active composite materials [1]. Using inkjet 3D printing, we manufacture laminate
structures from a polymer material and an elastomer, the latter being programmed with a
compressive stress during the printing process. When heated, the stiff glassy polymer softens,
resulting in release of the stress in the elastomer, and causing the structure to actively deform
into a new, permanent 3D configuration.
To model and predict the deformation behaviour of direct 4D printed structures, we formulate
a nonlinear thermomechanical model, which is validated experimentally. To be able to fully
exploit the design and fabrication freedom offered by direct 4D printing, we develop a design
optimization approach based on the nonlinear, geometrically exact 3D beam model with
laminate cross-sections [2]. The beam model is discretised by an isogeometric collocation
method and the cross-section parameters, i.e., diameter and layered material distribution of
polymer and elastomer, are parameterized using NURBS or B-Splines [3]. In this way, beams
and beam structures with complex material distributions can be tailored for desired large
deformation behaviour for self-assembly upon thermal activation of the structure, including
complex bending and twisting effects.
The capabilities of the computational design optimization method are validated and
demonstrated by fabrication of physical artefacts, highlighting the potential for increased
functionality with material and time savings through 4D printing.
REFERENCES
[1] Z Ding, C Yuan, X Peng, T Wang, HJ Qi, ML Dunn: “Direct 4D printing via active composite
materials”. Science Advances 3 (4), e1602890 (2017)
[2] Z Ding, O Weeger, HJ Qi, ML Dunn: “4D rods: 3D structures via programmable 1D composite
rods”. Materials & Design 137, 256-265 (2018)
[3] O Weeger, S-K Yeung, ML Dunn: “Fully isogeometric modeling and analysis of nonlinear 3D
beams with spatially varying geometric and material parameters”. Computer Methods in Applied
Mechanics and Engineering 342, 95–115 (2018)

2699

2700

MS Organizer(s):
Manufacturing
process
Patrickmodeling
De Luca,and
ANAIS
the Barasinki,
effects of manufacturing
Kiyoshi Uzawaon
and
the mechanical
Anthony
Wass performance of composites

Manufacturing process modeling and the effects of
manufacturing on the mechanical performance of
composites
MS Organizer(s): Patrick De Luca, ANAIS Barasinki, Kiyoshi Uzawa and
Anthony Wass

2701

2702

Patrick -De
MS351
Manufacturing
Luca, ANAIS Process
Barasinki,
Modeling
Kiyoshiand
Uzawa
the Effects
and Anthony
of Manufacturing
Wass
On the Mechanical
Performance of Composites
14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19- 24, 2020, Paris, France

MANUFACTURING PROCESS MODELING AND
THE EFFECTS OF MANUFACTURING ON
THE MECHANICAL PERFORMANCE OF COMPOSITES
1000 (MANUFACTURING AND MATERIALS PROCESSING)
DR. P. DE LUCA*, DR. A. BARASINSKI†1
AND PROF. K. UZAWA†2, PROF. A. WAAS†3
*

ESI Group
25, Rue Marcel Issartier, 33700 Mérignac – France
Patrick.de.luca@esi-group.com
www.esi-group.com
†1

Ecole Centrale Nantes - GeM UMR 6183
1 Rue de la Noe, 44321 Nantes Cedex – France
Anais.barasinski@ec-nantes.fr
†2

Innovative Composite Center (ICC)
Kanazawa Institute of Technology
2-2 Yatsukaho, Hakusan 924-0838 Japan
uzawa@neptune.kanazawa-it.ac.jp
†3

Richard A. Auhll Department Chair
Aerospace Engineering,
1320 Beal Avenue,
Ann Arbor, MI 48109-2140
awaas@umich.edu

Key words: Composite Materials, Manufacturing Process, Effects of Manufacturing,
Mechanical Performance, Modeling.
ABSTRACT
Scope description: This mini-symposium is about accounting for the manufacturing effects in
the design of composite parts, structures and requirements on semi-products.
Several physical quantities are affected by the manufacturing process of composite components
that subsequently influence its mechanical behavior and performance: fiber orientation,
porosity, fiber undulation, local fiber content variations, thickness, degree of cure, fibers tow
sections modifications, degree of crystallization, degree of intimate contact, surface topology,
etc. Moreover these quantities can also have an important impact on the manufacturing steps of
the semi product
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The state-of-the-art industrial practice to handle the uncertainties associated with these effects
is through the use of conservative knock-down factors that can be as large as 50%. This
approach leads to oversizing of the composite structural components and results in weight
increase and high manufacturing costs. Thus, composite materials cannot be fully exploited to
meet the desired and expected benefits. This situation reflects the lack of scientific knowledge,
mathematical models, commercial simulation tools and established methodologies in the design
of optimally designed composite structures.
In order to rely on numerical simulation to address the effects of manufacturing, it is necessary
to have a description of the manufactured parts that includes physical details, to make this
information available to the mechanical performance simulation and have material models that
can incorporate all the added information in the stress, failure, damage and fatigue simulations.
Manufacturing process simulation, experimental measurements (computer tomography,
sensors, etc.) are a source of data to describe the initial semi-products and manufactured part.
Transfer of information from manufacturing to design calls for geometrical, physical and
mathematical model mapping. Generating local material data resulting from the
manufacturing is a challenge in itself and eventually the question arises about developing new
material models or using raw data in existing material models.
You are encouraged to submit abstracts on these topics.
Contributions to a holistic composite design approach involving machine learning
approaches, data analytics technologies and model reduction are welcome.
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Fiber waviness is one of the most common manufacturing effects in the automated composite
manufacturing process. The limited capability to predict material failure in composite materials
and specifically in wavy composite layers has led to high margins of safety for the design of
composite structures. Thus, the full lightweight potential of this class of materials is left unused.
To understand the complex mechanical and failure behaviour of composite materials containing
out-of-plane fiber waviness under compressive and tensile loading, we implemented a nonlinear 2D material and damage model in ABAQUS. The Puck criterion determines damage
initiation.
We calibrated the model parameters with compression and tensile tests on reference specimen
and specimen with two different wave configurations (wavelength and amplitude). A digital
image correlation (DIC) setup allowed for a full-field detection of damage initiation and
propagation. Using a virtual testing approach, we investigated the influence of various
parameters, i.e. amplitude, wavelength and laminate thickness, on the mechanical properties
and damage behaviour of the material.
Mechanical tests confirmed a severe knockdown of the mechanical strength and stiffness in the
presence of waviness in tension and compression with a reduction in strength of ~70% and 5075%, respectively. The proposed model was able to capture the mechanical behaviour,
including shear nonlinearities and the degradation of the mechanical properties, as well as the
location of damage initiation and the occurring failure mode.
Testing two different wave configurations revealed the influence of laminate thickness, or more
specific, the ratio of wave amplitude (A) to laminate thickness (t), on the failure mode.
Superposed bending stresses, as a consequence of the non-linear geometry, dominate laminate
failure in more pronounced waves (high A/t) and result in delamination. On the other side, in
less pronounced waves (small A/t), the formation of kink shear bands leads to laminate failure.
The wavelength has shown minor influences compared to amplitude and laminate thickness.
Virtual testing of various specimen configurations further confirmed the observed trends.
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The complexity of manufacturing composite materials is extremely high compared to other materials.
Besides, understanding both manufacturing and physical mechanisms that are involved is of vital importance to find the reason for manufacturing defects and thus ensuring the optimum quality of the structural
parts. The reasons for these defects come from different factors: manufacturing speed, material quality,
boundary conditions, etc. Different types of defects are wrinkles generation, poor or rich resin areas,
matrix degradation, etc. Therefore, to improve manufacturing production rates as well as minimize manufacturing defects, comprehensive knowledge of manufacturing processes is mandatory.
Traditionally, trial and error procedures have usually been used in the industry to improve processes.
However, simulation tools are beginning to be used [1, 2] as an alternative to the traditional procedures
due to their lower cost and greater versatility. One of the many issues presented by simulation techniques
resides in the ability to faithfully modelling the manufacturing process, being the aim of this work.

Figure 1: Out of plane wrinkle during consolidation stage of a pre-preg forming

One of the most common composite material used in composite manufacturing is called pre-impregnated
(prepreg). Prepregs, both thermoset/thermoplastic, are used in most common processes: hot plate press,
vacuum infusion, sheet moulding compound and automated tape laying among others. Therefore, understanding and characterising the constitutive equation of these prepregs are essential for wrinkle modelling. A viscoelastic model is proposed in order to fully characterize all phenomena occurring in
prepregs forming: longitudinal, transverse, in-plane shear and compaction behaviour are characterized to
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model properly the prepreg material behaviour. The model consists of one generalized Maxwell element
in tensor form where elastic tensor spring term characterizes fibre tension and compaction fibre bed, and
elastic-viscous tensor element characterizes transverse and shear behaviour. A methodology of a set of
experiments and its modelling is proposed to model the constitutive equation. Besides, some wrinkles
are reproduced in both scenarios: during thermo-forming and consolidation see Fig. 1, in order to validate our model and be available to reproduce large manufacturing processes, mainly hot press forming
and vacuum infusion bagging.
REFERENCES
[1] Belnoue, J. P. H., Nixon-Pearson, O. J., Thompson, A. J., Ivanov, D. S., Potter, K. D./ Hallett,
S. R., Consolidation-driven defect generation in thick composite parts, Journal of Manufacturing
Science and Engineering, vol. 140, issue 7, 071006-1, 2018.
[2] Guzman-Maldonado, E., Hamila, N., Naouar, N., Moulin, G.; Boisse, P., Simulation of thermoplastic prepreg thermoforming based on a visco-hyperelastic model and a thermal homogenization.
Materials and Design, vol. 93, pp. 431-442, 2016.
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ABSTRACT

Blending represents one of the open problems in composite laminates design. Moreover, the industrial
interest in dealing with this problem is of primary importance. Nowadays, blending is often disregarded
or faced with a priori hypotheses on the stacks, i.e. adopting classical design rules, which may lead to
sub-optimal (or non-optimal) solutions.
The proposed approach is focused on the multi-scale two-level optimization strategy (MS2LOS) design
of composite structures [1]. The first step is dedicated to the search of the optimal stiffness distribution,
satisfying the requirements of the problem at hand. The second step is dedicated to the laminates lay-up
design, blended throughout the structure, meeting the optimal elastic properties determined at the first
step. In this framework, blending requirement is formulated in the most general sense. Firstly, a new
expression of blending constraints (with respect to those presented in [2]), are formulated in the polar
parameters (PPs) space (PPs are used within the first-level problem to describe the mechanical behavior
of each laminate composing the structure). These constraints are derived in the most general case of
quasi-homogeneous (QH) quasi-trivial (QT) stacks: in particular QT solutions represent a necessary and
sufficient condition to get QH laminates [3]. Secondly, an iterative algorithm is presented, aiming at
recovering blended stacks and orientations in the space of QT stacks, satisfying the optimal elastic
properties resulting from the first level problem.
In particular, for the second step, different iterative procedures can be adopted depending on the laminate
thickness. For thin laminates (the number of plies should be 𝑛𝑛 < 36), it is possible to enumerate all the
existing QT solutions, as pointed out in [4]. Therefore, a database consisting of all the possible QT stacks
is profitably exploited in this phase. When 𝑛𝑛 ≥ 36, laminate stacks are generated using design rules
provided in [4].

REFERENCES
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ABSTRACT
Applied materials like metals and solid-state polymers consist of multiple phases. Their
properties depend crucially on the internal phase-structure, i.e. the fraction and local
distribution of the phases, their composition and their molecular configuration. Chemical
inhomogeneity leads to inhomogeneity in mechanical properties as well as mechanical load
couples back to chemistry. This strong interrelation is expressed in the thermodynamic
functional of the material which is composed of a thermo-chemical or thermo-solutal part on
the one hand and a chemistry-dependent mechanical part on the other hand. This symposium
will focus its attention on the modeling of materials at the microstructure and grain structure
levels. The goal will be to present the latest developments in all types of modelling techniques
that address the levels of microstructure and grain structure evolution during processing and
during service. Special emphasis shall be given to the effect of chemo-mechanical coupling and
the prediction of properties based on microstructural criteria. Different approaches at the
mesoscopic scale, phase field, level set, front tracking, cellular automaton, Monte Carlo, finite
element, discrete element, mesh-free methods are welcomed. We invite contributions
concerned with microstructural-driven phenomena such as
-

Diffusion controlled phase transitions
Mixed mode and massive transformations
Ideal grain growth, drag effect and abnormal grain growth
Texture evolution during severe plastic deformation with plastic activity and twinning
Effect of chemo-mechanical coupling on microstructure evolution
Recrystallization and recovery
Damage and fracture related to microstructures
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For their light weight, the alloys of magnesium and aluminium are widely used. In this regard
the corrosion analysis of these alloys is a key factor for their application. Therefore, improving
the accuracy of numerical 3d simulations of corrosion processes is important. The improvement
can be studied from three aspects. The first one is the theoretical model. Ion transport is the
basic phenomenon of corrosion, which is described by POISSON-NERNST-PLANCK system of
equations. Coupling the system with ordinary differential equations that are accounted for
physical properties of the surface as in [1] results in more accurate models. the second aspect
is the numerical analysis perspective. Uncoupling the POISSON equation from the system, for
example by employing the GUMMEL iteration like in [2], and discretization in time will result in
a system of uncoupled linear convection-diffusion-reaction equation. Seeking its numerical
solution by Finite Element methods and imposing positivity on the solutions is an active topic
in academia. Finally, the third aspect is the implementation or in general scientific computing.
Difficulties arise from both the theory of the model and applying promising numerical methods
such as [3]. For example, applying the ODEs in [1] for a 3d problem necessitates access and
modification of degrees of freedom data individually, or using a binary image for electrodes
profile concludes sharp changes in electrical fields, which requires a much higher number of
elements for a chosen Finite Element method. Such technical obstacles are expensive or at some
level near to impossible to overcome with commercial software codes. We combined two
known packages [3] and [4] in order to solve a promising 3d model.
REFERENCES
[1] Höche, Daniel, Simulation of Corrosion Product Deposit Layer Growth on Bare
Magnesium Galvanically Coupled to Aluminum. Journal of The Electrochemical Society,
vol. 162, no. 1, pp. C1-C11, 2015.
[2] Chaudhry, Jehanzeb Hameed, et al., A Stabilized Finite Element Method for Modified
Poisson-Nernst-Planck Equations to Determine Ion Flow Through a Nanopore.
Communications in Computational Physics, vol. 15, no. 1, pp. 93–125, 2014.
[3] John, Volker, and Ellen Schmeyer. On Finite Element Methods for 3D Time-Dependent
Convection-Diffusion-Reaction Equations with Small Diffusion. Computer Methods in
Applied Mechanics and Engineering, vol. 198, no. 3, pp. 475–494, 2008.
[4] Alnæs, Martin S., et al., The FEniCS Project Version 1.5. Archive of Numerical Software,
vol. 3, no. 100, pp. 9–23, 2015.
[5] Smith, Barry, et al., Petsc: Portable, Extensible Toolkit for Scientific Computation. Parallel
Computing, DOI: 10.5281/zenodo.49285, 2016.
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Shape memory polymers (SMPs) have the interesting property to recover, after a large
deformation, their initial shape by the variation of a control parameter such as temperature. In
harsh chemical environments, however, this property degrades and the service life time of the
sample reduces significantly. This severely restricts the range of the application of SMPs,
limiting it to chemically neutral environments only. In the present study, we combine
experiments and molecular dynamics simulations in order to better understand the molecular
mechanisms of the chemo-mechanical coupling and to predict the materials behavior on the
large scale. The chemical degradation, i.e. physical aging of polymer materials is found to be
related to small-scale diffusion processes of solvents and gases into the polymer matrix. The
evolution of thermo-mechanical properties of shape memory polymers when they pick up
small molecules by diffusion is investigated. Our results show that small molecules enhance
the dynamics of structural relaxation and thus contribute to a softening of the material. We
perform a detailed analysis of the inelastic activity and the elastic response via continuum
scale simulations and provide evidence that the same effect is also responsible for increased
inelasticity and the gradual loss of the shape memory effect.
REFERENCES
[1] E. M. Zirdehi, F. Varnik, Non-monotonic effect of additive particle size on the glass

transition in polymers, J. Chem. Phys. 150, 024903 (2019).

[2] E. M. Zirdehi, A. Marquardt, G. Eggeler, F. Varnik, Molecular dynamics simulations of entangled
polymers: The effect of small molecules on the glass transition temperature, Procedia Computer
Science 108, 265-271 (2017).
[3] A. Marquardt, S. Mogharebi, K. Neuking, F. Varnik, G. Eggeler, Diffusion of small molecules in
a shape memory polymer, J. Mat. Sci. 51, 9792-9804 (2016).
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Stress-assisted chemical reactions are relevant in various industrial and medical applications and in modern technologies. Important examples of such reactions are oxidation processes, charging/discharging
of batteries. They are accompanied by significant changes in the volume of materials ([1, 2]). This expansion leads to internal stresses which in turn affect the kinetics of chemical reaction, and it can cause
fracture of the structure. It is thus necessary to take into account the influence of stress-strain state on
chemical transformation in detail for predicting the lifetime and the behavior of structural elements under
conditions of joint thermomechanical and chemical effects. All these and a lot of other processes can
be described using the two-phase reaction model. The model however relies heavily on the rheological
properties of the involved materials, which are in general to be defined. Here we present a procedure of
identification of a proper model, based on few experimental data.
In the current work we consider the two-phase reaction in a solid body, localized on the interface between
initial and transformed material. We apply it to the oxidation of Ni balls and Si nanowires. To obtain the
kinetic equation we have to fix the rheological model for the transformed material (the initial one is elastic) and solve the mechanical problem in the spherical and cylindrical coordinates, respectively. To select
the best analytical solution for these experiments we consider different rheologies for the transformed
material: elastic ([3]), viscoelastic and elastoplastic, and solve the kinetic equation for them.
From the analytical solution and comparison with experimental data we see that the rheological properties of materials are as important to predict the propagation of the reaction front as the geometry of
the body. We observe that linear and nonlinear viscosity affects the reaction rate in a different manner.
We also show that external loadings can accelerate and decelerate the kinetics of the reaction. In this
contribution we discuss an extension of a microscopic model of oxidation to macro scale as well.
REFERENCES
[1] L. Beaulieu, K. Eberman, R. Turner, L. Krause, J. Dahn, Colossal reversible volume changes in
lithium alloys., Electrochem. Solid-State Lett. 4: 137–140, 2001.
[2] M. Nanko, High-temperature oxidation of ceramic matrix composites dispersed with metallic particles, Science and Technology of Advanced Materials, 6, 2015.
[3] A. Freidin, N. Morozov, S. Petrenko, E. Vilchevskaya, Chemical reactions in spherically-symmetric
problems of mechanochemestry, Acta Mechanica 227 (1): 43–56, 2016.
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Inverse Ripening
Ripening is a fundamental phenomenon observed in liquids, solid solution and alloy where small
droplets or precipitates dissolve and large ones grow. It has been hypothesized previously, that
under special conditions inverse ripening appears, i.e. the smaller precipitates grow and larger ones
shrink.
The phenomenon is investigated by phase-field simulations of two precipitates in a binary alloy
supported by analytical investigations.
A strong chemomechanical coupling between the composition of the matrix phase and its elastic
properties is assumed. For a single precipitate, it has been shown that the distortion of the crystal
matrix can stabilize a solutal gradient around the precipitate.

In the case of multiple precipitates, it is shown that the chemomechanical coupling causes the
phenomena of inverse ripening in the phase-field simulations. The presentation will summarize the
theoretical background of this phenomenon and explain the mechanisms which lead to the effect of
inverse ripening, counterbalancing capillarity effects.
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Phase-field modeling has long been a prominent method in materials science, e.g. [2]. It is a diffuse interface method, in which complex interface topologies can be handled quite naturally, since discontinuities
in the relevant field variables are a priori avoided by means of spatial regularization. Classical application examples include the modeling of solidification, spinodal decomposition, phase transformations
and grain growth. More recently, the advantages of phase-field approaches have also been utilized in the
mechanics community [1], e.g. in brittle fracture mechanics or the modeling of phase transformations,
diffusion and microstructure evolution, often in the context of multi-physical problems.
Our current interest however, lies in the spatially-resolved modeling of microstructure evolutions, in
which interacting thermo-chemo-mechanical processes play a dominant role. We aim to capture mechanisms such as stress- and temperature-biased solid-solid phase transformations and chemical component diffusion that directly influence effective behaviors of modern engineering materials. More specifically, we consider dissipative processes occurring in mixtures of multiple chemical components diffusing
among multiple transforming phases. The theoretical model development falls within the very general
and unifying framework recently proposed by Svendsen et al. [3]. In our present contribution, however,
we particularly focus on the finite element implementation of such a framework. Our approach builds on
the UserELement interface (UEL) of the FE-software package ABAQUS and allows for a robust, efficient and reliable implementation of chemo-mechanical multi-field problems. Representative numerical
examples are presented to demonstrate the validity and flexibility of our simulation framework.
REFERENCES
[1] Kiefer, B., Furlan, T. and Mosler, J. A numerical convergence study regarding homogenization
assumptions in phase field modeling. Int. J. Num. Meth. Engng. (2017) 112:1097–1128.
[2] Steinbach, I., Pezzolla, F., Nestler, B., Sedklberg, M., Ptieler, R., Schmitz, G. J. and Rezende,
J. L. L. A phase field concept for multiphase systems. Physica D: Nonlinear Phenomena (1996)
94:135–147.
[3] Svendsen, B., Shanthraj, P. and Raabe, D. Finite-deformation phase-field chemomechanics for multiphase, multicomponent solids. J. Mech. Phys. Solids (2018) 112:619–636.
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ABSTRACT

Additive Manufacturing (AM) of metals aims at the production of high-performance functional parts
with mechanical properties comparable to processes such as casting, milling or forging. As compared
to these classical processes, however, AM offers highest production flexibility and almost unlimited
freedom of design, which enables the generation of highly complex geometries or substructures (e.g.
lattice-based, honeycomb-like, biomimitec designs) that cannot be obtained by conventional
manufacturing processes. However, a sub-optimal choice of process parameters often leads to high
residual stresses, dimensional warping, porosity, undesirable microstructures or even catastrophic
failure of the part during the production process. The complexity of these processes prohibits
identification of optimal process parameters via trial and error, resulting in the inevitable need for
predictive process simulation.
The purpose of this minisymposium is to provide a forum for discussion in the modeling and
simulation community as applied to AM of metals. Contributions on the modeling of any relevant
process (e.g. selective laser melting / sintering, electron beam melting, directed energy deposition,
binder jetting, material droplet printing) are welcome. Topics of interest include, but are not limited to:
•
•
•
•
•
•
•
•
•
•

Part-scale process modeling to predict residual stresses / strains, part distortion etc.
Mesoscale modeling of melt pool fluid dynamics to predict surface topology, porosity etc.
Microscale modeling to predict the evolution of the metallurgical microstructure
Multiscale approaches considering several of the relevant time / length scales
Inverse approaches, e.g. for compensation of part distortion
Coupled process-part optimization for the design of functionally tailored / lightweight parts
Modeling of powder feedstock deposition / recoating processes
Modeling of powder feedstock production processes (e.g. water / gas / plasma atomization)
Modeling of novel materials and their behaviors (e.g. functionally graded materials, electrical
circuits built in-situ)
Modeling of non-standard processes, enabling 2D and 3D material activation beyond the
point-by-point, line-by-line, layer-by-layer paradigm
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Powder bed fusion additive manufacturing (PBFAM) of metals offers near-net-shape production of
near-limitless geometries, and eventual potential for pointwise control of microstructure and mechanical
properties. However, these processes are complex and governed by a variety of physical mechanism on
different length scales, motivating the development of elaborate modeling and simulation approaches in
order to gain further process understanding. Existing approaches can be classified as macroscopic,
mesoscopic and microscopic models [1]. Macroscale approaches commonly aim at determining spatial
fields such as temperature, residual stresses or dimensional warping on the scale of entire design parts.
Mesoscale approaches resolve the length scale of individual powder particles on domains smaller than
one powder layer to either study the melt pool thermo-fluid dynamics during the melting process or the
cohesive powder flow during the previous powder spreading process. Last, microscale approaches
predict the evolution of the metallurgical microstructure during solidification.
This contribution gives an overview of the authors’ ongoing research work in the context of the
aforementioned model classes with a special focus on mesoscale powder spreading and melt pool
modelling. Specifically, a recently developed model for cohesive metal powders based on the discrete
element method (DEM) is presented. To calibrate the surface energy value underlying the adhesion force
law suitable test procedures (e.g. funnel or rotating drum tests) along with proper metrics (e.g. static or
dynamic angle of repose) are defined, and the results from numerical and experimental realizations of
these tests are fitted for exemplary plasma-atomized Ti-6Al-4V powders. To the best of the authors’
knowledge, this procedure provided for the first time an experimental estimate for the effective surface
energy of such metal powders. Based on this powder model, the size-dependent behavior of various
Ti-6Al-4V powders during the spreading process is studied for different recoating tools such as rigid
blades, flexible blades and rollers as well as for different layer thicknesses and spreading velocities [2].
Ultimately, the proposed powder spreading model shall be combined with a mesoscale melt pool model
to analyze the influence of powder layer characteristics on melt track stability and, eventually, on quality
characteristics of the final design part such as residual porosity and surface roughness. Based on the
proposed melt pool model the effects of temperature-dependent surface tension, wetting forces and
evaporation-induced recoil pressure on melt pool shape and stability are isolated and studied in detail.
REFERENCES
[1] Meier, C., Penny, R., Zou, Y., Gibbs, J.S., Hart, A.J.: Thermophysical phenomena in metal
additive manufacturing by selective laser melting: Fundamentals, modeling, simulation and
experimentation, Annual Review of Heat Transfer, 20:241-316, 2017.
[2] Meier, C., Weißbach, R., Weinberg, J., Wall, W.A., Hart, A.J.: Critical influences of particle size
and adhesion on the powder layer uniformity in metal additive manufacturing, Journal of
Materials Processing Technology, 266, 484-501, 2019.
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In recent years, increasing number of research efforts are being dedicated to better understand, control
and improve the process-microstructure-properties-performance relationship of additively
manufactured metals and alloys. However, nearly all experimental and modeling efforts in this field
have been dedicated towards studying the heat-matter interactions in the melt-pool and rapid
solidification. While these are important topics to study, it is equally important to understand
microstructure evolution in the heat-affected solid zone, which undergoes thermal cycling.

Consider layer-by-layer building of a single-track wall in the figure above and focus at a material point
X on layer L (>1). Immediately after deposition, the material at X cools down at high temperature rates
(between 103 to 106 K/s). As the building process continues, the material at X is subjected to solid-state
thermal cycling (SSTC) with varying temperature rates and amplitudes, which result in strong transient
thermal gradients that form large thermal stresses. The combined effect of temperature changes and
thermal stresses must affect the microstructure at X, for example, through dislocation density evolution,
recrystallization, etc. During later stages of SSTC, a nearly steady-state heat conduction occurs at X
with temperatures relatively higher than room temperature. These relatively high temperatures along
with internal stresses due to a metastable microstructure can also result in additional microstructural
evolution via precipitation, segregation, recovery, etc. Thus far, however, there have been no coherent
experimental/modeling studies dedicated towards understanding microstructure evolution during SSTC.
Recently, we performed in-situ TEM SSTC experiments on an additively manufactured 316L stainless
steel. These experiments show very interesting microstructural changes, including strong evolution of
dislocation structures. Deriving motivation from the results of these experiments, a novel thermomechanical model for the dynamics of continuously-represented dislocations has been developed and it
will be presented in this talk.
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In selective beam melting processes, parts are build in a layer-wise manner by repeatedly applying and
fusing powder material to whole components. For metallic materials the energy source can either be an
electron or a laser beam. Due to the selective energy input and the resultant high local temperatures, large
temperature gradients arise during the manufacturing process. These lead to thermally induced strains,
which can cause warpage and residual stresses in the part. These effects reduce the dimensional accuracy of the manufactured component and can even lead to the premature termination of the construction
process. In order to predict warping and mechanical stress formation at the scale of whole components
thermo-mechanical Finite Element simulations are a powerful tool.
In this contribution the influences of various mechanical modelling assumptions [1, 2] on the resulting
stresses, plastic strains and deformations are analyzed. A highly efficient, adaptive, staggered Finite Element approach is applied, in which the thermal problem is solved first, followed by the solution of the
mechanical problem. The common simplification of having a geometrically linear problem is critically
analyzed and compared with a geometrically nonlinear approach. The influence of the temperaturedependency of the material parameters is studied. Furthermore, different models for the stress relaxation
during melting are compared. A hard reset of stresses and plastic strains at a certain relaxation temperature is applied and results are compared to those of a visco-plastic material model [2, 3]. The various
modelling assumptions are studied for simulations of single scan lines, single layers and multiple layers.
REFERENCES
[1] Lindgren, L.-E. Finite element modeling and simulation of welding J. Therm. Stresses (2001)
48:141-192.
[2] Denlinger, E., Irwin, F. and Michaleris, P. Thermomechanical modeling of additive manufacturing
of large parts J. Manuf. Sci. Eng. (2014) 136.
[3] Ganeriwala, R.K., Strantza, M., King, W.E., Clausen, B., Phan, T.Q., Levine, L.E., Brown, D.W.
and Hodge N.E. Evaluation of a thermomechanical model for prediction of residual stressduring
laser powder bed fusion of Ti-6Al-4V, Additive Manufacturing (2019) 27:489-502.
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Laser Powder Bed Fusion (LPBF) is a powder-bed fusion additive manufacturing (AM) process
that can be effectively utilized to manufacture structural components with complex geometries.
The build-up of residual stresses in a part during laser powder bed fusion provides a significant
limitation to the adoption of this process. These residual stresses may cause a part to fail during
a build or fall outside the specified tolerances after fabrication. Defect-free production of
metallic parts using LPBF requires process optimization, as a crucial step, for effective usage
of the processes: it consists in establishing quantitative relations between final part's
characteristics and process parameters to find the optimum combination and to fabricate a fully
functional mechanical component. Development of a numerical model to accurately predict the
induced residual stresses and distortion during the LPBF process would be of great interest as
it would allow to effectively investigate the influence of processing parameters on the quality
of the parts. Additionally, a reliable numerical model can drastically reduce the expensive
experimental costs associated with the number of tests, cut-ups, as well as manufacturing
iterations required for the development of additive manufactured parts. In this work, we present
ongoing activities at NRC to develop a high fidelity finite element (FE) model to simulate the
build process and calculate the residual stress state and distortion for nickel-base superalloy
specimens built with a continuous scan strategy. A novel layer agglomeration, as well as
inherent strain approaches, were developed to speed up the computations. A new model
calibration approach for prediction improvement was also implemented and it allowed to
discover an unexpected behaviour of the model that strongly affects the validity of this method
for LPBF simulation. Conclusions from the thermomechanical simulations showed good
agreement with X-ray diffraction measurements and 3D scanning data used to determine the
residual stresses and distortions in the parts. Yet, the agglomeration approach showed higher
residual stresses for the specimen compared to the inherent strain approach. Parameter studies
are performed to fully understand the advantages and limitations of the two-simulation
methodologies. Reasons for both the computational and experimental findings will be
discussed.
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HIERARCHICAL OCTREES, UNFITTED METHODS AND PARALLEL
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Among metal technologies, Powder-Bed Fusion (PBF) adds an extra layer of computational complexity
in the frame of modelling and simulation of metal Additive Manufacturing (AM) processes. Indeed,
PBF features very thin layers, leading to long build jobs of thousands of layers. In this sense, only High
Performance Computing (HPC) tools can handle fully-resolved analyses in reasonable simulation times.
The presentation will cover recent advances and contributions by the authors towards the design of HPC
tools for metal AM. A (fully distributed) parallel FE framework for the high-fidelity heat transfer analysis
of PBF metal AM at the part scale has been already developed [1]. It is grounded on four building blocks:
(1) a parallelized element-birth method to model the metal fusion process; (2) octree-based adaptive
mesh refinement endowed by space-filling curves [2]; (3) a novel unfitted FEM formulation, referred to
as AgFEM [3]; (4) state-of-the-art parallel iterative linear solvers.
Numerical experiments will be presented to verify the model and assess the capabilities and efficiency of
the framework in large scale scenarios. Finally, the thermal model is successfully tested against physical
experiments carried out at the Monash Centre for Additive Manufacturing in Melbourne, Australia [4].
REFERENCES
[1] E. Neiva, S. Badia, A. F. Martı́n, and M. Chiumenti, A scalable parallel finite element framework
for growing geometries. Application to metal additive manufacturing, International Journal for Numerical Methods in Engineering, vol. 119, no. 11, pp. 10981125, 2019.
[2] S. Badia, A. F. Martı́n, E. Neiva, and F. Verdugo, A generic finite element framework on parallel
tree-based adaptive meshes, arXiv preprint arXiv:1907.03709.
[3] S. Badia, F. Verdugo, and A. F. Martı́n, The aggregated unfitted finite element method for elliptic
problems, Computer Methods in Applied Mechanics and Engineering 336, 533-553, (2018). SIAM
Journal on Scientific Computing 36, 2 (2014), C190C218.
[4] E. Neiva, M. Chiumenti, M. Cervera, E. Salsi, G. Piscopo, S. Badia, A.F. Martı́n, Z. Chen, C. Lee
and C. Davies, Numerical modelling of heat transfer and experimental validation in Powder-Bed
Fusion with the Virtual Domain Approximation, Finite Elements in Analysis and Design, vol. 168,
p. 103 343, 2020.
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IMMERSED THERMO-MECHANICAL PART-SCALE ANALYSIS OF
COMPLEX GEOMETRIES FOR LASER POWDER BED FUSION
PROCESSES
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The capability to correctly predict part deflections after support removal is important to assess the quality
of the final artifact produced by laser powder bed fusion (LPBF) technology.
Finite Element Methods (FEM) are usually employed to perform part-scale thermo-mechanical analysis
to estimate the final distortion of components. Various thermo-mechanical models have been recently
proposed in the literature, (cf., e.g., [1] and [2]) to simulate LPBF processes at part-scale. A simple yet
effective model is the so-called pragmatic approach, first introduced by [3], which sequentially activates
blocks of material at melting temperature, predicting part deflections with good accuracy. In this work,
we employ an extension of the pragmatic approach similar to the one proposed in [4].
Beside an effective physical model, another key issue in LPBF part-scale simulations is the complexity
of the geometrical parts typically involved in this kind of analyses. All the aforementioned FEM-based
approaches require a conforming mesh generation process, which, for complex, optimized geometries,
can be very time-consuming.
Immersed boundary methods represent an attractive way to effectively handle the numerical analysis of
complex geometrical components. In particular, the Finite Cell Method (FCM) has been already applied
to simulate thermal [5] and thermo-mechanical [6] problems of both welding and additive manufacturing
processes. However, for LPBF processes, these studies were limited to small length-scales of approximately 1 mm3 .
Within this context, the present contribution proposes an immersed numerical framework, based on the
FCM concept, to effectively simulate an LPBF process directly from the original geometry (in the .stl
file format). Its main feature is a fully automatic and straight-forward discretization process that can be
readily applied to complex geometries (see, Figure 1).
The obtained numerical results show the effectiveness of the proposed numerical method, which is able
to deliver solutions in excellent agreement with experimental measurements.
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Figure 1: Thermo-mechanical part-scale modeling flowchart.
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[5] Kollmannsberger, S., Özcan, A., Carraturo, M., Zander, N. and Rank, E. A Hierarchical Computational Model for Moving Thermal Loads and Phase Changes with Applications to Selective Laser
Melting, Computers & Mathematics with Applications, (2019), 75:5, 1483-1497.
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Laser powder bed fusion (LPBF) is a metal additive manufacturing (AM) technique that has
increasingly been used in recent years for production of industrial parts. However, due to the
large thermal gradients and cooling rates inherent to the process, parts produced via LPBF often
contain large residual stresses and experience significant distortion. This may cause parts to fail
during build and/or fall outside of acceptable dimensional tolerances. Thus, there has been
significant interest in having a model capable of reliably predicting these residual stresses and
distortions in order to mitigate them.
The LPBF process is difficult to model for multiple reasons, foremost of which is the wide
range of length and time scales inherent to the process. Due to computational expense, partscale thermomechanical models for prediction of residual stress and distortion typically rely on
approaches where many layers in the physical build are agglomerated into much larger
computational layers. While such methods have shown a decent ability to predict residual
stresses, the exact thermal history of the process is no longer conserved. This limits the accuracy
of these techniques and their ability to predict the effects of variations in process parameters
and/or scan strategy. Being able to run higher fidelity simulations in a computationally efficient
manner is required.
This presentation will discuss recent computational improvements to the multiphysics finite
element code Diablo, developed at Lawrence Livermore National Laboratory, which is used for
part-scale simulations of LPBF. Namely, the addition of adaptive mesh refinement (AMR) to
aid in capturing the range of length scales inherent to the process will be presented. Multiple
example problems will be shown where the use of AMR has allowed for increased accuracy, as
compared with experimental temperature and residual stress measurements. Finally, a novel
Diode-AM process that has demonstrated the ability to significantly reduce residual stress will
be discussed. Examples will be shown of how Diablo simulations are being used to optimize
this new AM technique.
This work was performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-07NA27344.
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LARGE SCALE MULTI-TRACK AND MULTI-LAYER SIMULATION
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Multi-track and multi-layer simulation of selective laser melting(SLM) process embedded with melt flow
and surface evolution has significant influence on optimizing process parameters and reducing defects.
However, so far as we know, the simulations remained in several tracks and a few layers, which was
much less than the demanded number for SLM manufacturing.
We have developed a lattice Boltzmann method(LBM) to simulate the melt pool flow dynamics during
SLM process, in which a height function method(HF) was combined to provide accurate surface tension
forces[1, 2]. In the present work, the LBM-HF model was extended to large scale multi-track and multilayer simulation, for instance, a large cube with a size of one millimeter. The cube was simulated by
300 tracks, divided into 30 layers, and each track had a length of 1 mm. The simulation time for each
track was within several minutes, thus the simulation of the cube was finished within two days running
on one graphics processing unit(GPU). The simulation results were compared with experimental results
by SLMed specimens using Inconel 718 alloy powders under laser power 200 W and scanning velocity
0.5, 1.0 and 1.5 m/s, respectively. As the laser scanning velocity increased, both of the simulations and
experiments showed that the top surface of the manufactured cube suffered from overheat to lack of
fusion.
The present large scale LBM-HF model has abilities to change the powder size distribution, the thickness
of the powder bed for each layer, the hatch distance between two tracks, the laser scanning power and
velocity, therefore, the comparison between experiments and simulations can be done on very small
details, such as the surface roughness, the lack of fusion defects between tracks and layers. Moreover,
the present model can simulate the real manufacturing structure, like a cube or tilt wall, one cell of lattice
structure and overhang structure.
REFERENCES
[1] Min, Zheng and Lei, Wei et al. Surface morphology evolution during pulsed selective laser melting:
Numerical and experimental investigations. Appl. Sur. Sci. (2019) 496:143649.
[2] Min, Zheng and Lei, Wei et al. A novel method for the molten pool and porosity formation modelling in selective laser melting. Inter. J. Heat and Mass Trans. (2019) 140:1091–1105.
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A significant challenge for Additive Manufacturing (AM) to become an economically viable
method of component production is the failure of parts during and after deposition due to
thermal effects. These failures add expense to the process, can take weeks or months of
experimentation to minimize.
Finite Element Modeling can predict and mitigate build failure prior to manufacture. Here,
thermomechanical modeling will be applied to the Laser Powder Bed Fusion (LPBF) and
Directed Energy Deposition (DED) processing of metals. A multi-scale modeling approach is
used to model LPBF that takes into account the machine processing parameters and requires no
experimental test calibration. For DED, a moving source model is presented that is capable of
simulating parts deposited using 6-axis deposition systems. In addition, the thermal modeling
approach will be applied to simulate the Selective Laser Sintering (SLS) of polymers.
This study shows, through simulation-experimental comparisons, that simulation can be used
to make timely and useful predictions of temperature and distortion for common AM metals. It
will also document the successful modeling of the secondary failure mechanisms of support
structure delamination, recoater blade interference, and hot spot detection. Distortion
compensation is also included in the modeling capabilities and is shown to decrease part
distortion on manufactured components. Large industrial use cases will be demonstrated for
both Laser Powder Bed Fusion and Directed Energy Deposition. Challenges of extending finite
element modeling to higher axis systems will be discussed. Experimental results for
determining appropriate boundary conditions for the thermal modeling of SLS will also be
presented.
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Laser powder bed fusion (LPBF) is a manufacturing process which can realize significant benefits over
traditional manufacturing processes, including significantly shortened time between design and manufacture of parts, and the ability to create parts with much more geometric complexity than has previously
been tenable, or in some cases, even possible. In order to understand the nature of these processes, many
researchers and end users have turned to modeling to predict quantities such as microstructure and residual stress as a function of the process parameters. However, the complex nature of these models, and
in particular, the extreme spatio-temporal scales over which they operate, makes it difficult to calculate
high quality solutions in reasonable wall clock times.
While both the spatial and temporal problems in LPBF clearly span multiple orders of magnitude, the
span of the temporal scales is often larger than the span of the spatial scales. Many existing finite element
codes employ various strategies to speed the calculation of the spatial problem; indeed, some highly
parallel codes are far past the point of diminishing returns for this aspect of the problem. However,
the temporal problem has received much less attention. These two facts result in a situation where
there are clear performance gains to be made regarding the temporal portion of the calculation. This
presentation will discuss certain aspects of the physical problem and the implications on model definition
and performance, comment on why this portion of the problem space has been largely neglected by the
modeling community, and present some initial results of several possible solutions to “the time situation”
for part-scale LPBF modeling.
This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract DE-AC52-07NA27344.
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Numerical simulations of metal-based additive manufacturing require an accurate representation of solidification processes and resulting crystal structures for a reliable prediction of final component properties. In a hierarchical model, high-fidelity direct numerical simulations may provide validation data for
lower-fidelity simulations of melting pool dynamics and, finally, the entire printing process.
We present a novel low-dissipation conservative sharp-interface method to simulate multi-crystal growth
in two and three dimensions. The explicit formulation of the interface exchange terms for solid and
liquid phases ensures conservation at the interface. In contrast to previous work (e.g. [1]), we achieve
low numerical dissipation by a WENO-based interface-gradient reconstruction and a third-order RungeKutta scheme for time discretization. A multiresolution approach for local mesh adaptation with adaptive
local timestepping provides computational efficiency [2].
As proof-of-concept, the temperature field of a two-dimensional multi-crystal growth is given below.
Initially round seeds grow in four main directions due to anisotropic surface tension, and develop tipsplitting instabilities at each of the four protrusions (t = 0.03). The energy release during the phase
change results in a temperature increase in the melt. Once the temperature in the melt reaches the melting
temperature, the crystals cease to grow, see e.g. the region between crystals 1 and 2. In this region,
our low-dissipation scheme maintains small-scale structures in the melt (t = 0.07). Three-dimensional
simulations are subject of on-going work and will be presented at the conference and in the full paper.
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Simulation of multi-material electron beam powder bed fusion
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Electron beam melting is a highly complex manufacturing process due to the stochastic
influence of the powder bed and an interplay of physical phenomena like beam absorption,
phase changes, fluid dynamics and heat conduction. This work adds a new degree of freedom
to the process by addressing the transition from processing a single alloy powder to a mixture
of different powder compositions, which is termed as multi-material powder bed fusion.
For a better understanding, especially in terms of consolidation and liquid phase mixing,
simulations are powerful tools. Therefore, we extend the in-house developed simulation
software S𝔸𝔸𝔸𝔸PLE2D (Simulation of Additive Manufacturing on the Powder scale using a Laser
or Electron beam) [1] by additional physical effects like enthalpy diffusion, Marangoni force
and the concentration dependency of material parameters.
This method can be applied to a variety of alloys, e.g., CuCr used for switching contacts to
achieve small, uniformly distributed Cr precipitates and reduce production costs. Preliminary
results show that the most important influence on the melting behavior and thus on the defect
generation is the difference of melting temperatures between the two powders. This leads to a
division of the melt pool into two regions: An inner well-mixed one, surrounded by an outer
region where only the lower-melting component is molten (see fig. 1). Directly linked to this
are further new challenges like locally varying depths of fusion and a higher chance of pore
formation. Thus, a need for novel process strategies is expected.

Figure 1: Concentration distribution after the fabrication of a single melt track using a powder mixture
of two elemental powders (A and B), which are based on Cr and Cu. Additionally, the regions where
the melting temperatures of A and B are exceeded, are highlighted.
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6, Avenue de la Fonte, L-4364 Esch-sur-Alzette, Luxembourg
bernhard.peters@uni.lu, http://dpm.gforge.uni.lu/
Key Words: Additive Manufacturing, Thermomechanical Analysis, Multiphysics Problems, Finite Element Method
The additive layer manufacturing (ALM) process is an advanced and promising technique for future
manufacturing of complex metal parts and components[1]. The significant and challenging factors that
determine the final material characteristics are the thermal distortion and thermal stresses in the specimen,
which develop during cooling and shrinkage of the solid phase part layer when the laser has passed. In
principle, the mechanical and thermal properties also vary with material temperature. The laser as a
heat source is modelled in the heat equation for transient thermal analysis. The J2 elasto-plastic material
model is used under the infinite small strain assumption. While the thermomechanical coupling is based
upon quasi static analysis approach. Here the thermal loads overlaying with thermal conduction are
applied at the specimen, which undergoes elasto-plastic deformation. For descretization of the problem,
the Finite Element Analysis (FEA) platform deal.ii [2] is utilized. This primarily not only predicts the
part-scale temperature profile and distortion displacements but also trends of thermal stress state as a
result of the laser heat source applied to a solid Ti-6Al-4V specimen. Consecutively, the basic multiphysics thermomechanical system is established. This can soon be further developed for adaptive FEA
and elements activation in the ALM process with added material layers.
REFERENCES
[1] Hussein, A. and Hao, L. and Yan, C. and Everson, R. Finite element simulation of the temperature
and stress fields in single layers built without-support in selective laser melting. Materials & Design
(1980-2015), (2013), 52:638–647.
[2] Bangerth, W. and Hartmann, R. and Kanschat, G. deal.II – a General Purpose Object Oriented
Finite Element Library. ACM Trans. Math. Softw.(2007), Vol. 33., 4:24/1–24/27.
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”http://www.sciencedirect.com/science/article/pii/S0261306913005025”, author = ”Ahmed Hussein and Liang Hao and Chunze Yan and Richard Everson”, abstract = ”Overhanging and floating
layers which are introduced during the build in selective laser melting (SLM) process are usually
associated with high temperature gradients and thermal stresses. As there is no underlying solid
material, less heat is dissipated to the powder bed and the melted layer is free to deform resulting
undesired effects such as shrinkage and crack. This study uses three-dimensional finite element
simulation to investigate the temperature and stress fields in single 316L stainless steel layers built
on the powder bed without support in SLM. A non-linear transient model based on sequentially
coupled thermo-mechanical field analysis code was developed in ANSYS parametric design language (APDL). It is found that the predicted length of the melt pool increases at higher scan speed
while both width and depth of the melt pool decreases. The cyclic melting and cooling rates in the
scanned tracks result high VonMises stresses in the consolidated tracks of the layer.”
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Abstract
A super-layer deposition technique is developed for 3D macroscopic finite element model to
study thermomechanical responses at part scale during the powder bed fusion (PBF) process.
For thermal analysis, the level set method is used to track the interfaces between gas and the
successive layers of powder bed and between the constructed part and non-exposed powder[1,
2]. To reduce the computational cost and preserve simulation accuracy, the adaptive mesh is
adopted to maintain a fine mesh at the construction front during the process. For mechanical
analysis, two candidates are proposed. The first choice is to perform mechanical calculation
within the same simulation environment of thermal analysis by considering the gas, nonexposed powder and constructed part. The second choice is to create a new independent
simulation environment by removing the non-exposed powder, in which the temperature
related variables are transferred from thermal analysis. Based on above thermomechanical
models, the proposed super-layer strategy, consisting of the deposition of batches of several
layers, is proposed to reduce the computational time in a reasonable level, in which the
material is deposited once for one super-layer thanks to the level-set method and mesh
adaptation. The paper will discuss the results obtained from the super-layer technique with
those from the standard layer-by-layer simulation. Assessments are performed on both simple
and complex configurations.
REFERENCES
[1] Y. Zhang, G. Guillemot, M. Bernacki, M. Bellet. Macroscopic thermal finite element modelling of additive
metal manufacturing by selective laser melting process. Comput. Methods Appl. Mech. Eng. Vol. 331, pp. 514535, 2018.
[2] Y. Zhang, Q. Chen, G. Guillemot, CA. Gandin, M. Bellet. Numerical modelling of fluid and solid
thermomechanics in additive manufacturing by powder bed fusion: continuum and level set formulation applied
to track and part scale. Comptes Rendus Mecanique. Vol.346(11), pp.1055-1071, 2018.
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Modeling and Simulation for Additive Manufacturing
Various additive manufacturing (AM) techniques including 3D printing have been developed to
manufacture complex-shaped components with well-controlled precision. The sophisticated AM
techniques often require systematic modeling and simulation efforts during the design stage and
for the purpose of part qualification/certification. The main objective of this minisymposium is
to provide a platform to discuss recently developed modeling and simulation techniques for AM,
including experimental calibration and validation efforts for the process. The topics include (but
are not limited to):








Part-scale and multiscale simulation of the manufacturing process to predict residual
stress/distortion, surface topology, and microstructure including defects
Modeling of materials considering effects of printing direction related to microstructure
anisotropy
Topology optimization for multi-functional design for AM
Modeling and simulation of functionally graded materials, tissue engineering scaffolds,
bioinspired composites, bi-material joints, etc
Feedback control methods and process maps for minimizing defects and residual stress in
as-built structures
Prediction of mechanical responses of AM products via an integrated computational
materials engineering approach considering phase changes
Materials powder design and component post-heat treatment simulation

Typically, computational modeling and simulation for any AM processes (e.g. laser
sintering/melting, electron beam melting, form deposition modeling, stereolithography, binder
jetting) and materials (e.g. metals, plastics, ceramics and their composites as well as biological
materials) are welcome.
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Additive Manufacturing Microstructure Simulation Comparison and
Validation using Chord Length Distribution
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Wagner, and Wei Chen2
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Additive Manufacturing (AM) is a break-through manufacturing technology that provides a
unique opportunity to produce complex near-net-shape parts with minimal material loss. Many
factors, such as process parameters, microstructure, and machine speciﬁcations dictate the ﬁnal
properties of the ﬁnished parts. To understand the effects of these, AM simulations are often
employed. One of the key limitations in AM process modeling is the lack of reliable validation
techniques, especially for process-structure prediction, as AM parts have highly heterogeneous
microstructures. The stochastic nature of microstructures and the complexity of grain structures
make it difficult to validate computed microstructure against experimentally obtained images
through statistical measures. Some work has used visual inspection method for comparison, but
this is subjective and unreliable.
In this work we propose a validation metric that can effectively quantify the similarity between
two AM microstructures. Some previous approaches in the literature use average and standard
deviation of grain sizes as the favoured characterization technique, but because of the
heterogeneity of the structure, this does not efficiently capture the statistical subtleties or the
orientation details. Thus, we chose Angularly Resolved Chord Length Distribution (ARCLD),
which is essentially the probability distribution of chords lengths at specified angles.
Furthermore, instead of characterizing the entire 360 degree domain, we restrict our ARCLD
to representative angles. After characterization of the AM microstructure using ARCLD, we
employ the Earth Mover Distance (EMD) as a difference metric to quantify the degree of
similarity of the distributions. EMD has the advantage of cross-bin comparison and comparison
symmetry, and for this reason has been used for histogram comparisons. The end result is a
numerical unitless score which we call Dissimilarity Score (DS).
The efficacy of the technique was first tested on statistically different artificial 3D structures
generated by DREAM.3D software, and then on 3D microstructures under different processing
conditions generated using our AM simulation that employs the solidification model-Cellular
Automaton (CA) with IN625 material. The test using the hypothetical examples from
DREAM.3D confirms that our proposed metric provides a low DS value for two similar
microstructures and a high value for two microstructures that are statistically different. Finally,
the AM simulations from our model are compared to images provided by the NIST AM-Bench
Challenge, demonstrating the effectiveness of our metric for validating AM simulations against
experimental data, and differentiating the microstructures obtained under different processing
conditions.
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AN IMMERSED FINITE ELEMENT FRAMEWORK FOR METAL
ADDITIVE MANUFACTURING PROCESS SIMULATION
Stefan Kollmannsberger1 , John Jomo1 , Massimo Carraturo1,2 , Alessandro Reali2 ,
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Key Words: Laser powder bed fusion, parallel computing, finite cell method, hp-refinement
Simulating AM processes for parts with complex geometries is an involving task. The challenges not
only lie in the complex multi-physics that require local mesh refinements and bridging of different temporal scales but also in the generation of volumetric meshes, when boundary conforming finite element
methods are employed.
Immersed finite element methods such as the Finite Cell Method provide an efficient and flexible means
of handling AM computations involving parts with complex geometries. These methods usually utilize
a simple Cartesian mesh that embeds the artifact in a non-boundary conforming manner. The original
geometry is then recovered through specialized integration techniques which are easy to automatize and
do not result in additional unknowns.
In this contribution, we present and discuss a new, parallel version of an immersed finite element framework based on the finite cell method (FCM) [1] and the hp-refinement scheme [2] for the simulation of
laser powder bed fusion (LPBF) processes including dynamic load balancing. Additionally, a parallel
solver with specially designed pre-conditioning techniques is presented.
We will further discuss how these techniques can enable a thermal and a thermo-mechanical analysis of
LPBF processes of high-fidelity simulations, where the laser is fully resolved by a dynamically updated
and locally refined discretization. Additionally, we discuss embedded, layer-wise simulations as an extension of the pragmatic approach [3]. We demonstrate how the growth of the computational domain can
be modelled naturally within FCM resulting in an algorithm similar to EBM (Element-Birth Method) [4].
REFERENCES
[1] Parvizian, Düster, and Rank: Finite Cell Method, h- and p-extension for embedded domain problems in solid mechanics. Computational Mechanics, 2007.
[2] Zander, Bog, Kollmannsberger, Schillinger, and Rank: Multi-level hp-adaptivity: high-order mesh
adaptivity without the difficulties of constraining hanging nodes. Computational Mechanics 2015.
[3] Williams, Davies, Hooper: A pragmatic part scale model for residual stress and distortion prediction
in powder bed fusion, Additive Manufacturing, (2018), 22, 416-425
[4] Chiumenti, Cervera, Dialami, Wu, Jinwei, Agelet de Saracibar: Numerical modeling of the electron
beam welding and its experimental validation, Finite Elements in Analysis and Design, 2016.
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A J-Integral Approach for Predicting Cracking at the Solid-Support
Interface during Laser Powder Bed Fusion Additive Manufacturing
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PA 15261
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Inherent Strain Method.
For laser powder bed fusion (L-PBF) additive manufactured (AM) metals, residual stressinduced cracking often occurs at the interface between the solid and lattice support, and hence
it is important to characterize the as-built critical J-integral of the interface to prevent cracking
to occur. However, the standard testing method for the critical J-integral of the interface (ASTM
E1820-01) does not work well in this situation for four reasons: 1) standard test blocks
consisting of half solid and half lattice support crack during the printing process; 2) even after
reinforcing the block with side walls to prevent cracking, post-stress relief causes the yield
strength to change significantly, which would affect J-integral significantly; 3) post-build
machining processes to obtain the required standard specimen geometry release a significant
amount of residual stress, which also gives incorrect J-integral value; 4) the interface is so brittle
that it is very difficult to machine it to the required standard configuration. Hence a more
effective method that combines printing experiments and residual stress simulation is proposed
to determine the as-built critical J-integral of the interface. First, a number of rectangular block
specimens with lattice supports of identical height overlaid by solids of different heights are
built by L-PBF in Inconel 718 in order to determine the critical height that the block would
crack. Next, the experimentally-validated modified inherent strain method is utilized to
simulate residual stress and compute the critical J-integral at where the interfacial cracking
occurs. The proposed method is subsequently validated using the obtained critical J-integral to
predict cracking in different geometries. This method eliminates the uncertainties associated
with stress relaxation by heat treatment and machining on mechanical properties, as well as
sheds light on crack prediction for as-built L-PBF components.
The proposed method is also extended to an advanced method to make it feasible for large and
complex geometries. This advanced method utlizes the homogenized material properties based
on Hill’s anisotropic elastoplastic model within the global-local análisis framework in order to
predict cracking at the solid/support interface of the geometries.
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AUTOMATED G-CODE TO FE MESH GENERATOR FOR FDM
PRINTED PARTS
Arturo Romero Karam, Yordan Kyosev
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The production of 3D parts with polymers by means of Fused Deposition Modelling (FDM)
covers a range of applications from prototyping new constructions to the development of final
products in healthcare, as well as their integration with textiles offering novel orthopaedic
supports and bandage reinforcements [1]. However, the mechanical behaviour such stiffening
elements must be further investigated in order to reach a compliance with medical standards.
The mechanical properties and layer adhesion of the produced parts depend mainly on print
parameters such as layer thickness or height, infill percentage and profile type, as well as on
the specific polymer properties. The mechanical behaviour of the 3D printed polymer parts can
be analysed using the Finite Element Method (FEM) [2] at two scales, – a macro scale – as a
complete part, or – a micro scale – at the level of the single filament paths in specific layers.
This work focuses on a micro scale analysis in order to determine the material properties of the
extruded, layer building, paths, which can later be used for macro scale simulations.
The micro scale simulation requires the cross-section profile or geometry of the extruded
filament path for the mesh creation required for analysis. In order to obtain the toolpath
information containing defined print parameters from a slicer software, the generated G-Code
printer file was analysed using a specially created Python script. The nozzle toolpath is used as
the main leading curve around which the cross section of the path is swept to simulate the
extruded filament. Finally, the geometry is meshed with finite elements for analysis and the
coordinate system of each element is oriented according to the nozzle motion to account for the
material anisotropy based on the slight extrusion process.
The built extruded path models, with geometrical differences, are transferred for FEM analysis
and their tensile behaviour is simulated based on the automatically generated mesh using Ansys.
The results of the simulation are compared with real test results.
The main issues regarding this type of modelling depend on defining the real cross section of
the extruded filament paths after printing. These issues cannot be directly predicted or derived
from the available sliced model or G-Code and their resolution still requires further
experimental trials and the analysis of real samples. After systematically investigating these
dependencies, a set of rules for optimizing the printing parameters, such as path width and feed,
rate can be derived and used in pre-set algorithms for part optimization and mechanical
simulations.
REFERENCES
[1] A. Romero Karam, CAE-supported process for 3D printing of rigid elements on flat knitted

fabrics for the production of novel customized orthopaedic device, Master thesis, Institute
of Textile Machinery and High-Performance Material Technology, Technische Universität
Dresden, 2019
[2] O.C. Zienkiewicz and R.C. Taylor, The finite element method, 6th Edition, Elsevier, 2005.
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Build-Scale Process Simulation for Laser Powder Bed Fusion via GPU
Acceleration
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calculation.
The creation of parts via laser powder bed fusion (L-PBF) is a promising area of research to
produce complex designs at a reasonable cost. It involves the melting and solidification of
powder along a predefined 2D path and across a large number of layers in the third dimension.
The optimization of the process by experimentation can be expensive and time-consuming, and
hence numerical simulations are needed to understand and optimize the process. Unfortunately,
due to the multiphysics phenomena involved in L-PBF (powder fluid flow, laser heating, strain
and stress) and the large number of layers, the computational time for such detailed simulations
is very high [1]. It is then a bottleneck to use these results in a optimization algorithm.
Taking advantage of modern GPU computing technology, a matrix-free formulation is
proposed to solve the heat transfer problem for the L-PBF process in order to avoid re-forming
the conductivity matrix at the global level when new material is added. To further reduce
computation time, only heat conduction is considered here and the heat flux is applied to the
entire layer simultaneously instead of using a double ellipsoid heat source model [2] or a line
heat source model [3]. Also a voxel-based approach is used to compute the finite element
equations and the finest scales are modeled via homogeneized properties to reduce the number
of elements in the design domain. Finally, several physical layers are lumped together to
decrease the amount of transient steps in the calculation.
As the objective is to achieve a build-scale prediction of the temperature field, the design
domain is 250 mm*250 mm*250 mm and is composed of a base plate at a prescribed cold
temperature. The number of layers is fixed at 250, the void material is air and the solid material
is inconel. The finite element system is solved on 4 Titan V GPUs. The different assumptions
that lead to this model are studied to check the reliablity of the proposed model: Influence on
how the heat flux is prescribed and impact of the homogeneized properties and lumped layers
on the accuracy of the results.
REFERENCES
[1] Q. Chen et al., An inherent strain based multiscale modeming framework for simulating

part-scale residual deformation for direct metal melting. Additive Manufacturing, Vol. 28,
pp. 406418, 2019.
[2] J. Goldak et al., A new finite element model for welding heat sources, Metall. Mater. Trans.
B, Vol. 15, pp 299-305, 1984
[3] J. Irwin, P. Michaleris., A line heat input model for additive manufacturing, J.Manuf. Sci.
Eng. Vol. 138, 111004, 2016
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Efficient numerical model of direct energy deposition by inherent strain
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To control the quality of parts produced by additive manufacturing (AM) process, the
prediction of residual stresses and distortions proves to be very important for minimizing their
amplitude and final optimization of this AM process. However, the application of classical
numerical methods, in the case of the Galerkin finite element methods, is limited to simulate
the AM construction process in terms of computational time and computational complexity,
due to coupled thermomechanical analysis, complex geometry and boundary conditions etc.
As a result, it is important to adopt alternative numerical methods for offering efficient and
high fidelity solutions. The inherent strain method was proposed to quickly predict the
residual distortion for AM process [1], which was originally developed to estimate the
residual strain/stress for welding process [2]. For this numerical resolution, the tensor field
inherent strain intervenes as a mechanical load parameter. Different methods including both
numerical and experimental ways for estimating this strain tensor are presented in the
scientific literatures [1, 3, and 4]. However, they do not allow a good estimation of this strain
tensor and consequently couldn’t offer good approximations of the distortions and residual
stresses in the built part.
In this article, we propose a new method of inherent strain rate based on the fraction of layer
learning technique and visco-plastic mechanical calculation. Indeed, at each fraction of one
layer [5], we carry out the full calculation for the first fraction of one layer by conventional
numerical finite element simulation, which can be qualified as "complete calculations". Then
inherent strain rate (visco-plastic strain rate) can be extracted from the first fraction and
applied to the other fractions of the same layer. In addition, the first layer near the substrate is
also proposed for the complete calculation to avoid high errors by the “duty” inherent strain
rate (hard to extract the clean one). As the inherent strain rate is updated at each layer, it’s
more accurate. Applications are performed for single wall and ring structures for the direct
energy deposition process, good approximations of the distortions and residual stresses are
obtained with considerable time gains compared with the complete simulations.
REFERENCES
[1] X. Liang, L. Cheng, Q. Chen, Q. Chen, Q. Yang, A. C. To, A modified method for estimating inherent strains
from detailed process simulation for fast residual distortion prediction of single-walled structures fabricated by
directed energy deposition. Additive Manufacturing, Vol. 23, pp. 471–486, 2018.
[2] M. Yuan, Y. Ueda, Prediction of residual stresses in welded T-and I-joints using inherent strains, J. Eng.
Mater. Technol. vol 118, pp. 229–234, 1996.
[3] N. Keller and V. Ploshikhin. New method for fast predictions of residual stress and distortion of am parts. In
Solid Freeform Fabrication Symposium, pp 1229–1237, 2014.
[4] S. Jonsson, S. Krappedal. Evaluation of residual stresses and distortions in additively manufactured
components. Master thesis, Stockholm, Sweden 2018.
[5] Y. Zhang, G. Guillemot, M. Bernacki, M. Bellet. Macroscopic thermal finite element modelling of additive
metal manufacturing by selective laser melting process. Comput. Methods Appl. Mech. Eng. Vol. 331, pp. 514535, 2018.
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Experimental characterization and numerical analysis of
additively manufactured mild steel under static and cyclic loading
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Additively manufactured metals are based on a layer-by-layer welding procedure. In this work,
the behavior of additively manufactured mild steel under static and cyclic loading conditions is
analyzed employing multiscale modelling and experimental validation.
Repeated heating and cooling cycles during the additive manufacturing process alter the
microstructure of the steel. Changes are documented using optical microscopy, scanning
electron microscopy, energy-dispersive X-ray spectroscopy and X-ray diffraction. A
combination of analytical methods allows to identify phases and extract grain properties. Based
on this information, the representative volume element is built by following two approaches: 1.
Voronoi Tessellation [2] and 2. an image-based representation [1, 3, 4].
Then, a monotonic tensile test and a fully reversed cyclic test are simulated using the finite
element method to extract the stress-strain relations. These are later compared with
experimental measurements of several specimens obtained using the wire arc additive
manufacturing technique.
Regarding the experimental response of the material under static loads, it can be observed that
the stiffness and the ductility in both orientations, parallel and perpendicular to the welding
direction, are similar. Besides, a softening behavior of the material is noticed and consequently
represented through a plasticity model for porous metals. It was also observed that the
dispersion in the experimental results is low, which is not the case when the material is exposed
to cyclic loads.
REFERENCES
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In this paper, a fast simulation of grain growth during directed energy deposition (DED) is presented.
The model is derived for laser metal powder directed energy deposition (LMPDED), although it can be
simply adapted for other focused thermal energy (e.g., electron beam, or plasma arc). The analysis of
morphological and crystallographic textures obtained in such processes is a major issue in the literature.
Indeed, controlling the microstructure is essential to obtain the desired macroscopic behavior. Many
studies focus on experimental characterization of the grain structure based on Electron Back-Scatter
Diffraction techniques (EBSD) (e.g., [1]), which enables to relate process parameters and post-process
microstructures. In addition, many papers focus on very detailed simulations of the process, especially
the hydrodynamic problem determining the melt pool shape, and cooling and grain growth during crystallization [2–5]. However, such comprehensive simulations implies significant computation cost, which
is not compatible with macroscopic simulation of the entire process and hinders the development of
parametric studies and optimization loops.
In this paper, we present a fast macroscopic simulation of temperature accounting for mesoscopic microstructure evolution (i.e., at the scale of the polycrystal). The proposed approach relies on the coupling
of two recent contributions presenting: (i) a fast simulation of temperature in DED [6] and (ii) a fast
mesoscopic model of grain growth based on Orientated Tessellation Updating Method (OTUM) [7]. The
general strategy is to compute the temperature field as a function of time during the entire process according to [6]. Then, the microstructure after the initial crystallization is estimated from temperature
gradient in the solidification zone (i.e., between the liquidus and solidus temperature) similarly to [8, 9].
The microstructure at different material points is approximated by Voronoi-Laguerre tessellations. The
evolution of the grain structure due to thermal cycling is computed according to [7]. The final grain
structure is therefore simulated at various positions in the final part and compared to experimental EBSD
maps extracted from [1].
The proposed model is sufficiently fast to enable simulations of large parts. In addition, parametric
studies or optimization loops can be performed to adjust process parameters in order to obtain targeted
microstructures.
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Influences of inter-layer dwell time on temperature and residual stress by
laser beam powder bed fusion simulation and manufacturing
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Laser beam Powder Bed Fusion (PBF-LB) additive manufacturing (AM) technologies are
promising technologies that can be applied for products printing, e.g. medical device and
aerospace. Currently, most of 3D printing operators print a batch of samples to maximum
machine utilisation, while others only print one or two samples. However, the influence of batch
size on the final part properties are uncertain i.e. printing different numbers of the same
components within a single build, thus varying the time between successive layers are added to
a component.
In addition, cross sections of PBF-LB manufactured samples often vary greatly throughout the
build, which means laser travels different times for processing each layer [1]. Thus causing
different inter-layer dwell times while building different layers. The inter-layer dwell time
further influences the thermal histories and the final part properties. Denlinger studied interlayer cooling time influence on distortion by Direct Metal Deposition method [2]. However,
the overall influences of inter-layer dwell times on temperature, residual stress by PBF-LB
manufacturing are needed further investigation.
In this research, the influences of inter-layer dwell time on temperature and residual stress were
investigated by both modelling and experiment measurements. Firstly, the process temperature
and residual stress for different numbers (1, 2 and 4) of prism shaped samples were simulated
by the general purpose finite element package ABAQUS and manufactured at the same build
plate. Secondly, prisms were simulated and manufactured by PBF-LB machine with three
different printing strategies and orientations. Thirdly, the residual stress was experimentally
measured along the prism height direction. Finally, the residual stress modelling and
experiment results were compared. This research could be beneficial for informing PBF-LB
machine operators of optimum printing setup for minimising part residual stress.
REFERENCES
1.
2.

Williams, R.J., et al., In situ thermography for laser powder bed fusion: Effects of layer
temperature on porosity, microstructure and mechanical properties. Additive
Manufacturing, 2019. 30: p. 100880.
Denlinger, E.R., et al., Effect of inter-layer dwell time on distortion and residual stress
in additive manufacturing of titanium and nickel alloys. Journal of Materials Processing
Technology, 2015. 215: p. 123-131.
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This paper aims to introduce a through-process approach that integrates the phase-field method
(PFM) with the crystal plasticity finite element (CPFE) modelling for the prediction of
microstructure evolution and mechanical properties. In this PFM-CPFE framework, the novel
challenge is to adopt real microstructure images obtained from electron backscatter diffraction
(EBSD) as the initial condition. EBSD imaging allows accurate and detailed grain-level
information like grain morphology, phase fraction, and recrystallization texture which are
important features of powder bed fusion.
In particular, this coupled PFM-CPFE methodology is implemented to investigate the effect of
heat treatment such as annealing and hot isostatic pressing, which are necessary post-processing
procedures for additive manufacturing. The multiple-phase PFM predicts the microstructural
evolution [1] during heat treatment including grain nucleation and growth, based on the strain
energy release theory and neighbouring grains misorientation induced stored energy difference.
Both the PFM predicted microstructural information and the EBSD result after the heat
treatment are first compared, and then independently converted into CPFE inputs, ready for the
grain-size sensitive [2-3] and orientational-dependant mechanical response simulation. A
comparison between these two CPFE models and the experimental mechanical tests are
conducted to confirm the reliability of the proposed CPFE-PFM methodology. This framework
offers an efficient method for in-depth understanding of the relationship between thermoprocessing, microstructural evolution and mechanical properties for additively-manufactured
alloys.
REFERENCES
[1] Min, K.M., et al., Integrated crystal plasticity and phase field model for prediction of

recrystallization texture and anisotropic mechanical properties of cold-rolled ultra-low
carbon steels. International Journal of Plasticity, 2019: p. 102644.
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[3] Ashton, P.J., A.M. Harte, and S.B. Leen, A strain-gradient, crystal plasticity model for
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Microstructural characterization and modelling of materials processed with
wire arc additive manufacturing
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The wire and arc additive manufacturing (WAAM) technique can be used for manufacturing
of large-scale (1 to >10 m) metallic components. During the WAAM process, using a wire as
feedstock, new material is deposited in the local melt pool, which is created with an electric
arc as the heat source. Thereby a new bead of solid metal is formed after the melt pool
solidifies.
To take optimal benefit of the geometrical freedom for WAAM printed parts, a rigorous
understanding of the micro-structural characteristics, residual stresses and resulting
mechanical properties is required. These aspects are directly related to the manufacturing
process, which determines the thermal-mechanical history of each material point. The
influence of process parameters on the microstructure and thereby on the mechanical
properties has been investigated in various empirical studies. This work aims to quantitatively
model the effect of the WAAM-specific structure on the mechanical properties.
The microstructure of 316L material manufactured with the WAAM technique is
experimentally characterized using a range of microscopic techniques. For this material, a
pronounced anisotropic grain morphology and texture is obtained. A periodic representative
volume element (RVE) of this experimentally observed microstructure, having the size of a
single bead, is constructed. The relationship between the microstructure and mechanical
properties for products made with this large-scale deposition technique is investigated by
means of computational modelling. Process-related characteristics, such as morphology and
orientation of grains, are included in a crystal plasticity based finite element model. The
computational model is used to determine the anisotropic yield behaviour of the WAAM
microstructure and to unravel its relation to the processing-induced microstructure.
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Numerical analysis of metal transfer dynamics and its effect on the
deposition profile in PTA-WAAM
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A transient three-dimensional model was developed to investigate wire-feeding, heat and mass
transfer, fluid flow and solidified deposition during plasma transferred arc (PTA) wire + arc
additive manufacture (WAAM). In this model, a novel Dirac surface heat source considering
the shielding effect by the feeding-wire was introduced. The volume of fluid (VOF) method
and the porosity enthalpy method were employed to trace the time-dependent liquid-gas and
liquid-solid interfaces, respectively. A series of numerical simulations as a function of the
process parameters were conducted. Three types of metal transfer modes (surface tension,
droplet surface tensions and droplet) observed in the video imaging were numerically
reproduced for the first time. The plasma arc pressure and surface tension played a crucial role
in the metal transfer process, while the effect of the gravity and Marangoni shear stress were
not so important in comparison. The deposition profiles with different wire-feeding speeds
were further reviewed. As the transfer mode changed from droplet to surface tension transfer,
the deposition profile turned from a flat shape to a high-and-narrow type. It was also established
that the mechanism for this is reduction of the transverse flow and the increase of the
longitudinal flow in the melt pool. This is mainly due to the coupling effects of the plasma arc
impacting, surface tension, and Marangoni shear stress. The new model and findings are of
great significance for process optimisation of near net shape PTA-WAAM.
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Modeling of the molten pool during the numerical simulation
of the melting of a powder bed
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Additive manufacturing processes have begun to occupy an increasingly important
place in the industrial world, especially those based on the melting of a powder bed
(like the Selective Laser Melting process: SLM). They consist in producing parts
through layer by layer depositions and selective melting of powder layers using a
laser. The large use of the SLM process and the need to improve and better control this
process have led to the development of several numerical simulation approaches,
which may provide valuable assistance to study the process’s effects on the final parts.
During the numerical simulation of this process, different physical phenomena can be
taken into account. For example, fluid flows in the molten pool can affect the
temperature field distribution, the morphology of the molten zone and the generated
stress field. Therefore, in order to reproduce as possible the physical phenomena
during the SLM process, it is very important to take into account the fluid flows during
the numerical simulation.
In this context, the aim of this work is to propose a new numerical method to modeling
the molten pool during the numerical simulation of the melting of a powder bed. A
new approach is developed, it consists to take into account the dynamics in the molten
pool through the two effects of surface tension (including both “curvature effect” and
the “Marangoni effect”) and buoyancy. Additionally, the free surface is considered
using an ALE method. The shrinkage of the powder layer after melting and the change
of the thermo-physical properties depending on the material state (powder or
compact) are also taken into account. As an application, a 3D thermo-fluid simulation
of the powder bed melting is carried out. It is found that the powder layer porosity has
a great effect on the molten pool morphology.
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The present work focuses on the solution of coupled thermo-fluid-solid problems with phase
change. We present our first step towards simulating Laser Melt Bonding (a.k.a. Selective Laser
Melting) at the mesoscale, where the melting and re-solidification take place and residual
stresses are created. The approach uses the particle finite element method (PFEM) [1], which
combines the flexibility of particle methods and the robustness of the Finite Element Method.
Certain industrial phase change problems, such as additive manufacturing and welding, melt
the material using a concentrated heat source (e.g. laser or electron beam). Moving it across the
material results in the molten and solidified regions of the material being unknown a priori and
evolving continuously. This makes traditional Fluid-Structure Interaction (FSI) approaches
difficult to use. This is further aggravated by the strong interaction between the melt pool and
the solid, as is the case in the mentioned applications. As a result, most approaches in the
literature ignore either the solid mechanics or the fluid dynamics at the mesoscale.
We therefore propose a 2D phase change simulation tool based on the PFEM. Generally, the
PFEM can simulate fluid flows and large deformations in solids. The 2D PFEM fluid solver by
Cerquaglia [2,3] is extended to incorporate phase change capabilities and a linear elastic solid.
Both phases can then co-exist in one computational domain and change state as a function of
temperature. Using this approach we model the phase change around a heat source in a unified
way. A tight coupling is ensured and an external coupling of a fluid and solid solver is avoided.
The presented test cases compare melt pool geometry in a 2D axisymmetric laser spot welding
application to results published in the literature [4,5]. These test cases demonstrate the
suitability of the proposed approach using the PFEM for such applications.
REFERENCES
[1] Idelsohn, S., Oñate, E., & Pin, F. (2004). The particle finite element method: a powerful
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tool to solve incompressible flows with free-surfaces and breaking waves, Int. J. Numer.
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Appl. Mech. Engrg. 348 409-442
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boundary conditions for simulating free-surface incompressible flows through the particle
finite element method, Int. J. Numer. Meth. Engng, 110(10) 921-946.
Aggarwal A., Kumar A. (2019) Finite Element Analysis of Melt Pool Characteristics in
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Discrete element method
Selective Laser Melting is a novel key to enable the technology of the manufacturing of metal parts
efficiently and with high-precision. A significant research and manufacturer investigation on this topic
is contributed to providing an insight into how and why poor configurations of the process parameters
could lead to defects in the product[1].
Modeling the interplay between the continuum melt and the discrete thermo-dynamics tribology of powder particles plays an effective role in the virtual twinning of the tout-court process. Its outcomes determine the evolution of the solid-liquid interface in the solidification process, which forms the final
microstructure of the material. In this talk, the complex fluid-discrete tribology is proposed withing the
eXtended Discrete Element Method (XDEM)[2] framework providing a comprehensive representation
of the SLM process. The numerical results showed a reliable trade-ff between high physical fidelity and
computational cost.
REFERENCES
[1] Körner C. Additive manufacturing of metallic components by selective electron beam melting - A
review. International Materials Reviews, 61(5), pp.361-377.
[2] Baniasadi, B., Baniasadi, M., Peters, B. Modeling of Laser Powder Bed Fusion Additive Manufacturing Using The eXtented Discrete Element Method (XDEM). 13th World Congress on Computational Mechanics, July 2018
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Interest has recently emerged for the manufacture of aeronautical parts by Laser Beam Melting
(LBM) additive process. This energy efficient process can for instance be used to build complex
geometries, which cannot be built with traditional processes. However, complex phenomena
occur in the early stages of powder melting and track development: vaporisation phenomena
influence laser-matter interaction by creating metal vapours which are responsible for the reduction of absorbing energy. The recoil pressure generated by the vaporisation counteracts the
surface tension between the melt pool and the inert gas also inducing liquid instabilities [1]. The
study of laser-matter interaction and induced phenomena can help to understand the origin of
defects such as porosities or cracks.
In this approach, a level-set modelling of the LBM process at a mesoscopic scale is proposed to
follow melt pool evolution and track development during scanning. A volume heat source model
is used for powder considering the material absorption coefficient [2]. A surface heat source is
used to take into account the high laser energy absorption by dense metal alloys. Shrinkage
during consolidation from powder to liquid and compact medium is modelled by a compressible
Newtonian constitutive law. An automatic remeshing adaptation is also used to save time and
avoid high computational cost.
Different configurations have been investigated, such as single tracks, multiple tracks and multiple layers building. Good aggreement between simulation and experimental results of single
track building with a nickel-based superalloy has demonstrated the effect of process parameters
on the melt pool shape.
E-mail: alexis.queva@mines-paristech.fr
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Additive manufacturing (AM) has gained increasing popularity in the last decade, owing to the creation of processes
and machines that extend its benefits to the traditional engineering materials. One of the main benefits of AM is its
intrinsic ability to utilize existing stock feed materials to create parts with features spanning multiple length scales in
manner that was not possible before via traditional manufacturing process. However, the excitement surrounding these
processes has been tempered by the recognition of difficulties introduced by AM, including the inducement of
undesirable residual stresses, undesirable microstructure, porosity, as well as the challenge of maintaining dimensional
stability. Computational modeling is becoming a significant tool in addressing many of the challenges inherent in the
process.
The purpose of this minisymposium is to provide a forum to discuss ongoing work in the modeling and simulation
community as applied to AM, and in particular additive manufacturing of metal parts. Presentations regarding modeling
of or numerical methods for any relevant process (e.g., directed energy deposition, selective laser sintering/melting,
electron beam melting, binder jetting and inkjet, electron beam freeform, magnetojet printing ) are welcome. A nonexclusive list of presentation foci includes:
¥
¥
¥
¥
¥
¥
¥
¥
¥
¥

Simulation of a process to predict residual fields (stresses, deformations), and surface topology.
Modeling of microstructure development and evolution during printing.
Computational methods for correcting part distortion.
Continuum and discrete analytical and numerical multiphysics methods for modeling the AM processes and
the performance of the virtual “as-produced” parts.
Modeling strategies and methods for representing the inherently multiscale nature of the problem, including
any or all of the scales associated with the spatial, temporal, and/or material domains.
Modeling of novel material systems.
Coupled process-part optimization for design of functionally tailored and lightweight parts.
Integration of feedback and/or feedforward control methods and process maps for minimizing the presence of
undesirable features such as defects and residual stresses in as-built parts.
Simulation of the manufacturing process for smart materials, sensors, and nano-devices.
Modeling and prototyping of non-traditional AM processes enabling 2D and 3D material activation by breaking
the point-by-point, line-by-line, layer-by-layer paradigm.
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The study of microstructure evolution in additive manufacturing of metals would be aided by knowing the
thermal history. Since temperature measurements beneath the surface are difficult, estimates are obtained
from computational thermo-mechanical models calibrated against traces left in the sample, such as the
trace of the melt pool boundary, revealed after etching. Here we examine the question of how reliable
thermal histories computed from a model that reproduces the melt pool trace are. To this end, we perform
experiments in which one of two different laser beams moves with constant velocity and power over a
substrate of 17-4 PH SS or Ti-6Al-4V, with low enough power to avoid generating a keyhole. We find
that thermal histories appear to be reliably computed provided that (a) the power density distribution
of the laser beam over the substrate is well characterized, and (b) convective heat transport effects are
accounted for. Poor control of the laser beam leads to potentially multiple three-dimensional melt pool
shapes compatible with the melt pool trace, and therefore to multiple potential thermal histories. Ignoring
convective effects leads to results that are inconsistent with experiments, even for the mild melt pools
considered in this work.
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Powder bed additive manufacturing (AM) is comprised of two repetitive steps: spreading of
powder and selective fusing or binding the spread layer. Powder-bed AM can be sub-categorized
as fusion-based where electron beams or laser beams are used to fuse the spread powder layer
and binder-based where a liquid binder is used to bind the spread layer at areas specified by the
governing CAD model. The latter process, commonly referred to as binder jet additive
manufacturing (BJAM), outperforms fusion-based methods with respect to cost, build time, and
material suitability; however, the parts are prone to shear-induced deformation during the
powder spreading stage. Unlike fusion-based AM, the strength of BJAM parts is not fully
developed until sintering or infiltration during post-processing. This results in BJAM parts being
more susceptible to deformation or even breakage due to the shearing action of the spreader. This
shear-induced deformation can affect the precision and thereby performance of 3D printed parts.
The binding step in BJAM is a complex function of binder viscosity, density, droplet size, impact
speed and drying time. The spreading step is a complex function of spreader speed, topography
of spread and bound layer, and the rheology of the AM powder. This study presents a first-order
model to simulate BJAM using a weak concrete-like, non-local, multi-layer bonded DEM model
[1]. The DEM model has been parallelized using the massive parallelism offered by GPUs. An
industry-grade metal powder is used to print physical cuboids at varying spreader speeds. A
rheometry-calibrated DEM model of the industry-grade powder is used to predict and correct
shear-induced part deformation [1,2].
References:
[1]
Desai, P., 2017. Tribosurface Interactions involving Particulate Media with DEMcalibrated Properties: Experiments and Modeling (Doctoral dissertation, Carnegie Mellon
University).
[2]
Desai, P.S., Mehta, A., Dougherty, P.S. and Higgs, F.C., 2019. A rheometry based
calibration of a first-order DEM model to generate virtual avatars of metal Additive
Manufacturing (AM) powders. Powder technology, 342, pp.441-456.
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A meltpool stability criterion for fabrication of complex geometries in
electron beam powder bed fusion.
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Process parameters for manufacturing complex parts in electron beam powder bed fusion are
determined from material-specific process windows, which are established by fabrication and
evaluation of standardized cuboid specimen. The mechanism defining low- and high-energy
boundaries of the process window are well understood. The boundary emerging at high scan speeds
and beam power however was observed, but the underlying mechanism is not further discussed. In
addition, appropriate methodologies to transfer process parameters from standardized process
windows to complex geometries are not readily available, as the meltpool geometry is significantly
affected by the scan length.
This work introduces and verifies a characteristic scan length dependent process parameter limit for
the fabrication of complex geometries. Electron-optical process monitoring enables the surface
characterization for a wide range of process parameter and the subsequent identification of the
process parameter limit as a linear function of scan length. A semi-analytical heat conduction model is
used to examine the corresponding meltpool geometries. The underlying mechanism is determined as
the meltpool stability limit, which occurs, when the aspect ratio of the meltpool reaches the threshold
for a liquid film instability. Based on the meltpool geometries for different scan lengths, an analytical
relationship for the process parameter limit as a function of scan length is proposed. This relationship
may be used as a guideline for the selection of process parameters and the development of new scan
strategies for the fabrication of complex geometries.
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Fabricated Shape Estimation for Drop on Demand Additive Manufacturing
We present a computationally efficient algorithm for the estimation of the as-printed shape of
droplet-based additive manufacturing. Prediction of the as-printed shape requires the solution of
a highly non-linear time-dependent system of partial differential equations capturing complex
physics such as multi-phase flow and heat transfer in three dimensions. Solving such a complex
system of equations on a high-end modern-day desktop computer is computationally expensive.
For instance, simulating the droplet deposition physics of one droplet using a high-fidelity model
requires approximately an hour of computer time. In order to simulate the building of a part, one
may require millions (or even billions) of droplets. Hence, to deal with such complexity, we have
devised an efficient reduced-order model for liquid droplet deposition physics based on
convolution. The kernel is estimated by first deconvolving a small number of scanned prints with
the paths used to fabricate them according to fixed process parameters, and then constructing a
normalized average of the distributed material as a spatially varying field. Multi-physics models
that capture the deposition process at the smallest manufacturing scale are solved to provide a
good initial condition for iterative deconvolution, and thereby improve the kernel estimation
accuracy. Using this highly efficient reduced-order model enables us to estimate the shape of the
printed part in minutes.
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GRAIN EVOLUTION DURING ADDITIVE MANUFACTURING
A.F. Chadwick, and P.W. Voorhees*
Department of Materials Science and Engineering Northwestern University, Evanston IL 60208 USA
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Key Words: Additive Manufacturing, phase field method, grain evolution
The morphology of grains produced during additive manufacturing is central to controlling
many of the properties of the final build. A phase field model is developed that can follow the
evolution of grains in three dimensions as a function of time. The model is developed in the
complete trapping limit, where there is no segregation in the solid, as observed during
additive manufacturing of 316L at high solidification velocities. The model employs a
coupled set of driven Allen-Cahn equations that capture the evolution of the solid-liquid
interface and anisotropic interfacial mobility. To illustrate the approach, we combine this
phase field model with the Rosenthal solution of the thermal field, but the model is also
compatible with more sophisticated finite element models of the heat and mass flow during
additive manufacturing. The advantage of the approach is that it captures the physics of the
motion and rotation of the trijunctions that occur at the junction of the solid-liquid interfaces
and grain boundaries that accompanies the evolution of the grain morphology; it is not a rulebased model. A typical calculation contains a few hundred grains and can follow the evolution
of a sample of about 60 µm ´ 60 µm ´ 30 µm dimensions. Examples of the threedimensional calculations and the critical role of anisotropic interfacial mobility will be
discussed.
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High fidelity numerical modeling of dendritic solidification and microstructure
evolution in metal additive manufacturing
.
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Metal additive manufacturing (MAM) or 3D metal printing is increasingly gaining ground as a
key area of advanced manufacturing. Additive techniques, especially in the context of metals,
allow for design of components without the constraints of traditional casting and subtractive
processes and for fabrication of complex geometries with optimal heterogeneous property
distributions. However, one of the primary challenges to MAM is the lack of a good
understanding of the effect of process conditions on the resulting mechanical properties, and
thus the inability to achieve optimal property distributions. Especially important is the lack of
sufficient control over the microstructure of the printed components.
Recognizing that microstructure is the foundation of mechanical properties, this work presents
high fidelity numerical models for simulating dendritic solidification and the ensuing
microstructure evolution in MAM printed components. A detailed review of the evolution of
sharp and diffuse interface models for solidification is discussed, and a range of numerical
schemes involving classical FEM and Isogeometric analysis are presented. To achieve the
ability to model dendritic evolution at close to realistic length scales, extensive numerical
adaptivity and multiscale strategies are necessary. We present detailed h-, p-, and hp-adaptivity
models and corresponding optimal convergence results for various solidification models. In
addition, we demonstrate multiscale extensions to classical solidification models to capture
useful estimates about mesoscale grain structure evolution. The numerical models presented
involve a high fidelity representation of the heat transfer, fluid flow and the thermo-mechanics
that is intrinsic to MAM solidification processes. Further, we will provide some continuum
scale validations of these approaches by comparing the numerical results with experimentally
observed microstructures and solidification rates in MAM (DED and SLS) printed components.
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How big do you need to go – application of large-scale crystal plasticity
modelling to as-built AM IN625
Robert Carson¹*, Matthew Rolchigo1, Nathan Barton1, and Jim Belak1
1
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(RVE), Inconel 625.
Additively manufactured (AM) metals produce complex grain morphologies that differ
drastically from grain morphologies produced by traditional manufacturing techniques. For
local property analysis based on crystal plasticity simulations, the appropriate size of the RVE
for as-built AM IN625 materials is still an unanswered question. Within this study,
microstructure information from a multi-layered selective laser melting process are used to
examine RVE size for macroscopic properties such as the Young’s modulus and the yield
stress, with the microstructure data having been produced by cellular automata (CA)
simulation. This type of information is needed to inform larger part-scale simulations. These
properties are determined from ExaConstit [1], an open source nonlinear solid mechanics
FEM code designed from the ground up for next-generation computing platforms.
Additionally, the effect of the RVE size on the intragrain heterogenous kinematic metrics [2,
3], which relate to experimental EBSD and HEXD data, will be shown. Finally, we show
mesh sensitivity study results for macroscopic quantities, with implications for the resolution
that may be desired in experimental 3D grain reconstructions [4, 5] or CA simulations of asbuilt AM IN625 parts.
**Work performed under auspices of the U.S. DOE by LLNL under contract DE-AC5207NA27344, and supported by ECP (17-SC-20-SC), a collaborative effort of U.S. DOE
Office of Science and NNSA.
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INTEGRATING MODELING AND EXPERIMENTS TO ELUCIDATE
THE NEAR MELT BEHAVIOR OF 304L STAINLESS STEEL FOR
ADDITIVE MANUFACTURING APPLICATIONS
Michael E. Stender1,∗ , Lauren L. Beghini1 , Christopher San Marchi1 , Kyle Karlson1 ,
Zahra Ghanbari2 , and Carl Herriott1
1
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Key Words: Constitutive Material Modeling, Image Analysis, High Temperature, Additive Manufacturing
Computational simulation has proven to be a useful tool in the development of additive manufacturing
(AM). Process models and finite element workflows have been applied to improve AM process parameters and have predicted residual stresses, material properties, and temperature histories. Inherent to
metal AM is a wide span of temperatures experienced by the build material, which range from melt temperature to room temperature and which must be understood and quantified for accurate process model
predictions. This work will describe the processing of high temperature Gleeble test data for directed
energy deposition built 304L stainless steel samples and the integration of those results into AM process modeling. During Gleeble testing, current is applied to a specimen inducing heating and resulting
in an anisotropic temperature field and near-melt temperatures [1]. Displacement controlled loading is
then applied until fracture occurs. In total, 12 samples were tested at a variety of temperatures, strain
rates, and heat treatment conditions. To calibrate to this data a thermal mechanical model was developed
and material calibration was completed using a thermo-elasto-viscoplastic constitutive model. Image
processing software was developed to incorporate the necking behavior of test specimens into the material calibration process. The results of material calibration were then implemented in an AM process
model [2] to elucidate the effects of more accurate high temperature material behavior on process model
results. Through this work, additional confidence can be gained towards the application of modeling
and simulation to improve the understanding of AM and the performance of additively manufactured
components.
Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and Engineering Solutions of Sandia
LLC, a wholly owned subsidiary of Honeywell International Inc. for the U.S. Department of Energy’s National Nuclear Security Administration
under contract DE-NA0003525.
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[2] Stender, M.E., Beghini, L.L., Sugar, L.D., Veillwux, M.G., Subia, S.R., Smith, T.R., San Marchi, C.W., Brown, A.A., and Dagel,
D.J. A thermal-mechanical finite element workflow for directed energy deposition additive manufacturing process modeling. Additive
Manufacturing, (2018) 21:556–566.
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Bhagyashree Prabhune1 , and Krishnan Suresh2
1

University of Wisconsin, 1418 University Ave, Madison, WI, USA, bprabhune@wisc.edu
2
University of Wisconsin, 1418 University Ave, Madison, WI, USA, ksuresh@wisc.edu

Key Words: Matrix-free, Selective Laser Melting, Residual Stresses, Deflation
Additive manufacturing (AM) has gained significant importance in recent years due to its ability to
produce intricate designs, with minimal tooling. In particular, the selective laser melting (SLM) process
that relies on a laser source to melt metal powder, layer-by-layer, can produce parts with high complexity
and precision, and excellent mechanical properties. However, due to the inherent rapid heating and
cooling, significant residual stresses can develop [1], resulting in build failure, recoater induced damage,
distortion, warping, dimensional inaccuracy, etc.
The ability to predict these residual stresses through simulation is essential for process understanding
and improvement. As is now well recognized, SLM simulation is inherently complex [2], entailing
multiple physics and multiple-scales, and includes melt pool modeling, microstructure predictions, partlevel thermal analysis, part-level distortion analysis, etc. While each of these is critical, the focus of this
work is on part-level elasto-plastic analysis for predicting residual stresses and distortion.
The computational bottle-neck in elasto-plastic simulation is repeated solution of large systems of equations. While there is a wide range of linear solvers, most cannot exploit the unique nature AM simulation.
Here, we revisit a specific matrix-free solver, namely rigid-body deflated solver that has been very successful for solving large linear-elastic problems. The salient feature of this solver is that the stiffness
matrix is never assembled, thereby reducing the memory requirements significantly, leading to large
computational gains. Here, we extend the above solver to elasto-plasticity by efficiently updating the
element tangent matrices, and the corresponding deflation matrix. The performance of the proposed
method is evaluated on a benchmark problem using multi-core CPU and GPU architectures, and compared against ANSYS. Then, part-level residual stresses and distortion prediction are predicted using the
proposed solver. The current work is restricted to associative plasticity with von-Mises yield criteria, but
can be extended to other plasticity models.
REFERENCES
[1] N. Levkulich, et. al., The effect of process parameters on residual stress evolution and distortion in
the laser powder bed fusion of ti-6al-4v, Additive Manufacturing 28 (2019) 475–484.
[2] J. G. Michopoulos, et. al, On the multiphysics modeling challenges for metal additive manufacturing processes, Additive Manufacturing 22 (2018) 784–799.
[3] B. Prabhune, K. Suresh, A Fast Matrix-Free Elasto-Plastic Solver for Predicting Residual Stresses
in Additive Manufacturing, submitted to a Special Issue in Computer Aided Design.
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MULTIPHYSICS SIMULATION OF MELT POOL IN LASER POWDER
BED FUSION OF ALLOY
Patrick Kühn1 , Yangyiwei Yang1 , Bai-Xiang Xu1 , and Alexander Großmann2
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Key Words: Melt pool, Multiphysics simulation, Laser powder bed fusion, Lightweight, Lattice structures
As a brandy new and tool-less technology, laser powder bed fusion (LPBF) of alloy materials has shown
industries flexibility and rapidness in manufacturing novel and complex geometries. One of the promising applications is to manufacture lattice structures with a high stiffness-to-weight ratio for lightweight
usage. However, such structures demand fine control on the geometry of a single melt track, which receives influences from sorts of physical processes covering a broad range of time and length scales. In
this regard, understandings of the interrelation between processing parameters and melt pool sizes are
thereby crucial for high-quality productions.
In this work, we present a multiphysics scenario for simulation in controlling melt pool properties during
LPBF single track. A phenomenological thermal model, recapitulating multiple heat transfer routes (e.g.
conduction, convection and radiation) and laser-powder-bed interaction (e.g. reflections and attenuation),
is developed. This model specifically distinguishes temperature-dependent properties in particles, melt
pool and atmosphere of the powder bed and connects them through effective properties. Linkage between
the statistic properties of the powder bed and effective properties are also considered. On the other hand,
a mesoscale non-isothermal fluid-coupled phase-field model is employed in order to reveal the heat–
melt–microstructure-coupled processes in the melt pool and to interralte the macroscopic phenomena
to the mesoscopic behaviors. We then perform the dimensional analysis, proposed in former works, to
relate the melt pool sizes to the processing parameters as well as material and powder-bed properties.
REFERENCES
[1] A. Großmann, J. Felger, T. Frölich, J. Gosmann and C. Mittelstedt, Melt pool controlled laser powder bed
fusion for customised low-density lattice structures, Mater. Design (2019) 181:108054.
[2] M. Yi, B.-X. Xu and O. Gutfleisch, Computational study on microstructure evolution and magnetic property
of laser additively manufactured magnetic materials, Comput. Mech. (2019) 64:917–935.
[3] Y. Yang, P. Kühn, M. Yi, H. Egger and B.-X. Xu, Non-isothermal phase-field modeling of heat-meltmicrostructure coupled processes during powder bed fusion, JOM (2020) accepted.
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Laser Powder Bed Fusion (LPBF), previously called Selective Laser Melting (SLM), is the most widely
used metal additive manufacturing (AM) process. A laser beam melts the metal powder and
temperatures up to the boiling temperature are reached resulting in a violent gas stream which affects
the solidification process. Due to the small size of the melting zone, a detailed experimental analysis of
the process is very difficult and simulation is an important tool to understand the manufacturing process
and the influence on the quality of components.
In this work a three-phase melting and solidification simulation methodology has been used to
investigate the melting, evaporation and solidification in a LPBF process. The approach uses the finitevolume method and arbitrary polyhedral control volumes to solve the governing equations. A HighResolution Interface-Capturing (HRIC) scheme has been established as state-of-the-art for modelling
multiphase flows with sharp interfaces using the so called Volume-of-Fluid (VOF) model. Details of the
approach are given in [1]. The methodology was extended by a model to calculate the heating of the
metal powder by the laser beam and a metal evaporation model, which extends the work of Klassen et
al. [2] to include the effect of the evaporated metal gas on the total gas flow.
The methodology was applied to analyse
the melting, evaporation and solidification
of single track experiments with IN718
powder in a DAP laboratory machine. The
simulations revealed that evaporation of
melt leads to a violent gas flow with
velocities up to 100 m /s. The simulation
results were validated by comparing the
calculated melt pool depth with the
experimental findings. A good agreement
for a wide range of line energy values
could be found. High laser power Pressure and gas evaporation (P=250 W, v = 1.1 m/s)
combined with slow laser speed leads to
high energy densities at the melt pool, which result in a deep keyhole and increased porosity. Based on
the calibrated simulation of the solidification conditions the resulting microstructure properties are
analysed by a multiscale solidification model and comparison to phase field simulations.

REFERENCES
[1] Jana, S. S. (2012). A Three-Phase Fully Coupled Model to Predict Misruns. Ph.D. dissertation,
RWTH Aachen University
[2] Klassen, A., Forster, V. E., Juechter, V., & Koerner, C. (9 2017). J.of materials processing tech.,
247, 280-288. doi:10.1016/j.jmatprotec.2017.04.016
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Understanding the Melt Pool Dynamics in Selective Laser Melting Process
Erlei Li, Ruiping Zou, Aibing Yu, Zongyan Zhou
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Selective laser melting (SLM) has increasingly become one of the most promising additive
manufacturing (AM) technologies. Although advantages of SLM process have been widely
recognized, defects of the final component such as balling effects, incomplete fusion holes and
cracks are obstacles to wider application of SLM technology into industrial practice. In this
work, a three-dimensional model based on the volume of fluid (VOF) approach is developed to
investigate heat transfer and melt pool dynamics based on discrete distributed powders during
SLM process, in which multiple reflection, surface tension, Marangoni effect and recoil
pressure are considered. The VOF approach is used to track phase interface between metal and
gas during melting and solidification process. The Fresnel reflection and adsorption model are
implemented to trace the laser ray multiple reflection. The assumed uniform arrangement of
powders is taken into consideration. Simulation results agree well with experimental data in
melt pool width and solidified surface roughness. The molten metal can transport intensely in
the concave region considering multiple reflection. The increase of laser power enlarges the
melt pool dimensions, including length, width and depth. The melt pool length increases while
the width and depth decrease with an increase of laser scanning speed. Bottom metals of the
powder bed are not fully melted and porosities caused by the trapped gas are generated for lager
layer thickness powder bed. This developed model reveals heat transfer and melt pool behaviour
during melting and solidification process and provides a further understanding of thermal
phenomena during SLM process.
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ABSTRACT
Fibrous and textile materials are increasingly used in many applications such as composite
parts for automotive and aerospace industries, biomedical materials, etc. These materials ands
structures are made of fibres or filaments which are assembled by different processes
(spinning, twisting, braiding, weaving, forming, etc.) and are often characterized by an
internal hierarchical organisation corresponding to the successive stages of their elaboration
processes, which endow them with special mechanical properties. These are made complex by
interactions between geometrical features, and nonlinear and anisotropic constitutive
behaviour of their elementary components at different scales.
This mini-symposium will be dedicated to the recent advances in modelling and simulation of
the manufacture and mechanical behaviour of such materials and structures at different scales.
Particular attention will be paid to the following issues:


modelling and simulation of the mechanical behaviour of elementary components
(tows, yarns) ;



modelling and simulation of the different assembly and forming processes ;



comparison of simulation results with experimental characterization, in particular
using micro-tomography ;
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determination of mechanical properties at different scales ;



prediction of defects during manufacture ;



approach to damage in textiles materials at different scales.

2778

Fem - Quang
Minh
Simulation
Pham,
OfDaniel
Profiled
Weise,
Grid Thomas
Structures
Gereke,
For High
Gerald
Performance
HoffmannConcrete
and Chokri
Reinforcement
Cherif
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11 – 15 January 2021, Paris, France

FEM - SIMULATION OF PROFILED GRID STRUCTURES FOR HIGH
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Abstract
Non-crimp fabrics have been widely used to reinforce thin-walled concrete. The
reinforcement structures can be realized as bi- or multiaxial warp-knitted fabrics or as Leno
woven fabrics. Because they are produced from high performance fiber materials, they can
withstand the environmental exposure without thick concrete on both sides. Otherwise, they
are significantly lighter than the traditional steel reinforcements, which gives them a great
advantage for the construction of thin-walled structures. The connection between the textile
reinforcing structure and the concrete is presently depending on the interface between fibre
and concrete matrix. A profiling of the textile reinforcing structure as in traditional steel
reinforcements is not producible. Without such profile the transfer of load from concrete to
the textile reinforcement is not very effective. Thus, the potential of the textile reinforcing
structure is not fully exploited.
A new reinforcing grid structure based on Leno woven fabrics is developed, where different
high performance fibre materials such as carbon, aramid, basalt and glass fibres are used. The
profile, which is realized by a binding yarn system, enables not only a better force transfer
between fibre and concrete matrix but also gives the textile-reinforced concrete a bimodal
fracture behaviour. This would mean after the main reinforcing yarn system is broken, the
textile-reinforced concrete would not fail instantly. With the help of the binding yarn systems,
the strength will maintain and reach a second peak before a full fracture happens.
Due to the high variation of the material, a tailored combination of input materials for a
certain load case and the design of bimodality can only be implemented through “trial-anderror” method. To avoid this, a micro-scale numerical model is developed in in the finite
element software LS-Dyna. The high detailed micro-scale model can predict the optical
profiling effect of the textile structure at a certain setting of machine parameters as well as the
bimodal mechanical behaviour of that structure under tensile load. The modelling method and
the validation of the model are presented.
Acknowledgement
The IGF research project 20152 BR of the Forschungsvereinigung Forschungskuratorium
Textil e. V. is funded through the AiF within the program for supporting the „Industrielle
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Abstract:
This work presents computational model for sewing threads. The sewing threads are produced
by twisting of two or three single yarns. Each of these yarns is a linear product, build during
the twisting of fibers. At least 60 fibers with length between ca. 28 and 40 mm are available in
each cross section of the yarn. For the sewing process the final thread has to be stable and do
not have to tend to untwist and building loops. There are several analytical works for
investigation of the strength of the yarns, but they are limited always to a given fiber structure
of the yarns – based on ring, rotor or open air spinning.
This work is dedicated in the building of FEM model for the single yarns and the final sewing
thread, where the single fibers are considered. For this purpose each the axis of each fiber is
generated using geometrical algorithms and after that meshed with beam elements [1]. For the
pre-processing of the geometry of the yarns the algorithms in the Texmind software are used
and several new scripts in Python are created. The calculations are performed with Impact FEM
software and with the digital chain software VMTS [2].
The numerical model has the purpose to verify the possibility to model these friction based
structures and to be used after that for optimization of the yarn parameters and modelling of the
sewing process and sewed threads in the final products.
References:
[1] Y. K. Kyosev, ‘Simulation of wound packages, woven, braided and knitted structures’, p.
49, 2012.
[2] G. Zhou, X. Sun, and Y. Wang, ‘Multi-chain digital element analysis in textile
mechanics’, Compos. Sci. Technol., vol. 64, no. 2, pp. 239–244, Feb. 2004, doi:
10.1016/S0266-3538(03)00258-6.
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HOW TO COMBINE 3D TEXTILE MODELING WITH LATEST
FINITE ELEMENT HUMAN BODY MODELS
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Human body models represent actual humans in detail, including not only the outer body shape, but also
bones, muscles, ligaments, tendons, and internal organs. Originated from the automotive industry, human
body models have proven to be able to significantly contribute to the crash safety of both occupants as
well as pedestrians. Especially when crash scenarios strongly deviate from standard requirements, when
non-standard body postures as well as body positions are of interest, or when the overall muscular stress
level of the person involved needs to be taken into account, human body models are generally the only
choice.
Human body models are not restricted to automotive applications, they are also being used in defense, sports,
aerospace, and healthcare applications. Often, multiple
model variants with respect to gender, stature, and posture are available. For the sake of complexity or the lack
of appropriate modeling capabilities, protective clothing
or textile apparel is in most cases not considered in HBM
simulations, with the exception of the helmet.
In this paper, the authors present a modeling method to
transform a complex piece of clothing from a planar 2D
shape into an arbitrary 3D body contour. The method
will be demonstrated for the soft ballistic part of a modular personal armor system (see Figure 1). The resulting finite element model allows the user to analyze the
structural interaction of the piece of clothing with the human body very close to its application in real life. Hence, Figure 1: Soft ballistic vest on the body conth
the presented method helps to improve the design of the tours of a GHBMC 50 male pedestrian simplified
model.
apparel to mitigate the risk for injuries in an unforeseen
event and to increase the overall safety of the wearer. The example involves the GHBMC [1] 50th percentile male in a standing posture and uses the multi-stage modeling capabilities of the finite element
solver LS-DYNA [2] for its implementation.
The authors will present the current status of the implementation of a second application: the riding suit
of a motorcyclist.
REFERENCES
[1] Elemance: Global Human Body Models Consortium-owned GHBMC M50 Pedestrian Simplified
Model, Version 1.5, Elemance, LLC, Clemmons NC, 2018.
[2] Hallquist, J.O.: LS-DYNA Keyword User’s Manual, Release 11.0, Livermore Software and Technology Corporation. Livermore CA, 2018
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Mechanical modelling of reinforcement fabrics using a virtual fiber
approach with hybrid elements
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We propose a new modeling strategy based on hybrid elements for virtual fiber modeling (also known
as the digital element method) to predict both kinematics as well as mechanics of woven fabrics. We
show that through the development of a modeling strategy based on hybrid elements, we are able to
impose correct properties in the fiber direction as well as a correct bending stiffness. This approach is
then used to model the through-thickness compression of a 2x2 twill woven glass fiber fabric (Fig. 1).
Both kinematically, as well as mechanically, good agreement between experiment (micro-CT, pressurevol% curves, …) and simulation is obtained. The key here was the implementation of a correct bending
stiffness for the virtual fibers as through-thickness compression was governed by out-of-plane loads like
bending of the yarns. Earlier methods based on elements without bending stiffness (e.g. [1]) were not
capable of correctly dealing with these out-of-plane loads. Hence, this approach allows to predict the
mechanical response of a (woven) fabric through a near-microscale modelling technique for which the
experimental input can usually be found in the datasheet of the fibers/yarns. This opens up possibilities
to faster prototyping, technical textiles as well as forming modelling for composites.

Figure 1 – Virtual fiber approach with hybrid elements for through-thickness compression modelling.

REFERENCES
[1] Daelemans, Lode, et al., Finite element simulation of the woven geometry and mechanical

behaviour of a 3D woven dry fabric under tensile and shear loading using the digital
element method, Composites Science and Technology 137 (2016): 177-187.
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3D braided composites owning integrated structure have enhanced the out-of-plane
property a lot compared to laminates, and drawn great attention for main load-bearing purposes
in fields like aerospace, transportation, etc. The composites are manufactured by braided
performs and then impregnated with resin by RTM. Up to now, most literatures are based on
perfect quality assumption of 3D braided composites. However, pore defects are inevitably
generated in RTM, and significantly reduce mechanical performances of braided composites [2,
3]. A multi-scale method based on the representative volume cell (RVC) is investigated to
predict mechanical properties of 3D five-dimensional braided composites considering pore
defects. For the micro-scale method, an analytical model considering pore defects is proposed
to calculate mechanical properties of yarns and validated by the finite element method (FEM).
In meso-scale method, the RVC with defects is simulated, and the result is compared to
experimental. Also, how voids influence mechanical properties of yarns and braided composites
are fully discussed. In general, the using of RVC model should meet two basic conditions: the
macro-structure satisfies periodicity, and the size of RVC model is relatively smaller than the
macro-structure. For textile composites, there is no unified test standard at present. Samples of
3D braided composites contain only one or two RVCs in the thickness direction suggested by
Masters and Portanova [4]. However, the usual practice is to use RVC to predict mechanical
properties of braided composites, and then compared with test result. The macro-model aims at
determining whether this method is appropriate when pore defects considered. Besides, a
homogenized model is proposed to explore possibilities in macroscopic property prediction.
Results show that the analytical model is efficient and accurate in mechanical property
calculation of yarns. It is proper to predict mechanical performance of braided composites by
RVC with voids. The homogenized method can highly reduce computational cost. The
conclusion indicates mechanical properties of yarns and braided composites are significantly
influenced by voids.
REFERENCES
[1] Mehdikhani M, Gorbatikh L, Verpoest I, et al. Voids in fiber-reinforced polymer

composites: a review on their formation, characteristics, and effects on mechanical
performance. J Compos Mater, Vol. 53, pp. 1579-1669, 2019.

[2] Di Landro L, Montalto A, Bettini P, et al. Detection of voids in carbon/epoxy laminates and their
influence on mechanical properties. Polym Polym Compos, Vol. 25, pp. 371-380, 2017.
[3] J.E. Masters, M.A. Portanova, NASA Technical Reports Sever. 1996.
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SIMULATION OF FRICTIONAL CONTACT INTERACTIONS
BETWEEN WARP YARNS AND HEDDLES WITHIN JACQUARD
HARNESS FOR 3D WEAVING
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The relative motions between warp yarns and heddles within Jacquard harnesses used for 3D weaving
induce frictional interactions between these elements which may generate both damage in the yarns and
weaving errors.
To identify the interaction phenomena taking place within such harnesses, a finite element model, based
on an implicit solution scheme [1], is proposed. In this model, all elements involved in the harness (cords,
heddles, warp yarns) are represented using finite strain beam elements, and frictional contact elements
are automatically created to account for frictional contact interactions. Motions defined by the Jacquard
card for the shedding are prescribed as boundary conditions to the upper ends of the heddles. Resultant
forces necessary to move the heddles are obtained as results of the simulation and can be compared to
experimental data [2].
Simulation results for a 4-layer interlock fabric, with 28 warp yarns, will be presented, showing the
evolution of the forces applied to the heddles over few tens consecutive sheddings.
REFERENCES
[1] Durville, D. (2012). Contact-friction modeling within elastic beam assemblies: an application to
knot tightening. Computational Mechanics, 49(6), 687-707.
[2] Bessette, C., Decrette, M., Tourlonias, M., Osselin, J. F., Charleux, F., Coupe, D., and Bueno,
M. A. (2019). In-situ measurement of tension and contact forces for weaving process monitoring:
Application to 3D interlock. Composites Part A: Applied Science and Manufacturing, 126, 105604.
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WRINKLING AND BENDING OF TEXTILE COMPOSITE REINFORCEMENTS
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The physics of fibrous reinforcements bending is specific. Bending is due to slippage between
the fibers. Moreover, the fibers are quasi-inextensible. Standard plate and shell theories are
irrelevant. To measure bending characteristics, three experimental tests (and their variants) have
been developed in last decades. An important activity is currently taking place to extend and
improve these tests. From the results of these tests, simulations can be performed by introducing
a flexural energy related to the bending moment and the curvature. In particular, wrinkles during
forming can be simulated. In the case of 3D modeling of thick reinforcements, the bending
stiffness of each fiber and the slippage between fibers lead to the use of generalized continuum
mechanics models. For simulations of textile reinforcements by shells, some shell approaches
can leave the Kirchhoff and Mindlin theory and correctly calculate the rotations of textile
reinforcement normals.

Fig. Three point bending test of a interlock fabric. Insufficiency of a Cauchy type formulation
REFERENCES
[1] Boisse, P., Colmars, J., Hamila, N., Naouar, N., & Steer, Q. (2018). Bending and wrinkling
of composite fiber preforms and prepregs. A review and new developments in the draping
simulations. Composites Part B: Engineering, 141, 234-249.
[2] Boisse, P., Hamila, N., & Madeo, A. (2018). The difficulties in modeling the mechanical
behavior of textile composite reinforcements with standard continuum mechanics of
Cauchy. Some possible remedies. International Journal of Solids and Structures, 154, 55-65.

2785

2786

MS Organizer(s):
Modelling
and simulation
Vincent Robin,
of welding
Olivier
andAsserin
wire arc
and
additive
Josselin
manufacturDelmas
ing processes

Modelling and simulation of welding and wire arc additive
manufacturing processes
MS Organizer(s): Vincent Robin, Olivier Asserin and Josselin Delmas

2787

2788

MS215 - Robin,
Vincent
Modelling
Olivier
andAsserin
Simulation
and of
Josselin
Welding
Delmas
and Wire Arc Additive Manufacturing Processes

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19- 24, 2020, Paris, France

MODELLING AND SIMULATION OF WELDING AND WIRE ARC
ADDITIVE MANUFACTURING PROCESSES
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ABSTRACT
Numerical modelling of welding and WAAM processes becomes a decision making tool used
to speed up the development and qualification of welding and repair techniques. Both
computation welding mechanics which concerns the modelling of welding effects in the base
metal and in the weld at solid state (temperature field, microstructure, stress and strain
distribution…) and multiphysics simulation which focuses on arc/plasma and weld pool
modelling can be implemented for this purpose.
This minisymposia is organised by the Scientific and Technical Committee on Numerical
Welding Simulation with the help of the French Association of Mechanics (AFM). The goal is
to make an update of the progress made in welding and WAAM concerning:


modelling of the process what can we model today and with what accuracy, what are
the couplings effects to be taken into account;



behaviour laws (metallurgy, hardening recovery, viscous effects, simplified methods,
...);



real-life size structures (life time, match computation time with industrial needs, ...).

These elementary bricks will be helpful to characterize the overall welding process in order to
numerically simulate the behaviour of a structure (distortions, fatigue resistance, damage),
while relying on cases validation tests (calculation / test comparison).
Topics of the minisymposia on modelling and simulation of welding and wire arc additive
manufacturing processes in the broad sense will include:
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Very large structures, thick components, how to simulate the very large number of passes?



Performance and process control: multiphysics advances for the simulation of welding
processes (molten bath and arc) allowing high quality welding.



What are the benefits of integrating the manufacturing history to justify the lifetime.



Effect of welding on the service behaviour of welded joints (low cycle fatigue, stress
corrosion, fracture ...).



New models of welding simulation to improve the controllability of structures and make
NDT diagnostics more reliable.



Simulation of heterogeneous welding.



Special processes (reloading, repair, FSW, resistance, Hybrid, ...).



Residual stresses and distortions, control of the risks of cracking during welding.



State of modelling materials for welding simulation.



Wire Arc Additive Manufacturing process.



Research and experimental computational tools.
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A MULTI-FIDELITY CRYSTAL PLASTICITY SURROGATE MODEL
FOR ANALYSIS OF ADDITIVELY MANUFACTURED
MICROSTRUCTURES
Robert Saunders1,2,*, Alaa Elwany2, Dimitris Lagoudas 2, and Amit Bagchi 1
1

U.S. Naval Research Laboratory, Washington, DC 20375
2
Texas A&M University, College Station, TX 77840

Key Words: Additive Manufacturing, Crystal Plasticity, Gaussian Process, Multi-Fidelity.
Metal additive manufacturing (AM) produces microstructures that can exhibit a range of
crystallographic textures and grain sizes and shapes. This results in a mechanical behavior
that is different from steels produced by conventional techniques. In a previous work, a grain
size- and shape-dependent crystal plasticity constitutive model was developed and
implemented1. The model has the capability to predict the mechanical behavior of
microstructure representative volume elements (RVEs). However, a single simulation can
take hours or days of computational time even when using high performance computing
systems. This limits the practicality of this model especially when large data sets, such as
ones needed as input for machine learning (ML) models, are to be generated.
In the present work, simulations from the developed grain size- and shape-dependent crystal
plasticity finite element (CPFE) model will be used to construct a computationally efficient
statistical surrogate model, which predicts the volume averaged stress-strain behavior for each
grain in an RVE. These simulations will be carried out over an input parameter space that
includes constitutive model parameters, crystallographic orientations, loading conditions, and
microstructure statistics such as grain size and shape distribution. The RVEs used in the study
will be synthetically generated and will be based on microstructure statistics seen in AM
microstructures. Different mesh resolutions will also be considered in order to increase the
amount of data generated over a given time frame. With an increase in mesh resolution,
computational time will increase substantially while simulation accuracy may only increase
marginally. By making use of this trade-off, it is possible to generate low fidelity (i.e., lower
mesh resolution) data to augment high fidelity (i.e., converged/higher mesh resolution) data.
The combined low- and high-fidelity data will be used to construct the statistical surrogate
which strikes a balance between computational time and accuracy. The reduction in accuracy
inherent to the low fidelity data will be considered during the creation of the surrogate model.
The surrogate model in this work uses Gaussian process regression and is specifically
constructed using the seminal multi-fidelity framework developed by Kennedy and O’Hagan2.
The surrogate model will relate the input parameters described above to the output stress-strain
distributions. The surrogate model will then be able to generate stress-strain data for a given
input almost instantaneously and can be incorporated into larger ML frameworks considering
the entire AM process-structure-property linkages.
REFERENCES
[1] A. Achuthan et al., Towards a Constitutive Model That Encapsulates Microstructural

Features Induced by Powder Additive Manufacturing. 37th Computers and Information in
Engineering Conference, Vol. 1, pp. 1-11, 2017.
[2] M.C. Kennedy and A. O’Hagan, Predicting the output from a complex computer code when
fast approximations are available. Biometrika, Vol. 87(1), pp. 1-13, 2000.
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A nodal-based finite element method of steady-state metal
forming processes is presented. For simulations of metal
forming processes like welding, the thermal, mechanical
associated with moving loadings can reach steady states
[1][2][3]. Compared to a classical Lagrangian transient analysis,
the method proposed can solve steady-state in a reduced mesh
model and a mesh refined that only in the place where the
solicitations are. Computing transient states, on the other hand,
is a advantages for convergence compare with the directly
steady-state methods [4][5] that we found in the literature.
With the nodal integration technique [6], the standard linear
tetrahedral elements can be used in plasticity. As all the
internal variables are computed at nodes, the transfers are still
necessary but may be performed in a more rigorous way.
REFERENCES
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The additive manufacturing process (i.e. Selective Laser Melting) allow us to produce
lattice structures which have less weight, higher impact absorption capacity and better thermal
exchange property compared to the classical structures. Unfortunately, geometrical
imperfections in the lattice structures are by-product results of the manufacturing process [1,2].
These imperfections decrease the lifetime and the strength of the lattice structures and alternate
their mechanical responses.
The objective of the paper is to present a simulation strategy which allows us to take
into account the effect of the geometrical imperfections on the mechanical response of the
lattice structure. In the first part, an identification method of geometrical parameters of the
lattice structure based on tomography measurements is presented. In the second part, a finite
element model for the lattice structure with the simplified geometrical imperfections is
obtained. In what follows, based on experimental tests, distributions of geometrical
imperfections are proposed. Based on these distributions, a mathematical approach is presented
to propagate the effect of uncertainties of the geometrical imperfections on the strength
variability of the lattice structure.

REFERENCES
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Resistance Spot Welding (RSW) [1] is commonly used to fasten together metal sheets in
automotive industry. The body in white, which is the safety structure of a vehicle, is assembled
by means up to 6000 spots welds. During resistance spot welding of zinc-coated Advanced
High Strength Steel sheets, cracks may occur in the Heat Affected Zone (HAZ). This
phenomenon [2], called Liquid Metal Embrittlement (LME) takes place when liquid zinc of
coating penetrates into steel grain boundaries, at high temperature. Mechanical stresses during
welding plays a significant role to propagate these cracks.
Consequently, the prediction of stress levels during RSW, at high temperature, is very useful to
reduce and/or avoid LME phenomenon. However, the experimental estimation of stress level
during a RSW process is impractical. Therefore, a numerical methodology to predict
mechanical stresses, using more accessible experiments, is proposed in this work.
First, the electrical, thermal, metallurgical and mechanical properties of AHSS have to be
numerically represented, which is a numerical database containing all steel properties. These
properties are created thanks to well-known mathematical models or experimental tests.
Experimental tests, like dilatometry or hot traction at high temperature rate, and their numerical
models are carried out in order to validate the numerical properties of the steel, comparing
numerical and experimental results. The more reliable the material card is, the more robust and
precise the numerical prediction of stress level is.
Then, the experimental thermo-mechanical tests (Gleeble® test), used to validate the material
card, are also carried out in order to validate the input and output data of their numerical models,
particularly, the numerical calculation of the stress level. The estimation of the gap between
numerical and experimental results gives the confident level of the numerical software in this
calculation of stress level in the RSW model, created at the end.
Finally, experimental tests are carried out after RSW process in order to assess the residual
stresses presented in welded sheets and to validate some output of the RSW model.
REFERENCES
[1] R. Cazes, “Soudage par résistance”, Techniques de l’ingénieur, 1993.
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A transient finite-element approach is proposed for numerical simulation of additive
manufacturing technology of laser metal deposition (LMD) towards predicting temperature
distribution, melt pool shape and dilution [1]. This computational model was implemented in
ABAQUS suite (FE software) and validated throughout 1D line experiments of LMD. At each
time increment, heat source [2] and progressive element activation feature were implemented
via user subroutines, as well as the correspondent variation of the heat loss coefficient [3].
Experimental work was carried out using nickel-based superalloy powders (MetcoClad 625®)
as adding material and a tempering steel (42CrMo4) as substrate. The power and scan speed
have been changed for different deposit lines to investigate their effect on the amount of the
dilution from the substrate and on the melt pool morphology of the solid-liquid interface.
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Rotary Friction Welding (RFW) allows for the joining of complex alloys and dissimilar materials
not possible using conventional fusion processes. RFW is thus attractive to the aerospace sector
for joining components manufactured from nickel superalloys. The process is driven by the
frictional contact at the weldline whereby the temperature of the material is raised in order to
promote plastic flow.
Friction welding is a challenging process to model. There are extremely steep temperature gradients in the vicinity of the weld interface and the material undergoes large deformations. Further
challenges arise from the short and violent process to complete a weld, leading to difficulties obtaining experimental data from the process. The complex chemistry of nickel superalloys leads
to multiple chemical species forming a tri-modal particle-size distribution.
This contribution will build on previous work [1] which accounts for the coupled phenomena
governing the evolution of a microstructure with arbitrary components and phases. Phase field
modelling of conserved (Cahn-Hilliard) and non-conserved (Allen-Cahn) fields is employed.
Elements of seminal work [2] and more recent contributions [3] are incorporated to account for
the non-isothermal conditions in both space and time.
Through the use of a Gleeble 3800-GTC thermal-mechanical simulator, a comparison with experiments for a given heating cycle representative of a friction weld will be made. Finally, with
the use of a phenomenological macro model to impose realistic boundary conditions on the meso
model, predictions of as-welded microstructures will be presented.
REFERENCES
[1] Cogswell, D. and Carter, W. Thermodynamic phase-field model for microstructure with
multiple components and phases: The possibility of metastable phases. Physical Review E
(2011) 83.6:061602.
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Additive manufacturing processes by wire deposition such as the Wire Arc Additive
Manufacturing process (WAAM) allows manufacturing large mechanical components by
adding successive layers of molten metallic wire using electrical arc. This process raises an
increasing interest and may provide a viable alternative to the conventional manufacturing
processes for its many advantages, among which the ability to produce large parts with very
high deposition rates in low-cost installations, while avoiding the safety and environmental
issues raised by the use of metallic powder.
If this process derived from welding is well known, its use at the industrial level requires to
better understand the influence of the welding parameters and the deposition strategies on the
residual stresses and distortions distributions generated during the manufacturing process.
However, the microstructure, the residual strains and stresses, among other quantities of
interest, are very difficult and expansive to access experimentally, but can be provided by
numerical simulations.
Therefore, the proposed research work consists in setting up, calibrating and validating a finite
element model to simulate the WAAM process, to then determine the consequences in terms of
microstructure, stresses and distortions on industrial parts.
A first macroscopic thermo-mechanical model was implemented using the finite element code
Code_Aster. Simulations were carried out for different geometries (wall, block and pipe) and
with different deposition strategies. In order to calibrate and validate the set up model, first
instrumented experimental tests are conducted, using thermocouples, thermal imaging and 3D
scan. The finite element results are then compared to the experimental data, and they show good
agreement.
This work detailed in the paper is part of the additive manufacturing platform “Additive Factory
Hub” (AFH) involving manufacturers and academics.
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WAAM (Wire + Arc Additive Manufacturing) is a widely used acronym for referring to processes that
produce metallic parts, layer by layer and the deposited material comes from a wire. The wire is melted due
to the heat generated by the electric arc. A special arc welding source is used: GMAW-CMT (Gas Metal Arc
Welding – Cold Metal Transfer). WAAM processes are an interesting alternative to traditional machining
processes for several reasons: saving of raw material, production of complex geometries, health and safety
matters, higher deposition rate, cheaper industrial plant [1]. Moreover, large metallic parts (up to few meters)
can be made with WAAM. However, this process presents also some disadvantages: layer after layer the high
thermal cycles produced by the electric arc lead to high residual stresses as well as critical geometrical
distortions of the metallic part [2]. Residual stresses affect the mechanical properties (e.g life cycle),
especially tensile residual stresses. The magnitude and distribution of strains and stresses are related to the
process parameters such as deposition path, deposition velocity, deposited energy …
In this work, the influence of some parameters such as deposition speed, welding energy… is discussed as
an experimental approach is closely related to a numerical one. The numerical approach consists in a thermomechanical simulation of WAAM samples (a wall made by superposing several layers)[3]. The experiment
is dedicated to the measurement of direct observable under similar conditions: temperature, electric signals,
deformations ... Furthermore, it is assumed that the wall is made under plane stress condition simplifying the
numerical investigation. The assumptions of the numerical approach are defined: 2-dimensional geometry,
heat source, thermophysical properties of Stainless Steel 316L, heat transfer and mechanical conditions ….
Salome Meca / Code Aster software is employed to solve both the heat transfer and mechanical problems. A
special processing of the metal deposition has been developed: the deposit growths along the simulation time
by adding a defined elementary volume. This elementary volume was estimated according the welding
parameters (wire feed rate, welding intensity and tension, wire diameter) and macrographies. Up to five
deposits are simulated and the residual stresses are computed after solving the mechanical problem.
Then, the experimental studied case is presented which consists in a base plate, hold vertically, where
several layers are deposited (one on each other) on its thickness. The welding parameters are recorded:
tension and intensity. Temperature are measured directly in the base plate at different positions. The vertical
displacement of one corner of the base plate is also measured along the deposition procedure. In addition, a
high speed camera is used to record the deposition of the molten wire for measuring the weld pool length for
example.
The thermal numerical and experimental results are presented in order to validate the heat transfer model
then the predicted residual stresses is computed and discussed.
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Verification and validation of a process model with adaptive remeshing for a multiphysics
resistance forge weld
Lauren Beghini1*, Andrew Stershic1 Christopher R. D’Elia2, Michael R. Hill2
1
2

Sandia National Laboratories, Livermore, CA
Mechanical and Aerospace Engineering, University of California, Davis, CA

*Corresponding author: llbeghi@sandia.gov
Computational modeling of the lifecycle of mechanical components is a growing focus area at
Sandia National Laboratories. In this work, we focus on one of the crucial pieces in our lifecycle
model, the simulation of the resistance forge welding process, a technique in which force and
electrical current are applied to a press or die to create heat and deformation to bond metal
surfaces together at their interface. Since the resistance forge weld process is performed in the
near-melt regime, high temperature gradients and large deformations have traditionally been
hindering in the finite element modeling approach. Here, we employ the Sierra finite element
software with an adaptive remeshing approach (using CUBIT meshing software) to surpass
issues of robustness typical of such large deformation applications. A variable contact model
(sliding to tied) is also implemented to model the bonding across material interfaces. To ensure
credibility of residual stress predictions, details are included to describe efforts towards
verification of the simulation, in addition to experimental validation of the residual stress fields
obtained via the contour method and slitting measurements upon cooling in the weld region
around the stem/base intersection.
*Sandia National Laboratories is a multimission laboratory managed and operated by National
Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell
International, Inc., for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-NA0003525.
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ABSTRACT
Most technologically useful materials are polycrystalline microstructures composed of myriad small
monocrystalline cells/grains separated by grain boundaries/interfaces. Grain boundaries play a crucial
role in determining the properties of materials across a wide range of scales. The control of polycrystalline microstructures through processing is essential to enhancement of materials properties, such as
mechanical, thermal, magnetic, optical and electrical properties. Therefore, a grand challenge problem
in engineering of polycrystals is to develop prescriptive process technologies capable of producing an
arrangement of grains that provides for a desired set of materials properties. The mini-symposium will
bring together experts from materials science, computational science, mathematics and data science, and
will feature talks on the latest results on various aspects of the field that range from experiments and
algorithm design to modeling and data analytics.
REFERENCES
[1] P. Bardsley, K. Barmak, E. Eggeling, Y. Epshteyn, D. Kinderlehrer, and S. Ta’asan. Towards a
gradient flow for microstructure. Atti Accad. Naz. Lincei Rend. Lincei Mat. Appl., 28(4): 777–805,
2017.
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Grain growth and the puzzle of its stagnation in thin films: The curious tale of a tail and an ear.
Progress in Materials Science, 58(7) :987 – 1055, 2013.
[3] J. M. Rickman, Y. Wang, A. D. Rollett, M. P. Harmer, and C. Compson. Data analytics using
canonical correlation analysis and Monte Carlo simulation. Computational Materials, 3(26), 2017.
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Discontinuous Galerkin (DG) method [1] is a promising method in the process of solving
practical problems with computational fluid dynamics (CFD). However, it has a large number
of globally coupled degrees of freedom (DOFs), which leads to a lot of calculation time.
In order to improve the computational efficiency while guaranteeing the accuracy of
acceptable range, this paper studies the DG method based on proper orthogonal decomposition
method (POD) [2] to solve three-dimensional Euler equations. POD is a commonly used model
reduction (MOR) method, which can greatly reduce the dimension of the model to save
calculation time. We adopt DG format based on dimension reduction model and construct the
dimension reduction space for calculation, thus DG algorithm can reduce the DOFs of
calculation model and save the calculation time.
Table 1．Calculation results comparison between POD-DG method and traditional DG method

Comparison
System

Dofs

Time step Solution Time

RKDG

31572

1.0e-5

166.25

RKDG+POD

38

5.0e-5

64.95

Speed up Relative error

2.559

0.244%

Here we give the numerical results of an experiment about a subsonic flow at March
number M   0.2 . We both test the POD-DG method and traditional DG method for compare.
From the Table 1, the proposed POD-DG method can speed 2.559 compared with the traditional
DG scheme for whole simulation time. Besides, the relative error between two methods is less
than 0.25%, so the proposed POD-DG method is as accurate as traditional DG method.
The experimental data shows that the DOFs will become very little and time step increases
with POD method, thus the calculation time will reduce. The theoretical and numerical errors
are within acceptable range, thus ensuring the accuracy of calculation.
REFERENCES
[1] Nastase, Cristian, and Dimitri Mavriplis. "A parallel hp-multigrid solver for three-

dimensional discontinuous Galerkin discretizations of the Euler equations." 45th AIAA
Aerospace Sciences Meeting and Exhibit. 2007.
[2] Li K, Huang T Z, Li L, et al. A Reduced-Order Discontinuous Galerkin Method Based on
POD for Electromagnetic Simulation[J]. IEEE Transactions on Antennas and Propagation,
2018, 66(1) pp. 242-254.
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Certain Petrov-Galerkin schemes are obtained as an inherently stable formulation of a variational problem, by associating an optimal test space with a prescribed approximation space. Additionally, these
Petrov-Galerkin schemes are equipped with a robust a posteriori error estimate which make them an
ideal candidate for adaptation. This error estimate is given in terms of the dual norm of the residual,
whose equivalence can be controlled by appropriately choosing the inner product associated with the test
space [2]. In this setup, a question remains: how to choose the approximation space? Based on the builtin error estimator, we propose an iterative refinement scheme, extending these Petrov-Galerkin Schemes
to not only use optimal test spaces, but also optimal approximation spaces in terms of size and shape of
mesh elements, as well as local polynomial degree of approximation. In this work, we will be employing
the optimal test function framework proposed in [1], based on a discontinuous Galerkin setup, which in
conjunction is also known as Discontinuous Petrov-Galerkin (DPG) scheme.
In standard practice, adaptation usually involves manipulating a given discrete mesh through local processes like edge swapping and element subdivision. A step forward would be to optimize the approximation space globally with respect to an error estimator, using a constraint on the computational cost
of solving the discrete problems. This is the approach followed here. In this context, metric-based
methods have emerged as an interesting paradigm. A metric-conforming mesh is a triangulation whose
elements are (nearly) equilateral with respect to a Riemannian metric induced by a tensor-valued mapping. This metric field, viewed as a continuous mesh, becomes the target of optimization. Discrete
meshes can be generated from an optimized metric by using a standard metric-based mesh generator.
In the present work, we propose a continuous-mesh error model based on the built-in error estimator of
DPG for optimizing globally the element-size and p-distribution of an hp-mesh, in conjunction with a
local optimization of the anisotropy of mesh elements.
REFERENCES
[1] Demkowicz, Leszek and Gopalakrishnan, J., A Class of Discontinuous Petrov-Galerkin Methods II.
Optimal Test Functions. Numerical Methods for Partial Differential Equations. (2011)27:70–105.
[2] Chan, Jesse and Heuer, Norbert and Bui-Thanh, Tan and Demkowicz, Leszek, A robust DPG
method for convection-dominated diffusion problems II: Adjoint boundary conditions and meshdependent test norms. Computers and Mathematics with Applications. (2014) 67:771–795.
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In this work we present a high order discontinuous Galerkin (DG) method on a moving Voronoi mesh.
The method blends advantages of continuum and discrete particle representations to obtain application
oriented solver properties, e.g. geometry tracking or Galilean invariance [1, 2]. This is achieved by
exploiting hybrid features of Voronoi partitions and the DG method. Since every cell corresponds to a
Delaunay vertex, a Voronoi partition results in a mesh that can be moved arbitrarily like a set of discrete
particles. Moreover, the DG method offers a cell-local polynomial solution for arbitrary cell shapes,
complementing the duality of the mesh.
In a first step, the analytical framework for a general transport equation in a moving cell is derived. By
fusing space and time of the involved DG Space, we receive a semi discrete weak form, where mesh
velocities are solely present on cell boundaries. This renders a moving Voronoi mesh a natural choice,
since boundary velocities are available readily. Due to the utilization of a time dependent basis, the
strenuous extension of mesh velocities throughout the cell is not required. However, mesh movement
inside a moving cell still appears as a temporal derivative. Taking established approaches into consideration [3], this derivative is approximated straightforwardly by interpolating spatial bases of different time
steps and differentiating analytically. After reducing the transport equation to an ordinary differential
equation, time integration is performed with an explicit Adams Bashforth method.
Finally, we investigate the isentropic Euler vortex to display key features of the method in the context
of compressible flows. In the experiment, the mesh is propagated with the flow to emulate Galilean
invariance.
REFERENCES
[1] P.-O. Persson, J. Bonet, J. Peraire, 2009. Discontinuous Galerkin solution of the Navier–Stokes
equations on deformable domains, Computer Methods in Applied Mechanics and Engineering,
Volume 198, Issues 17–20.
[2] Volker Springel, 2010. E pur si muove: Galilean-invariant cosmological hydrodynamical simulations on a moving mesh Monthly Notices of the Royal Astronomical Society, Volume 401, Issue 2,
January 2010, Pages 791–851.
[3] Kummer, F., 2017. Extended discontinuous Galerkin methods for two-phase flows: the spatial discretization. Int. J. Numer. Meth. Engng, 109: 259– 289.
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Microstructure evolution due to thermomechanical processing severely affects the macroscopic material
properties for various steels. This effect includes phase transformation and recrystallization during viscoplastic deformation. A phenomenological model is proposed within a thermodynamic framework at
large strains to characterize the evolution of stored energy and the transformation between phases. In this
viscoplastic model, recrystallization and phase transformations are considered simultaneously to form a
coupled novel constitutive framework capable of describing the complex material behavior of steels.
The developed prototype includes dynamic and static recrystallization [1] as well as transformation of
the pearlitic initial state into austenite and further transformation into bainite [2] and martensite [3]. For
the coupling of both microstructural behaviors internal state variables considering dislocation density
evolution are weighted by phase fractions. The constitutive modeling of the material is an extension of
our recrystallization model and is therefore based on the evolution of dislocation density and the spacing between geometrically necessary subgrain boundaries. The characteristic hardening and softening
during plastic deformation and recrystallization includes internal state variables for lattice strain, lattice
curvature and volume fraction. Based on examples, the characteristic effects of our model, such as strain
softening due to recrystallization, are illustrated. These effects are also embodied by conclusive finite
element simulations of thermomechanical press hardening.
REFERENCES
[1] Brown, A. and Bammann, D.J. Validation of a model for static and dynamic recrystallization in
metals. International Journal of Plasticity (2012)
[2] Mahnken, R. and Wolff, M. and Schneidt, A. and Böhm, M. Multi-phase transformations at large
strains – Thermodynamic framework and simulation. International Journal of Plasticity (2012)
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Grain boundary segregation is a classical thermodynamic topic exploring the binding energy
between solute elements and grain boundaries, with broad impacts across virtually every
materials class. Of particular importance, is the use of intentional grain boundary segregation to
design stable nanocrystalline alloys. Such a design tool depends upon the correct prediction of
the magnitude of solute segregation at grain boundaries for a given binary alloy. So far, the main
thermodynamic models that address grain boundary segregation, treat grain boundaries as a
“lump region” that has only one site-type available for segregation. This treatment is a major
simplification and is invalid for even the simplest types of grain boundaries as it takes into
account, neither the variety of types of grain boundaries nor the variation of atomic sites within
each grain boundary. In this work, we outline the thermodynamic and computational framework
to determine the distribution of GB segregation energies in a polycrystalline binary alloy and its
significance to predictions of equilibrium grain boundary segregation and nanocrystalline
stability.
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Control of transport structures in TSSG of SiC by using a stack of insulator
rings with different sizes and thermal conductivities
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ABSTRACT

Top-Seeded Solution Growth (TSSG) method is a promising technique for the production of
high-quality SiC crystals. The authors previously found that Marangoni convection
developing in the growth melt of the TSSG process is responsible for the non-uniform crystal
growth rates even under normal gravity field[1]. In order to obtain uniform growth rates, the
authors applied an adjoint optimization technique to determine an optimal temperature
distribution along the inner crucible wall[2]. In this direction, the required thermal conductivity
distribution of the insulation material used in the furnace was determined through numerical
simulations. However, the simulation results showed that an optimal temperature distribution
requires an impractical insulation distribution. To address this issue properly, in the present
numerical study, the method of stacking ring-shaped insulator materials with different thermal
conductivities was studied. The Integrated Process Model (IPM)[3] was utilized in 3 steps
(Step 1: electromagnetic field of the RF-coil, Step 2: conductive and radiative heat transfer in
the whole furnace, Step 3: momentum, heat, and mass transport in the melt). Since the Re
number of the growth melt flow is large (about 6000), Step 3 is conducted as a conjugate heat
calculation for the melt, the crucible, and a section of the rod.
The numerical results suggest that the use of a stack of insulator rings with different length
and thermal conductivity may affect the thermal and flow velocity fields in the melt
significantly. The optimal growth condition is obtained by optimizing the length and the
thermal conductivity of each ring by using the Bayesian optimization algorithm[4,5].
REFERENCES
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2017.
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Accurate predictions of microstructural evolutions during complex thermomechanical processes is one
of the major concerns in todays metallic parts elaboration. Microstructural properties, and in particular grain size distribution or average grain size are directly related to in-use mechanical properties.
Knowing the successive microstructural states through the forming steps should then enable a better understanding of the relation between thermomechanical conditions and microstructure evolutions. In this
context, microstructural predictions may help to head over a targeted microstructual state by optimizing
the thermomechanical conditions or to have a better insight of the effect of certain process steps on the
microstructure.
A full-field finite element framework has been developped in order to model grain growth and recrystallization. The capturing of moving interfaces (here grain boundaries) is done by the use of level-set functions and phenomenological laws describe the hardening, recovery and nucleation mechanisms [1, 2].
This formulation enables a good prediction of microstructural evolutions at the polycrystal scale while
keeping a limited computational cost.
The material dependency of the models is taken into account through several material parameters. The
later need to be accurately defined to be able to describe microstructural evolutions over the range of
temperatures and strain rates occuring in the considered thermomechanical paths. A detailed and optimized material parameters identification procedure is presented and validated against several sets of
thermomechanical conditions. From experimental datasets necessary for identification to the refinement
of parameters through inverse analyses, the material parameters are discussed regarding sensitivity and
statistical studies. Future evolutions of both models’ equations and of the identification procedure are
presented as perspectives.
REFERENCES
[1] M. Bernacki, H. Resk, T. Coupez, and R.E. Logé. Finite element model of primary recrystallization in polycrystalline aggregates using a level set framework. Modelling Simul. Mater. Sci. Eng.,
17(6):064006, 2009.
[2] L. Maire, J. Fausty, M. Bernacki, N. Bozzolo, P. De Micheli, and C. Moussa. A new topological
approach for the mean field modeling of dynamic recrystallization. Mater. Des. 146:194 – 207,
2018.
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Elastic lattice strain evolution in a β metastable titanium alloy studied by
in-situ high energy x-ray diffraction and micromechanical modelling
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The near-β titanium alloy Ti–10V–2Fe–3Al has been employed in aeronautic for high strength
applications, such as landing gears and rotor systems. This alloy exhibits a complex in-service
microstructure, composed of primary hexagonal αp nodules (micrometric size) embedded in a
cubic β matrix with millimetric grains (as-forged state). The as-forged microstructure is further
aged, resulting in a partial transformation of the β matrix into secondary hexagonal platelets αs
of nanometric size (aged state). The mechanical behaviour (in both elastic and plastic) of these
alloy highly depends on the microstructure, texture and the elastic anisotropies of the phases
involved. Especially, there exists no considerable agreement in the literature as for the elastic
anisotropy of the β phase. Grain scale elastic and plastic mechanical behaviours of both β/α
phases, which are highly anisotropic, are far from being fully understood yet and have a strong
influence on the macroscopic elasto-viscoplastic behaviour and on the associated development
of internal stress. Thus the present work aims at performing a comprehensive study of the role of
the elastic and plastic anisotropy of the β/α phases on the local and overall mechanical behaviour
of this alloy. The intergranular lattice strains of the Ti-1023 alloy (as-forged and aged state) are
studied during in-situ tensile tests under synchrotron radiation.
Thanks to the phase selectivity of the X-ray diffraction, different phase/reflection peaks in both
phases can be followed with applied stress and one can track the elastic strains and their
respective modulus. The obtained lattice strains and their respective directional modulus are
then used to evaluate the single-crystal elastic constant of both the phases by inverse
identification (with an elastic self-consistent model [1]). Furthermore, a Bayesian inference
approach is employed to determine the uncertainties in the single-crystal elastic constants.
Finally, the result of this research is applied to predict the elastic strains in the α and β phases
beyond the macroscopic yield stress thanks to an advanced two-phase polycrystalline elastoviscoplastic self-consistent (EVPSC) model [2,3]. Comparison between the lattice strains
predicted by the model and the literature indicate good qualitative agreement concerning the
load-transfer aspect and the sequential onset of plasticity in the dominant (β) phase: starting
from <110> oriented grains, then <111> and finally <100> oriented β grains.
Reference:
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The Boltzmann equation is indispensable in describing gas flows ranging from continuum to
the free-molecular. It is well known that the computational cost for solving the kinetic
equation is prohibitive for realistic problems with multiple scales because: 1) additional
molecular velocity space needs to be discretized, inducing a huge number of unknowns to be
solved; 2) the restriction that flow should be resolved on the scale of local molecular mean
free path makes the cell number in spatial grid extremely large when the flow approaches to
the continuum limit; 3) the inefficiency of propagation of perturbation through molecular
convection leads to extremely slow convergence of the conventional iterative scheme to find
steady-state solution when molecular collisions dominate.
The general synthetic iterative scheme is newly developed to find steady-state solution of
rarefied gas flow within 10-ish iterations over the whole flow regime [1]. The key ingredient
is that a set of macroscopic equations is simultaneously solved with the kinetic equation, from
which the macro quantities are obtained to guide the evolution of molecular system. Due to
the fact that the constitutive relations in the macro equations explicitly contain the Newtonian
law and Fourier’s law, as well as all other high-order terms taking account of the rarefaction
effect, the scheme can achieve fast convergence and asymptotically preserve the NavierStokes limit.
In this work, we use the discontinuous Galerkin method to enable high-order spatial
discretization for the general synthetic iterative scheme on triangular mesh. The sweeping
technique is used to solve the time-independent kinetic equation, avoiding assembly of huge
linear system. The macro equations are solved by the hybridizable discontinuous Galerkin
method. Boundary conditions including solid wall with velocity slip and temperature jump,
pressure inlet/outlet, and periodic boundary are designed for shear/thermal/pressure driven
flows. The high-order discretization further facilitates the efficiency of the general synthetic
iterative scheme. The proposed method is efficient and accurate in simulating multiscale
rarefied gas flow on coarse mesh once the macro quantities are well resolved.
REFERENCES
[1] W. Su, L. Zhu, P. Wang, Y. Zhang and L. Wu, Can we find steady-state solutions to

multiscale rarefied gas flows within dozens of iterations? J. Comput. Physics, 2020. DOI:
10.1016/j.jcp.2020.109245.
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Most technologically useful materials are polycrystalline microstructures composed of myriad small
monocrystalline cells/grains separated by grain boundaries/interfaces. Grains and grain boundaries play
a crucial role in determining the properties of materials across multiple scales.
One method by which the grain structure is engineered is through grain growth or coarsening of a starting structure. Grain growth can be viewed as the evolution of a large metastable network, and can be
mathematically modeled by a set of deterministic local evolution laws for the growth of an individual
grain combined with stochastic models to describe the interaction between grains. Thus, to develop a
predictive and prescriptive theory for polycrystalline materials, investigation of a broad range of statistical measures for microstructure evolution during grain growth is needed. In this talk, we will discuss
recent progress on modeling, simulation, analysis and experiments of the evolution of the grain boundary
network in polycrystalline materials.
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Growth of SrB4O7 crystal fibers with near stoichiometric composition by
the micro-pulling-down method
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SrB4O7 (SBO) has recently received much attention as a wavelength-conversion
material which can operate into the deepest ultraviolet wavelengths (125 nm). The utilization
of SBO for semiconductor lithography and laser ablation requires fully transparent crystals.
Here, we show the growth of SBO crystal fibers with near-stoichiometric composition by the
μ-pulling-down method. SrB2xO3x+1 ceramics sintered with various values of x were evaluated
by X-ray diffraction (XRD). The melting point of the SBO ceramics was measured by
differential scanning calorimetry (DSC) as 1017 °C, and the heat of fusion was 63.3 J/g.
Figure 1 shows the external form of SBO crystal fibers grown with various x values. Crystal
fibers shown in A and C were opaque due to the formation of growth ridges (black arrows).
Also, we succeeded in obtaining transparent SBO crystal fibers by the growth with a
stoichiometric composition (Figure 1B). Then, we observed SBO crystal fibers grown with
various x values by polarized optical microscopy. As a result, even when the deviation from
stoichiometric composition was ± −0.1 mol % SrO (x = 2 ± 0.004), SrB2O4/SrB6O10 appeared.
These results demonstrate that SBO shows no solid-solution width and that the stoichiometric
composition is equal to the congruent composition. In contrast, since growth ridges including
SrB2O4/SrB6O10 were formed only on surfaces of the SBO single crystals, SBO crystal fibers
grown with nonstoichiometric composition were opaque. We could explain the formation of
growth ridges via compositional supercooling on rims.

Figure 1. External form of SrB4O7 crystal fibers grown with various composition x by the μpulling-down method. A: Deviation of composition from stoichiometric composition: +0.1
mol% SrO. B: Stoichiometric composition. SrB4O7 crystal fibers form smooth surfaces, and
are transparent. C: Deviation of composition from stoichiometric composition: -0.1 mol%
SrO. Black arrows correspond to growth ridges.
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Flows in variably-saturated porous media are involved in many engineering and physical problems. To
model them, Richards equation is often used in numerical simulations. However, it remains computationally costly and sometimes unreliable [1] because of non-linearities and initial/boundary conditions.
Therefore, having a robust and accurate numerical solution to Richards equation in a reasonable time is
challenging. To tackle this issue, one approach consists in advanced adaptive discretizations.
Discontinuous Galerkin (DG) methods rely on a variational formulation in an element-wise fashion
[2]. This allows to proceed naturally mesh adaptation, both in space (h-adaptation) and in order (padaptation). That is why this method is chosen to solve Richards equation in this study. Managing efficiently the interplay between space refinement and order enrichment is still an open problem and multiple
techniques can be found [3]. For this work, the hp-adaptation is designed to stay simple and preserve
computational time. The decision between h- and p-adaptation is driven by distinguishing element and
face contributions of an a posteriori error estimation inspired from Verfürth [4]. Non-conforming unstructured mesh adaptation is handled dynamically quite easily within a block-based framework. This
hp-adaptive DG strategy for Richards equation is numerically assessed through several test-cases.
REFERENCES
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and Challenges. Soil Science Society of America Journal. (2017) 81(6):1257–1269.
[2] Dolejšı́, V. and Feistauer, M. Discontinuous Galerkin Method. Springer International Publishing,
(2015).
[3] Mitchell, F.M. and McClain, M.A. A Comparison of hp-Adaptive Strategies for Elliptic Partial
Differential Equations. ACM Transactions on Mathematical Software. (2014) 41(1):1–39.
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We are going to present a discontinuous Galerkin (DG) based solver for two phase flows involving a
three-phase contact line. An example for such a flow is e.g. a water droplet sitting on a solid surface:
There, a solid, a liquid and a gaseous phase meet at a one-dimensional sub-manifold. An equilibrium
contact angle between the solid and liquid interface can be predicted by Youngs theory. At this angle,
the different tensions between solid and liquid, solid and gas as well as liquid and gas are in balance.
Outside the equilibrium, due to the imbalance of tensions between the phases, a singular force is exerted
on the droplet at the three-phase contact line.
Our solver uses a high-order, sharp interface representation based on an eXtended discontinuous Galerkin
(XDG, also referred to as cut-cell DG or unfitted DG) discretization, which allows a high order of convergence for the error.
The entire system – i.e. flow solver, tracking of the fluid interface and the contact line model as well as
surface tension – represent a highly nonlinear, coupled problem. We will therefore discuss reasons for
potential instabilities and present measures to stabilize the system.
REFERENCES
[1] Kummer, F. Extended discontinuous Galerkin methods for two-phase flows: the spatial discretization, Int. J. Num. Meth. Eng. (2017),109 (2):259–289.
[2] Reusken, A., Xu, X., Zhang, L. Finite element methods for a class of continuum models for immiscible flows with moving contact lines, Int. J. Num. Meth. Fluid (2017),84 (5):268–291.
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Orientation and phase map in Liquid Cells
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The development of TEM based- automated crystallographic mapping techniques (ASTAR)
in combination with precession electron diffraction (PED) [1,2] has allowed study of phase &
orientation mapping of metals, alloys, minerals and nanoparticles down to 1-3 nm scale.
We have tested the possibility to apply orientation/phase mapping for samples inside a Liquid
cell (LC)TEM-holder (Protochips Inc). TEM electron beam irradiation induced nucleation
and growth of gold nanoparticles in a HAuCl4 - water solution.We have observed that in
case that an LC spacer (distance of two SiN membranes that seal and encapsulate the liquid)
is 200 nm (or shorter, in our experiment the spacer was 150 nm) particles inside the liquid are
mostly maintained stationary for significant periods of time (from several seconds to several
minutes) due to the strong capillary forces. The resulting orientation /phase map for gold
nanoparticles inside a water can be seen in Fig.1. Acquisition conditions were : spot size 7,
step size 3nm, field of view 450 nm x 450 nm , exposure time 20 ms with 0.65° precession.
We anticipate that novel applications of orientation/phase maps of nanoparticles in LC may
have strong impact in the near future for the study of materials in liquid environments.

Figure1: (left) VBF (virtual bright field) image of gold nanoparticles in water within LCTEM. ASTAR Orientation map (center) and phase map (right) of gold particles (acquisition
time 7 min, Tecnai F30, RS2E lab, CNRS Amiens, France).
REFERENCES
[1] J. Portillo, E. F. Rauch, S. Nicolopoulos, M. Gemmi, and D. Bultreys, “Precession
electron diffraction assisted orientation mapping in the transmission electron microscope,”
Materials Science Forum, vol. 644, pp. 1–7, 2010
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Abstract: In this talk, we present stochastic particle system models for the coarsening of
microstructure driven by either mean curvature flow of boundaries or the rupture of grain
walls. For curvature-driven coarsening, we derive kinetic equations for areas and topologies
of grains under a mean field assumption, and give rates of convergence for the particle system
to its hydrodynamic limit for several minimal models. For the kinetic equations of coarsening
driven by wall ruptures, the merging of two faces translates to a second order reaction,
suggesting gelation. We compare the emergence of gelation and other statistics found in the
kinetic model against simulations of Markov process models for wall ruptures on the space of
trivalent maps.
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Quantitative determination of high temperature materials properties for
the computer simulation of the physical vapor transport growth of SiC
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The semiconductor material SiC, which is increasingly applied in power electronic devices, is
processed using the so called physical vapor transport method at elevated temperature above
2000°C. The physical models for the heat and mass transfer as well as for induction heating
(if applied in the system) are quite well developed. A major obstacle to quantitatively describe
the growth process by computer simulation, however, is the lack of a reliable materials data
base of the applied carbon and graphite materials as well as of the SiC powder source. In this
work we present recent progress in the description of the physical properties of the heat
isolation as well as of the SiC source materials that both significantly affect the final thermal
gradients in the growth cell and, hence, change the supersaturation and growth mode at the
growth interface.
As computer software, we have applied COMSOL Multiphysics in this work. The calculated
growth processes were validated by 10 experiments which were performed in three different
growth machines (growth of SiC boules with a single crystalline diameter of 75 mm (1
experiment) and 100 mm (9 experiments)). The thermal properties of carbon/graphite isolation
as well as sintered SiC powder pucks were determined using laser flash measurements up to ca.
1250 °C. For higher temperatures up to 2400°C we have extrapolated the data. For this purpose,
theoretical models that consider the porosity and kind of the fibre and pore arrangement were
used. Varying the heating power, inert gas pressure, the position of the induction heating, major
changes of the growth cell design and of the growth reactor geometry were applied in
experiments and computer simulation. In parallel, we have adapted the fitting parameters of our
materials until experiments and computer calculations matched.
Using this procedure, a materials data set has been developed that allows the quite precise
computer simulation of the temperature field inside the growth cell and that allows a quite
accurate prediction of the shape of crystal growth interface. In two examples we will indicate
the usage of the materials data base for upscaling the growth cell toward the processing of large
area SiC boules of 150 mm and 200 mm in diameter, respectively. The presentation of the work
includes the description of the theoretical approach as well as the comparison with the various
experimental date described above.
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Reliable experimental interfacial diffusional data is generally limited in oxides systems.
Accurately calculating this data from atomistic approach also remains extremely challenging.
Consequently, new paradigms for obtaining interfacial, grain boundary, and surface diffusivity
must be developed in order to accurately predict the high temperature microstructural evolution
and mechanical response of oxides.
Coble creep provides, in theory, a valuable route to obtaining grain boundary diffusivity, the
stress dependence of diffusivity, the activation energy for diffusion, and insights into the rate
limiting species and mechanism.1 Accurately, extracting such information requires detailed
microstructural models, ideal microstructures, and the absence of competing or coupled
deformation mechanisms. These constraints make measuring reliable data from polycrystalline
samples untenable. Bicrystal creep circumvents the challenges of treating polycrystalline
topology in experiments and models. Bicrystal-like creep has most notably been employed in
metals in the context of the zero-creep methodology employed for measuring surface energy at
the steady-state condition that balances creep and sintering.2 Related experiments have not
been extended to oxides due to difficulties associated with sample preparation. The quartic
scaling of Coble creep produces experimental difficulties for testing bulk scale sample while
quantitatively measuring the deformation response. The current effort follows an alternative
approach that makes use of microscale mechanical testing of bicrystals formed upon contact of
two single crystals during localized laser heating. The method produces samples of appropriate
length scales that may be tested over a broad range of temperatures and stresses. In situ imaging
in an electron microscope allows for the deformation response to be imaged directly in order to
facilitate the analysis.
The results of in situ transmission electron microscopy based single grain boundary Coble creep
experiments performed with laser heating and micromechanical testing will be discussed. The
work will demonstrate how the methodology accurately measures grain boundary and surface
diffusivity and energy. The method also provides insights into the mechanism for creep and
measures the discreet nature of the interfacial disconnections that mediate the creep process.
The presentation will also discuss the results in the context for modelling creep in oxide
materials.
REFERENCES
[1]
R.L. Coble, A Model for Boundary Diffusion Controlled Creep in Polycrystalline
Materials. Journal of Applied Physics, Vol. 34, pp. 1679-1682, 1963,.
[2]
H. Udin, A.J. Shaler, J. Wulff, The surface tension of solid copper. JOM, Vol. 1, pp.
186-190, 1949.
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SYNCHROTRON X-RAY TOOLS FOR MULTISCALE STUDIES OF
MICROSTRUCTURE EVOLUTION
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Coherent Diffractive Imaging
High energy x-ray diffraction microscopy (HEDM), [1, 2] an implementation of 3DXRD concepts first
put forward by H.F. Poulsen, [3] makes possible the in-situ observation of internal microstructure evolution at micron to millimeter length scales. Maps of crystal unit cell orientations and grain averaged
strain tensors characterize material states and their evolution. Among others, effects of elastic and plastic
deformation, thermal and shock treatments have been studied. [1,2] The observed effects, however, are
the emergent behaviors caused by unobserved nanoscale defect motions that are affected by a variety of
microscopic interactions, ex., with each other and with grain boundaries. The complexities of these interactions give rise to well known macroscopic effects such as hardening under mechanical deformation.
In a few cases, such defect motions have been observed with x-rays in nanoscale particles by Bragg coherent diffractive imaging (BCDI) [4, 5] and by Dark Field x-ray microscopy. [6] This brief presentation
will, after summarizing experimental methods, illustrate our collaborative work aimed at bringing these
two classes of measurements together. The motivation is to help develop computational models that use
observed behaviors at the nanoscale to inform emergent behaviors at the macroscale. We have developed
GPU accelerated HEDM reconstruction code, enabled reconstruction of materials with 5 to 20 micron
grains, and have developed proof-of-principle reconstructions of elastic strains at the intra-granular, micron scale. With collaborators at Argonne and Los Alamos National Laboratories, we are combining
BCDI with HEDM and Laue diffraction methods in order gain full grain orientations and the ability to
use high energy x-rays to characterize 3D atomic displacement fields in polycrystalline samples. [5]
With coming synchrotron upgrades, these experimentally and computationally intensive measurements
can serve as an underpinning of improved predictive models of materials properties and responses.
This work is supported by the U.S. Department of Energy BES through grant DESC0019096, and has
benefitted from HEDM developments supported by DOE NNSA through grant DE-NA0002918 and the
National Science Foundation DMREF program through grant DMR-1628994.
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[2] R. Pokharel, Matl. Disc. & Design, Springer Series in Mat. Sci., 280, 167-201 (2018).
[3] H.F. Poulsen, 3D X-ray Diffract. Microsc, Springer Tracts in Mod. Phys. 2004.
[4] A. Ulvestad et al, Science 348, 1344-1347 (2015).
[5] S. Maddali et al, Phys. Rev. A 99, 053838 (2019).
[6] H. Simons et al, Nat. Comm., 6, 6098 (2015).
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In the recent years there have been an increasing interest in the development of numerical methods based
on the discontinuous Galerkin formulation, usually in conjunction with high-order discretizations. If we
focus on the transient electromagnetic problem, some remarkable reasons for the use of these methods
are the higher accuracy of the discontinuous solution, the ease hp-refinement of the discretization or the
decoupling of the global system of equations into smaller element-wise ones which may be solved in
parallel. We proposed the implementation of the DG formulation within the Cartesian grid Finite Element Method cgFEM [1] framework in order to overcome the main drawback for the spreading of these
techniques, i.e. the generation of untangled fitted high-order curved meshes for complex geometries.
The cgFEM is a Fictitious Domain Method that provides convenient features such as the hierarchical
data structure or the scalability of element matrices from those computed for the reference one.
The major difficulty for the new method lies on the treatment of elements cut by the boundary. It is
usual to find stability issues that lead to prohibitive short time steps when explicit integration over time is
considered. We propose a technique that extends the space integration domain of a stable neighbouring
element into the domain of the unstable one. In this way, we are free to set a convenient time step
independently of the mesh-geometry interaction. However, the extrapolation of the solution out of the
standard element have a negative effect on the global and local error. We have implemented a strategy
that relies on the enrichment of the interpolation functions of these extended elements. Numerical tests
show good results from both, robustness and accuracy, points of view.
Acknowledgements: The authors thank the Generalitat Valenciana (PROMETEO/2016/007) and the
Ministry of Economy and Competitiveness (DPI2017-89816-R) and the Ministry of Science, Innovation
and Universities (FPU17/03993) of the Government of Spain for the financital support.
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[1] Nadal E., Ródenas J.J., Albelda J., Tur M., Tarancón J.E. and Fuenmayor F.J. (2013) Efficient
Finite Element Methology Based on Cartesian Grids: Application to Structural Shape Optimization.
Abstract and Applied Analisys, Vol. 2013, Article ID 953786, 19 pages.
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Horizontal ribbon growth is a new technique for producing silicon wafers for solar cells in which the
top surface of a pool of molten silicon is solidified while continuously pulling the newly frozen material
from the pool in a continuous sheet. This process has not yet been commercialized, and there are many
experimentally observed phenomena that have yet to be explained. In this talk, one of these phenomena,
namely the production of surface lines that appear on the sheets is investigated. An arbitrary-LagrangianEulerian hp-finite element is used to study the dynamics. Three moving interfaces are modeled, the
liquid gas interface including Marangoni stresses, the solid-gas interface which translates rigidly, and the
liquid-solid interface upon which the solidification occurs. On this interface, solidification kinetics are
included to model the non-isotropic solidification growth. This study focuses on the fluid dynamics of
the process. There are two driving effects to the fluid mechanics: the Marangoni stresses on the surface
of the liquid pool and the impinging gas jet that drives the cooling. It is shown that the interaction of
these two effects can cause a chaotic flow to develop, which then causes oscillations in the grown ribbon
surface. The wavelength of these oscillations does not linearly depend on the pull speed because as
the pull speed changes the magnitude of supercooling and thus Marangoni effects also changes. The
amplitude and wavelength of the irregularities predicted by the model as a function of pull speed are
compared to those seen in experiments performed at Applied Materials using the floating silicon method
(a variant of horizontal ribbon growth).
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Theoretical models for solidification of Silicon in Horizontal Ribbon Growth
Eyan P. Noronha, Erik B. Ydstie

Silicon, like water, has a lower density in its solid form than its liquid form. This property of silicon can be
used to solidify single-crystal silicon on top of its melt to form a thin ribbon [1]. The ribbon can then be
continuously pulled horizontally by cooling the top surface of the melt. This process, descriptively called
Horizontal Ribbon Growth (HRG), has the potential for significant cost savings over traditional wafer
production methods. Because the wafers must only be cut in length, there is a substantial decrease in
material loss compared to current crystal growing methods, like the Czochralski process [2]. Additionally,
the HRG process grows epitaxially in the direction orthogonal to the direction of the heat sink. This makes
it possible to produce thin single crystal ribbon at a relatively high speed [3].
Despite its advantages, the HRG process faces fundamental challenges which inhibit its successful
operation. One of these is the theoretical modeling of the heat transfer process around the growth tip of
the ribbon. Sharp interface solidification models, also known as Stefan models, have been unsuccessful
in predicting the upper-limit on the pull speed of the ribbon observed in experiments [4,5,6]. We identify
the reason for this pull speed disparity to be a non-differentiability condition at the edge of the ribbon
boundary. A finite volume formulation is proposed that averages the effects of a sharp interface over a
control volume. We see that this formulation provides an intuitive explanation for the pull speed limitation
based on heat transfer.
To simulate the directional solidification of facets in crystal growth systems, we formulate a novel cellular
automata model. This model provides a systems-level understanding of the molecular complexities
involved in the faceted growth of silicon crystals at a meso-scale. The main feature of this algorithm is its
efficacy to converge to the {111} facet of the growth tip independent of the chosen grid size or initial
condition by using a global assembling procedure. The algorithm tracks the phase change at the interface
and uses an alternating direction implicit (ADI) scheme for 2D heat diffusion to maintain numerical
stability. We compare the faceted solution of the growth tip to the Stefan problem and provide similarities
and shortcomings of the two approaches. A possible explanation to the existence of a dual facet at the
growth tip is also provided using simulations.
References:
[1] Ranjan, S., et al. "Silicon solar cell production." Computers & Chemical Engineering 35.8 (2011):
1439-1453. [2] William, Shockley. "Process for growing single crystals." U.S. Patent No. 3,031,275. 24
Apr. 1962. [3] Jewett, D. N., H. E. Bates, and J. W. Locher. "Progress in growth of silicon ribbon by a low
angle, high rate process." 16th Photovoltaic Specialists Conference. 1982. [4] Zoutendyk, John A.
"Theoretical analysis of heat flow in horizontal ribbon growth from a melt." Journal of Applied Physics 49.7
(1978): 3927-3932. [5] Zoutendyk, John A. "Analysis of forced convection heat flow effects in horizontal
ribbon growth from the melt." Journal of Crystal Growth 50.1 (1980): 83-93. [6] Helenbrook, Brian T., et al.
"Experimental and numerical investigation of the horizontal ribbon growth process." Journal of Crystal
Growth 453 (2016): 163-172.
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Growth of bulk GaN crystals using the ammonothermal method has been successfully
demonstrated, in both its acidic and basic variant.[1,2] To further improve upon and expand into
growth of other nitride materials, much can still be learned and gained from an improved
understanding of the chemical processes and growth mechanisms occurring in these
ammonothermal growth environments. Experimental evidence suggests that the solubility of GaN
is inherently linked to the concentration of ammonia (NH3) and resulting derived compounds
containing amides (NH2-) or ammonium (NH4+) species formed through the addition of
mineralizers.
While some information regarding the chemical and physical properties of ammonothermal
systems can be gleaned from growth runs, in-situ investigations of the fluid properties and
modeling of the heat and fluid flow within the system, our current understanding is incomplete for
the dependence of the equilibrium constant for ammonia decomposition on temperature and
pressure at typical ammonothermal growth environments. Furthermore, an experimentally verified
equation of state (EOS) is not available for ammonia at temperatures in excess of 700 K. A high
temperature EOS is needed to derive many thermodynamic properties for these systems which in
turn would allow for improved modeling of ammonothermal systems.
A simplified EOS based on the Beattie-Bridgeman (BB) EOS has been developed and will be
presented. It was fit to current reference EOS data for ammonia, hydrogen, and nitrogen and in the
case of ammonia also to extrapolated EOS data beyond 700 K, thereby covering a parameter space
of T < 1000 K and P < 300 MPa. By applying mixing rules with separated contributions for polar
and non-polar interactions, an EOS was derived for NH3-N2-H2 mixtures. With these expressions,
an accurate description for the equilibrium constant for the ammonia decomposition reaction as a
function of pressure and temperature was derived and verified against experimental data.
Estimated accuracy errors are 1—2 % for pressure and ~2 % for mole fraction ammonia for T <
850 K.[3] The modeled effects of non-stoichiometric mixtures of NH3-N2-H2 and resulting NH3
enrichment opportunities due to non-ideal gas behavior will be presented. Additionally, autoclave
models incorporating hydrogen loss due to outward diffusion of gases from the autoclave during
operation and resulting changes in chemical composition of the supercritical fluid will be
discussed.
References
[1] Pimputkar, S. (2019). Gallium Nitride, Ch. 11 in “Single Crystals of Electronic Materials”
https://dx.doi.org/10.1016/b978-0-08-102096-8.00011-2
[2] Ehrentraut, D. and Bockowski, M. (2015) High-Pressure, High-Temperature Solution Growth and
Ammonothermal Synthesis of Gallium Nitride Crystals, Ch. 15 in “Handbook of Crystal Growth – Bulk
Crystal Growth”, Elsevier
[3] Pimputkar, S., Nakamura, S. (2016). Decomposition of supercritical ammonia and modeling of supercritical
ammonia-nitrogen-hydrogen solutions with applicability towards ammonothermal conditions The Journal
of Supercritical Fluids 107, 17 30. https://dx.doi.org/10.1016/j.supflu.2015.07.032
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A grand challenge problem in engineering of polycrystals is to develop prescriptive process
technologies capable of producing an arrangement of grains that provides for a desired set of
materials properties. One method by which the grain structure is engineered is through grain
growth or coarsening of a starting structure.
Grain growth can be viewed as the evolution of a large metastable network, and can be
mathematically modeled by a set of deterministic local evolution laws for the growth of an
individual grain combined with stochastic models to describe the interaction between grains.
Thus, to develop a predictive and prescriptive theory, investigation of a broad range of statistical
measures for microstructure evolution during grain growth in polycrystalline materials are
needed and must be obtained using experiments, simulations, data analytics and mathematical
modeling.
In this talk, I will present results of both in-situ and ex-situ experiments of grain growth in thin
films, which are used as the experimental test bed. The experimental results will be compared
and contrasted with results of sharp and diffuse interface (phase filed and phase field crystal)
simulations.
Using thin films as the experimental test bed has a number of advantages, but it also presents a
number of challenges. The advantages include: (1) the ability to vary the initial structure by
varying the deposition parameters, (2) the ability to fully map the structure for statistically
significant populations and to extract various statistical structural metrics without the need for
serial sectioning, (3) the ability to combine in-situ examination of the detailed motion of
boundaries and the evolution of grain structure (analogous to hard X-ray diffraction microscopy
of bulk samples) with periodic freezing of the structure by rapid in-situ cooling to map the
frozen structure for statistically significant populations, before reheating to promote continued
grain growth, and (4) the ability to non-destructively correlate structure and property, e.g.,
resistivity. Using thin films also poses challenges. These are: (i) films have large surface area
and must be deposited on substrates, and, as a result, grain growth can be driven by the reduction
of surface/ interface energy and strain energy, in addition to grain boundary energy, (ii) grain
boundaries can groove at the top and bottom interfaces, resulting in boundary pinning, and (iii)
films can break up and agglomerate to reduce interface energy. These challenges can be
addressed to a large extent by encapsulating the films by deposition of under- and over-layers.
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I will present several examples in which materials informatics can be used to elucidate and
quantify complex correlations linking structure, properties and processing of materials. In the
first example, I consider the case of high-entropy (HE) (or multi-principal element) alloys,
typically comprising five or more elements. The study of these alloys is a relatively new area
of materials research that has attracted intense interest in recent years as, in many cases, these
systems possess unexpected and superior mechanical (and other) properties relative to those
of conventional alloys. However, the identification of promising HE alloys presents a
daunting challenge given the associated vastness of the chemistry/composition space. I will
describe a supervised learning strategy for the efficient screening of HE alloys that combines
two complementary tools, namely: (1) a canonical-correlation analysis (CCA) and (2) a
genetic algorithm (GA) with a CCA-inspired fitness function [1]. In the second example, I
consider the use of informatics to describe the ubiquitous phenomenon of grain abnormality
in a microstructure that involves the unusually rapid growth of a minority of constituent
grains, with the resulting bimodal structure often having a deleterious impact on the
thermomechanical properties of a system [2]. Finally, I will outline the use of graph theory
to classify a wide range of materials microstructures.

REFERENCES
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ABSTRACT
Due to their excellent properties, composite materials continue to attract interest from modern industry.
Moreover, new emerging technologies, like continuous filament fabrication (CFF), fused filament
fabrication (FFF) and automated fibre placement (AFP), allow tailoring the structure according to the
design requirements. By means of such processes one can obtain advanced composite structures wherein
the tows can be steered along a curvilinear path within the optimised topology. Indeed, these
technologies allow obtaining variable stiffness composites (VSCs).
Nevertheless, many issues related to the integration of some specific phenomena within the design
problem formulation (e.g. damage mechanisms involved at different scales, manufacturing constraints,
unavoidable defects related to the manufacturing technology, etc.) remain unsolved, essentially because
of the lack of appropriate mathematical representations of the anisotropy and the topology of the
composite at each pertinent scale.
The Minisymposium “Optimisation methodologies for the topology and the anisotropy field of variable
stiffness composites” aims at outlining the state-of-the-art, the issues, the challenges and the
perspectives in the field of VSCs manufactured through modern technologies.
Researches are invited to share new research ideas and results pertaining to all aspects of the modelling
and design of VSCs.
Topics of interest include, but are not limited to
-

multi-scale optimisation methodologies for variable stiffness composites
topology optimisation
anisotropy field representation
fibres-path and trajectory optimisation
failure, delamination and damage multi-scale modelling for variable stiffness composites
formulation and integration of manufacturing requirements into the optimisation method
post-processing techniques to obtain CAD-compatible optimised solutions
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ACCOUNTING FOR STRENGTH AND MANUFACTURING
REQUIREMENTS IN THE MULTI-SCALE OPTIMISATION OF
VARIABLE ANGLE TOW LAMINATES
M.I. Izzi1 , M. Montemurro1 , A. Catapano2 and J. Pailhès1
1

Arts et Métiers Institute of Technology, Université de Bordeaux, CNRS, INRA, Bordeaux INP,
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Recent developments in manufacturing processes for composite materials allow for better exploiting the
directional properties of fibres by designing laminates whose properties varies point-wise. One of the
most promising solutions is the so-called variable angle-tow (VAT) laminate, obtainable with the automated fibre placement (AFP) process.
In this work, the multi-scale optimisation of VAT laminates subject to manufacturing and strength requirements is performed. The work moves into the framework of the multi-scale two-level optimisation
strategy (MS2L) [1]. The optimisation process is split in two phases. The first-level problem focuses on
the macroscopic scale, where the laminate is modelled as an equivalent homogeneous anisotropic plate
and its behaviour is described in terms of the laminate polar parameters (PPs), which vary point-wise
over the structure. In particular, the PPs fields are represented through B-spline surfaces, whose constitutive parameters represent the design variables. The second-level problem focuses on the mesoscopic
scale and aims at retrieving fibre-paths of each lamina meeting the optimised PPs fields.
The minimum tow steering radius requirement, related to the considered manufacturing process, is formulated at the macroscopic scale as an equivalent mechanical constraint on the PPs fields. Conversely,
the design requirement on the VAT composite strength, evaluated by means of the general laminate-level
failure index formulated by Catapano and Montemurro [2], is considered as objective function to be minimised. For both requirements, the analytical form of the gradient is derived in order to allow the use of
a deterministic algorithm as optimisation tool. The optimisation of a simple, yet representative, structure
is considered: a square plate with a circular hole subject to in-plane loads.
REFERENCES
[1] M. Montemurro and A. Catapano. A general B-spline surfaces theoretical framework for optimisation of variable angle-tow laminates. Composite Structures (2019) 209:561-578.
[2] A. Catapano and M. Montemurro. On the correlation between stiffness and strength properties of
anisotropic laminates. Mechanics of Advanced Materials and Structures (2019) 26(8):651-660.
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ADDITIVE MANUFACTURING OF VARIABLE STIFFNESS
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The recent development of additive manufacturing (AM) technologies for composite materials allows for
going beyond the classical design rules, thus leading the designer to find innovative and more efficient
solutions than the classical straight fibres configurations. The use of these technologies brought to the
emergence of a new class of composite materials: the variable stiffness composites (VSCs). A modern
AM machine allows the fibre to be placed along a curvilinear path within the constitutive layer thus implying a point-wise variation of the material properties. Of course, this technology enables the designer
to take advantage of the directional properties of composites in the most effective way. Although the utilisation of VSCs considerably increases the complexity of the design process, on the other hand it leads
the designer to conceive non-conventional solutions characterised either by a considerable weight saving
or enhanced mechanical properties when compared to classical solutions. Indeed, the design methodology should take into account the manufacturing requirements related to the AM process, otherwise
significant differences are observed between the numerical model of the VSC and the real structure. To
overcome the previous restrictions, in [1] the authors presented the generalisation of the multi-scale twolevel (MS2L) optimisation strategy for the optimum design of composite structures to the case of VSCs.
The main goal of these works consisted in proving that, with the current technological and computational capabilities, the designer can conceive and optimise VSCs structures which can be manufactured
through the available AM process by taking into account constraints due to the manufacturing process.
In particular, the manufacturability constraints on the minimum radius of curvature of the tow (in order
to prevent tow steering defects) and on the minimum tow width, as well, have been integrated within the
MS2L strategy. Moreover, the effectiveness of the proposed strategy is proven through the fabrication of
a prototype of a meaningful optimised solution [2].
REFERENCES
[1] Montemurro, M., Catapano, A., On the effective integration of manufacturability constraints within
the multi-scale methodology for designing variable angle-tow laminates, Composite Structures,
161, 145-159 (2017).
[2] Catapano, A., Montemurro, M., Balcou, J. A., Panettieri, E. Rapid Prototyping of Variable AngleTow Composites, Aerotecnica Missili & Spazio, 98(4), 257-271 (2019).
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Bend-free Design of Super Ellipsoids of Revolution
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Shell structures are well-known curved elements that are used widely in many engineering
applications because of their exceptional structural performance in reacting transverse loads
via generating membrane stresses. However, bending deformations and stresses are also
generated yet alleviating them can result in more efficient use of material and structural
performance improvement. Ideally, bend-free design provides an opportunity towards using
the full load carrying capacity of shell structures because of the uniform load distribution
through the thickness.
In this study, a family of so-called super ellipsoids of revolution are designed to have bendfree states under uniform internal pressure. This family of structures provides a baseline
design for many structural applications such as blended wing bodies, pressure vessels and
submarine structures. Super ellipsoids of revolution not only provide a great packing
efficiency, but also provide a smooth stress flow variation due to smooth curvature change.
Moreover, there would be no need for joining several parts (i.e. body and heads) together that
can be difficult and costly in the manufacturing and assembly process. It also alleviates stress
concentrations which occur at joints and/or locations with sudden change in geometry.
In this study, a new generalised set of governing equations for bend-free state in composite
super ellipsoids of revolutions are developed and are solved analytically. Stiffness tailoring is
used to realise bend-free state [1]. A parametric study is also performed on several super
ellipsoids of revolution and fibre orientations distribution are found as schematically shown in
Fig 1. Analytical solution is verified by finite element modelling (FEM) in ABAQUS and
results are compared with an isotropic baseline.

(a) Super ellipsoids of revolution with N=2. (b) Super ellipsoids of revolution with N=2.9.
Fig1: 3D schematic of fibre orientation over the structure.
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FIBER DIRECTION INFLUENCE ON SHOCKWAVES PROPAGATION
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Composite materials are increasingly present in aircraft engines, especially replacing metal
parts to reduce mass. The example of interest here is LEAP engine fan blade made of 3D-woven
fiber composite material, bonded to a titanium leading edge. NDT (Non-Destructive Testing)
is required to certify this assembly.
LASAT (LASer Adhesion Test) procedure is a promising tool for testing the quality of the
bonding as it can reach mechanical traction levels comparable to in-flight stress conditions [1].
To optimize this process, there is a need to simulated shockwave propagation in composites
and assemblies.
Given the finite but moderate amplitudes, it is sufficient to use a linear propagation code based
on a Virieux scheme. By using the tensor structure of the composite we are able to change the
stiffness matrix of the carbon fibers. For homogeneous material, a simplified 2D axisymmetric
version can be used to simulate wave propagation.
The results of the numerical simulations are compared to ongoing experiments in Ti-composite
test pieces. They are being carried out at Hephaistos Laser facility at the PIMM Laboratory.
The laser generates two laser beams both with a 2Hz repetition frequency. Laser pulses have a
7 ns duration and an energy up to 14 J. Simulations and experiments on various materials, using
different parameters for laser illumination (energy, focal width) will be discussed and
compared.

REFERENCES
[1] M. Ducousso, S. Bardy, Y. Rouchausse, T. Bergara, F. Jenson et e. al., «Quantitative evaluation of
the mechanical strength of titanium/composite bonding using laser-generated shcok waves.,»
Applied Physics Letters, American Institute of Physics, p. 112 (11), 2018.
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Optimal Design and Fabrication of Variable Stiffness Composites
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Fiber reinforced composites (FRCs) possess excellent mechanical properties and are widely used in
aerospace, naval, automobile, space and sporting goods industries. FRCs are typically fabricated in a
laminated form with each lamina containing fibers aligned along a specific direction and with a fixed volume
fraction. These are commonly referred to as constant stiffness laminates due to the homogenous
microstructure leading to constant local stiffness. Variable stiffness composites, on the other hand, refer to
laminates where the fiber orientations, fiber volume fractions and/or laminate thickness vary spatially and thus
possess a spatially varying microstructure. Variable stiffness composites present extensive design freedom
and enable tailoring of the structural response to load conditions in ways that would not be possible with
constant stiffness composites. Manufacture of variable stiffness composites is now enabled by advanced
manufacturing methods such as fused deposition modeling, automated tape laying and automated fiber
placement. Furthermore, natural composites such as wood, bone and nacre exhibit similar variable stiffness
in their construction and are known to possess excellent stiffness, strength and toughness. Thus, design with
variable stiffness could lead to lighter, stronger and tougher structures and provide impetus to development of
electric cars and aircrafts.
Here, we present a novel design to fabrication workflow for composites and adapted it to variable stiffness
composites. The workflow has three steps: 1) design automation, 2) material compilation and 3) digital
fabrication. Design automation refers to efficient synthesis of composite structural designs and we adapted
multiscale topology optimization (TO) for this. TO enables simultaneous optimization of the macroscale
topology and the microstructure. We adapted Mori-Tanaka homogenization scheme to describe the
microscopic material behavior. Hence, we could use any combination of fiber volume fraction, fiber
orientations, fiber aspect ratio, matrix and fiber moduli as design variables in our TO formulation. However,
use of homogenization scheme renders the optimal design devoid of geometrical detail. This geometrical
detail for manufacturable designs is then provided through material compilation step. We adapted a novel
computational geometry algorithm to achieve this. Finally, the digital fabrication step enables realization of
the optimal structure. We used multimaterial voxel jetting to 3D-print the optimal designs where a rigid
polymer (~1 GPa) and a soft elastomer (~1 MPa) are used as fibrous and matrix materials respectively. We
demonstrated and validated the complete workflow with a few interesting examples.
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Primary structures in space launcher applications are currently designed using either metallic
rib-stiffened solutions or composite sandwich structures. These designs are light and efficient
in sustaining compressive and bending loads on cylindrical parts of low length-to-diameter
ratio. Combining composite materials with rib-stiffened structures could contribute to further
reduce the mass of the structures. To do so, the objective is to simultaneously optimize the
stiffening structure and the stack of composite layers. Part of the challenges is to be able to
freely move the stiffeners during the optimization. As of today, few have tackled the problem
[1]. The present work aims at developing a method to optimize the stiffener locations using a
component-based approach. The Moving Morphable Component method [2], initially
developed using 2D and 3D elements, is adapted to the use of beam and shell elements, best
suited to represent large stiffened structures in space launcher applications.
The developed method consists in projecting a rib-stiffener (component) onto a fixed mesh of
beam elements. This is done through a projection function which assigns cross-sectional
properties to every beam element, depending on their proximity to the actual stiffener. The
result is a lattice of beam elements with varying cross-sectional properties, representing the
rib-stiffener. This approximate model can then be used to optimize a stiffened plate using a
gradient method [3]. Variables are defined among the parameters of the stiffeners (position,
cross-sectional properties, material…). Objective and constraints (mass, compliance, stress,
buckling…) are evaluated via commercial FE analysis. Sensitivities are obtained by
composing the derivatives output by the FE analysis (response w.r.t. beam elements
properties) and calculated analytically (beam elements properties w.r.t. stiffener variables).
The validity of the projection function is assessed to ensure that the developed model has
similar responses to a finely meshed reference finite-element model, where the rib-stiffeners
are explicitly represented as beam elements. The first optimization attempts deal with
unconstrained compliance minimization of stiffened plate structures, the variables being the
locations of a few stiffeners. More advanced optimizations deal with large composite
cylindrical parts with numerous stiffeners and complex load cases, closer to design cases of
space launcher primary structures.
REFERENCES
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Abstract
This article contains information about wide analysis of racing motorcycle swing arm made
of carbon fiber reinforced plastics ( CFRP ). Swing arm made especially for Honda NSF 100, on
which series of tests such as: geometry , FEM , and structural analysis were chosen. Lightweight
motorcycles were always pursued by motorcycle producers with use of more and more advanced
materials , starting from hi tensile Cr Mo steel , hi grade aluminum including aluminum skinned
sandwich structures, magnesium alloys, titanium and finally carbon fiber reinforced plastics.
Almost all biggest motorcycle factories had CFRP frame bike based on which they try to develop a
wining racer.
To produce successful motorcycle chassis or structural component designer has to design a
part which will be stiff in some areas but also flex in other which will allow rider to feel traction of
front and rear wheels. If driver will be deprived ( by high stiffness ) of such feel or feedback as it is
called, control of the motorcycle will be very difficult and risk of accident by losing traction very
high. It is very easy to over stiff aluminum frame no to mention CFRP one. Any competitive chassis
has to have at least 3 areas of different stiffness, first area is from head stock to front engine mount,
this part of the chassis has to be very stiff as any deformation there will produce instability and poor
handling, from front engine mount to rear suspension, engine and swing arm mount stiffens have to
gradually decrease to allow proper flex thus high traction and good feedback. Part where rear
suspension engine and swing arm is mounted, has to be again very stiff to exclude any deformation
which will not only disturb the suspension geometry but also transfers stress to crankcase and
therefore will affect crankshaft and overall performance of the engine.
The same applies to the swing arm which has to be very stiff in vertical direction to transfer
all load to suspension link and suspension strut. Horizontal stiffness has to be lower in certain
places to allow for some flex and therefore good handling. Such various stiffnesses across
composite layers increase probability of inside layers delamination what leads to fatal destruction
of element. Therefore design of such parts made of composited require thorough analysis of load
and deformation for each layer of laminate. New tools as FEM or multi body simulations allow to
precisely foreseen loads and deformations in chassis, wide spread of prepreg materials and their
high quality help to achieve exact directions of fibers , thickness and fiber to resin ratio which allow
to produce competitive and safe parts as never before.
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SENSITIVITY ANALYSIS OF VARIABLE STIFFNESS COMPOSITE
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Composite materials are increasingly used in many engineering fields thanks to their
lightness and high mechanical properties. Currently, many research activities are focused on
the optimization of structures using conventional composite materials, i.e. Constant Stiffness
Composite Materials (CSCM). High-performance structures, such as those employed in
aerospace engineering, could be further enhanced by using modern automated fibre
placement machines, which brought to the emergence of a new class of composites; namely,
the Variable Angle Tow (VAT) composites. The main idea of VAT composites is to have an
increased freedom in the tailoring of the material properties since the fibres are no longer
restricted to be straight and can actually have a curvilinear pattern within each layer.
This work presents some sensitivity analyses based on a refined model developed in the
domain of the Carrera Unified Formulation (CUF), which has been already demonstrated to
be effective for the analysis of VAT structures. Essentially, CUF makes use of arbitrarily
high-order kinematics to relax 3D elasticity equations into 1D or 2D theories [1]. Lagrange
polynomials have been employed in this work to describe the cross-section variables, because
refined 1D models are utilized, obtaining a layer-wise description of the primary variables.
Layer-wise approach confirmed the highest accuracy in comparison with equivalent-singlelayer models, also for VAT as demostrated by Demasi et al. [2].
The main objective is to study the effect of manufacturing processes on the mechanical
response of VAT. Particular attention is focussed on the misalignments of the fibres, which
ultimately affect the global properties of the structure. Such misalignment fields are
generated by means of stochastic field theory exploiting the correlation matrix decomposition
(CMD) method (like those presented in Broek et al. [3]), where relative distances between
structural nodes are considered. Several numerical examples show the importance of using a
layer-wise approach for sensitivity analysis and design of VAT composite panels, especially
when buckling response and redistribution of stress fields are considered.
REFERENCES
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We use topological derivatives [1] to determine pareto-optimal [2] material distribution in fiberreinforced composite structure with optimally arranged fiber path. The algorithm designed to
arrive at an optimal solution requires analytical expression of topological derivative to satisfy
optimality conditions iteratively.
We use topological derivative to determine optimal material distribution and orientation of
anisotropic fibers within the isotropic matrix for given volume fraction of fiber and matrix while
achieving maximum stiffness. The anisotropic topological derivative [3] requires modification
to incorporate optimal placement of fiber in the already existing matrix. We trace a Pareto curve
for stiffness and volume fraction of fiber in the matrix by adjusting a level set plane in the
topological sensitivity field. We obtain optimal fiber orientation for each element in the finite
element model by topological derivative transformation. The resulting orientations in the form
of vector field is further processed to obtain fiber trajectories along which long fiber strands
can be laid. This two-phase material distribution study motivates us to address stiffest fiberreinforced structural design with voids. For this, we utilize topological derivatives for
interchanging matrix, fiber and void and we develop a Pareto surface of stiffness and volume
fraction of material and void as well as fiber and matrix. In the view of practical laying of the
fibers using additive manufacturing technique, we simplify the dense arrangement of fibers
using techniques from computer visualization.
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ABSTRACT
Terotechnology is the joint name for a set of activities focused on broadly defined use of
machinery, especially technology of installation, commissioning, maintenance, replacement
and removal of plant machinery and equipment. Terotechnology is derived from the Greek
root word “tero”, which means “I care”, combined with the term “technology” to refer to the
study of the costs associated with an asset throughout its life cycle from acquisition to
disposal. Research in the field of terotechnology is therefore interdisciplinary and requires a
specific approach efficiently connecting researchers from various fields, mainly mechanics,
construction and operation of machines, thermodynamics, materials science, surface and
coatings technology, wear, but also management and data analysis. The minisymposium
“Terotechnology” is addressed to academic staff, research institutes to present results and
exchange experiences in physical experiments and related computational simulations.
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Uncertainty assessment is one of the crucial element required to make a technological or
economical decision. This determines the necessary financial, material and human resources,
but also the required redundancy and possible insurance. Such decisions require argumentation
and justification, including quantitative which in turn requires the use of a formal approach with
mathematics support.
The oldest known approach is subjective assessment of the risk and its related linguistic
descriptions. The first formal approach is the probabilistic description proposed by Pascal and
formalized by Kolmogorov. Their restrictions, signaled 90 years ago by de Finetti, led to the
creation of, among others fuzzy logic, but also the development of various modifications of the
probability theory.
The authors compare different approaches to uncertainty assessment in relation to the issue of
material and technological features prediction based on DOE (design of experiments)
methodology. The same source dataset is analyzed and interpreted in various methods and
quantitative as well as visual results are presented. Finally, conclusions and guidelines are
provided.
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Computer image analysis is a well-known method in material science, mechanical engineering
and other branches of science and engineering.
For a technologist and operator, it may be a source of quality and wear assessments, especially
in the surface layer. However, it should be noted that acquired images may be biased by
relatively large noise. Removing that noise without creation of artifacts is very difficult and
often required a human action and associated subjective decision. Application of the machine
learning method in image processing delivers promising results, especially in images with a
high level of noise and low contrast.
The presented study was performed on the set of images of composite with glass fiber acquired
from computed nano-tomography.
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The work is concerned with the adaptation of meshless discretization techniques, based on
global radial basis function (RBF) approximation to solve some problems with material
discontinuity. Such problems are described by differential equations with discontinuous
coefficients.
The discretization techniques based on global RBF approximation are characterized by a high
rate of convergence but are not suitable for the solution of such problems. Global approximation
of the sought solution by infinitely smooth functions such as RBF does not allow to catch the
discontinuities. Therefore most of researches use some localized versions of the methods, e.g.
[1].
In the present work some approaches are shown that adapt global RBF methods to be able to
accurately solve the mentioned problems. The well-known RBF collocation methods [2] are
taken under consideration as well as recently developed techniques that take advantage of
rational RBF interpolation [3].
REFERENCES
[1] B. Martin and B. Fornberg, Using radial basis function-generated finite differences (RBF-

FD) to solve heat transfer equilibrium problems in domains with interfaces. Eng. Anal.
Bound. Elem. Vol 79, pp. 38–48, 2017.
[2] E. Kansa, Multiquadrics – A scattered data approximation scheme with applications to
computational fluid-dynamics – I: surface approximations and partial derivative estimates.
Comput Math Appl., Vol. 19 pp. 127-145, 1990.
[3] S.A. Sarra and Y. Bai, A rational radial basis function method for accurately resolving
discontinuities and steep gradients, App. Num. Math., Vol. 130, pp. 131 – 142, 2018.
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Self-lubricating sliding pairs are widely used in the production of machine parts and devices
that are in constant motion under heavy load under friction conditions. Friction pair elements
made of such material do not require additional lubrication, which will bring economic benefits;
the time for servicing the machine will be saved. The elements used in slide couples could be,
e.g. slide bearings, guides and seals for lubrication-free compressors and its can be used to
build, i.a. pneumatic cylinders. It is beneficial to develop self-lubricating sliding pairs, as they
do not require lubrication during the entire lifetime of the device. One of the proposals is to
produce modified sliding layers on friction surfaces. Moreover layers formed on an aluminium
alloy are dictated by the excellent properties of aluminium recycling or a noticeable reduction
in the weight of structural elements, which directly translates into ecological values that are
very important in our time. The technological proposal for obtaining the tribological layer is to
produce coatings by the electrochemical oxidation of aluminium alloys in order to produce an
oxide layer with a porous structure. In the next step, these pores could be filled with appropriate
lubricants. This article describes the research stand and procedure for the preparation of the
Al2O3 oxide layer. There are insights and guidelines for further work.
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Rail is the most important and most expensive element of the track structure. It is the point of
contact with the vehicle wheel, the structural beam supporting the vehicle load, and one
location where noise is generated [1]. Rails are the load bearing and guiding elements in a
railway track. Rails are commonly steel products that must fulfil a multitude of technological
requirements. The train rail profile is traditionally an asymmetrical I-beam with a wide flatbottom that fits on the railroad track. The several different dimensions of the rail on its crosssection have been changed and the influence of these changes of the walls thickness on two
mechanical properties have been evaluated and presented in the paper.
Engineering innovation, advances in metallurgy and improved steel manufacturing processes
have standardized the available grades of steel rails. The authors performed the identification
of the potential materials from various material families to rails by using Granta Selector - the
standard tool for materials selection and graphical analysis of materials properties [2].
REFERENCES
[1] TRB’s Transit Cooperative Research Program (TCRP) Report 155, Track Design

Handbook for Light Rail Transit, 2nd Edition, Parsons Brinckerhoff Inc., Washington,
DC, 2012.
[2] Granta CES EduPack software.
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There are many methods for producing surface coatings, such as electroplating and plasma
spraying. Very thin layers can be deposited by vapour deposition. Various surface treatment
techniques have been developed to improve the desired properties of the deposited layers. Some
of these methods are expensive and should be used only for unique applications, where the high
cost is justified. However, for most applications, there is a need for low cost coatings of good
properties. This study is an attempt to improve a widely used low cost method of electro-spark
deposition (ESD). It has been already recognized as an economically effective surface coating.
ESD is also widely used for its relative low cost equipment required for this process. The
deposition of the coating is achieved by an electrical circuit, which generates sparks between
the electrode and the work-piece. Electrical pulses of high frequency and high direct current
between the electrode (anode) and work-piece (cathode) release very hot micro-particles of
electrode material, resulting in continuous micro-welding coating on the work-piece surface.
Important advantage is that the coating is bonded with relatively low heat. This energy saving
is because only the micro particles are heated, while the body of the work-piece remains at low
temperature. ESD has been known by several other terms such as spark hardening, electric
spark toughening, and electro-spark alloying (ESA).
Electro-spark deposited coatings have some disadvantages but these can be easily eliminated.
One of the methods is laser beam machining (LBM); a laser beam is used for surface polishing,
surface geometry formation, surface sealing or for homogenizing the chemical composition of
the deposited coatings.
It is envisaged that the advantages of laser-treated electro-spark coatings will include:
– lower roughness,
– lower porosity,
– better adhesion to the substrate,
– higher wear and seizure resistance,
– higher fatigue strength due to the occurrence of compressive stresses on the surface,
– higher resistance to corrosion.
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ABSTRACT
Dislocation mediated crystal plasticity is an inherent multiscale process that ranges in length
scale from the atomic scale of dislocation cores to the micrometer scale of dislocation
substructures, and the intermediate mesoscopic scale of elastic interactions between different
crystalline defects. The associated temporal scales range from fast events driven by dislocation
glide and slower thermally-activated events like dislocation nucleation, cross-slip and climb,
obstacle bypassing or solute drag. Considerable progress has been made over the past years
toward an understanding of crystal plasticity from multiscale perspective. There is also an
increased interest in revealing plastic mechanisms and developing the methods under multiphysics conditions. To highlight such achievements and facilitate meaningful exchange of ideas
between experts engaged in this field, this symposium will focus on recent advances in
dislocation-based modelling of plasticity, from the atomic to the continuum scale.
Topics of interest include the following:
1.

Fundamental dislocation properties and behaviours

2.

Discrete or continuous dislocation dynamics simulations

3.

Interactions of dislocations with other defects (such as point defects and interfaces)

4.

Multiscale bridging methods linking different scales in crystal plasticity.

5.

Engineering application of crystal plasticity
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We propose a viscoplasticity model for metals within a non-equilibrium thermodynamic
framework.
The
thermodynamic
system
involves
two
processes.
The
movement/rearrangement of defects, dislocation, micro-cracks, voids etc. constitute the
configurational subsystem and the thermal vibration of atoms about their equilibrium
positions in the lattice are considered within a kinetic-vibrational subsystems [1]. The
configurational subsystem consists of slower DOFs compared to the kinetic-vibrational
subsystem. Since these phenomena occur in widely separated time scales, we separately
define entropies, energies and temperatures for the two subsystems. During plastic
deformation, the configurational temperature assumes a much higher value compared to the
kinetic-vibrational temperature.
In order to develop a physics based model, we consider dislocation densities (mobile and
forest), and the grain boundary density as internal variables. These internal variables along
with two temperatures are used to derive the evolution of the equivalent plastic strain rate [2].
The model is developed for both homogenous and inhomogeneous plastic deformation.
Subsequently, we perform a series of numerical simulations for both uniaxial and 3D cases
and validate the results against available experimental data.

REFERENCES
[1] Roy Chowdhury, Shubhankar, Gurudas Kar, Debasish Roy, and J. N. Reddy. "Two-

temperature thermodynamics for metal viscoplasticity: continuum modeling and
numerical experiments." Journal of Applied Mechanics 84, no. 1 (2017).
[2] Chowdhury, Shubhankar Roy, Gurudas Kar, Debasish Roy, and J. N. Reddy. "Metal
viscoplasticity with two-temperature thermodynamics and two dislocation
densities." Continuum Mechanics and Thermodynamics 30, no. 2 (2018): 397-420.
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Ni3Al crystals are known to exhibit significant deviation from the conventional Schmid yield
behavior. The observed tension-compression asymmetry in these crystals is both temperatureand orientation-dependent. Moreover, the yield stress is generally found to increase with
temperature up to about 1000 K, beyond which it decreases again. This anomalous yield
behavior and deviation from Schmid’s law is generally attributed to the formation of KearWilsdorf (KW) locks by the immobile super-partial screw dislocations with Burgers vector
1/2 < 1̅ 10 > in these L12 crystals. To add to the complexity of the yield behavior, cube slip
along the {001} planes is also observed at temperatures > 1000 K for certain crystal
orientations, in addition to octahedral slip along {111} planes. These phenomena are generally
well understood in terms of the atomistic deformation mechanisms and have been incorporated
in continuum crystal plasticity models in past, most notably in Refs. [1] and [2]. However, one
issue with these modeling frameworks is regarding the estimation of the crystal plasticity model
parameters related to the non-Schmid yield behavior. This is generally a convoluted process
and no direct correspondence exists with the experimentally measured yield stress data. In
addition, to the best of our knowledge, there is limited insight available on the orientation- and
temperature-dependent underlying dominant slip mechanism at yield for both Ni3Al single
crystals and Ni-base superalloys.
In this work, we present a homogenized continuum crystal plasticity framework for modeling
the non-Schmid yield behavior of Ni3Al crystals and Ni-base superalloys. We propose a general
algorithm based on the Qin Bassani non-Schmid yield model [3] for estimating the non-Schmid
parameters directly from the orientation- and temperature-dependent yield stress data from
experimental data in literature. We systematically analyze the available experimental data and
derive the non-Schmid yield parameters as a function of temperature. The non-Schmid model
parameters are incorporated into the crystal plasticity finite element framework for predicting
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the yield stress and tension-compression asymmetry of both Ni3Al crystals and single crystal
alloy, CMSX-4 in the temperature range 260 – 1304 K. The model is also used to predict the
underlying slip mechanism at yield as a function of orientation and temperature, over the
standard stereographic triangle.
The novelty of this work lies in the determination of the non-Schmid model parameters directly
from the experimental data. Minimal calibration of the flow and hardening parameters is
required in the crystal plasticity model once the non-Schmid parameters have been estimated.
Further, model predictions of the slip mechanisms at yield provide valuable insights regarding
the underlying deformation processes and may prove useful for assessing the design limits of
these alloys.

REFERENCES
[1] Allan, C.D., 1995. Plasticity of nickel base single crystal superalloys. PhD Thesis.

Massachusetts Institute of Technology.

[2] Keshavarz, S., Ghosh, S., 2015. A crystal plasticity finite element model for flow stress

anomalies in Ni3Al single crystals. Philos. Mag. 95, 2639–2660.

[3] Qin, Q., Bassani, J.L., 1992. Non-schmid yield behavior in single crystals. J. Mech.

Phys. Solids 40, 813–833.
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Abstract:
Nominal flat surface consists of many micro/nano asperities, therefore, as an integrated
system response, its frictional properties strongly depend on the mechanical responses of
asperities under contact. In this paper, through molecular dynamics simulation, we firstly study
the non-adhesive ploughing friction of an asperity under different conditions, it is found that:
(1) The normalized forces are size dependent, however, it becomes insensitive to the asperity
size when the asperity is larger than a critical size (radius R >~7.2nm); (2) Ploughing velocity
is seen to have an effect on the asperity response. Moreover, there is a critical ploughing velocity
below which the asperity responses exhibit velocity independence. (3) Crystal orientation plays
a role in asperity response: when the ploughing direction is parallel to the crystal close-packed
plane, the asperity is easy to plough. Then, based on the fact that the time-averaged response of
single asperity ploughing is essentially equivalent to the statistical average of asperity spatial
ensemble on the rough surface, a Greenwood-Williamson type statistical model is used to
estimate the kinetic coefficient of friction (COF) of the rough surface. Our model predicts
unconventional dependence of COF on the normal contact load which has been observed at
nanoscale frictional tests. The effect of the sliding velocity, the surface roughness and the crystal
orientation on the COF is also quantitatively studied.
Keywords:
Molecular dynamics, asperity ploughing, loading velocity effect, size effect, crystal
orientation, statistical model, kinetic friction coefficient.
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The CMSX-4 is a superalloy used in aeronautics which, after its elaboration, presents a significant
amount of pores that appear to be detrimental to the life span of the material [1, 2]. A way to avoid
the problem is to place the superalloy under High Isostatic Pressing (HIP) which enables a large volume
fraction of pores to be annihilated and the material to be preserved.
In this presentation, the contribution of plastic activity related to the gliding of dislocations on the pore
annihilation is investigated. To do this, simulations based on a phase-field model of dislocation (PFMD)
are performed and make it possible to consider the strong anisotropy of the CMSX-4 single crystal under
HIP conditions in conjunction to the strong elastic heterogeneity introduced by the pore.
After recalling the specificity of the employed PFMD [3], it will be shown that for an equilibrium pore
with a radius of few micrometers, edge parts of the dislocation lines that present an extra half atomic
plane oriented to the pore are stacked above and under it in the direction which is perpendicular to
their slip-planes. Results will be streamlined within the isotropic elastic theory of dislocations and the
anisotropic effects will be discussed.
Effects of dislocation reactions will then be investigated in order to specify what the expected dislocation configuration would be around a pore in CMSX-4 under HIP conditions. Specific dislocation
configurations will also be considered to reproduce the behavior of twist and bent Low Angle Boundaries interacting with a pore. The results will be discussed in the context of plasticity-induced pore
shrinkage and compared to preliminary experimental observations.
REFERENCES
[1] A. I. Epishin, B. Fedelich, T. Link, T. Feldmann and I. L. Svetlov. Mater. Sci. and Eng. A (2013)
586:342–349.
[2] A. I. Epishin, B. S. Bokstein, I. L. Svetlov, B. Fedelich, T. Feldmann, Y. Le Bouar, A. Ruffini, A.
Finel, B. Viguier and D. Poquillon. Inor. Mat. (2018) 9:57–65.
[3] A. Ruffini, Y. Le Bouar and A. Finel J. Mech. Phys. Sol. (2017) 105:95–115.
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Understanding material behaviors at macroscale is crucial in almost all engineering applications,
and material behaviors are dictated by their material genomes, i.e. their nanoscale and microscale
structures. Material microstructure is intrinsically a multiscale phenomenon, and the interaction
among different scales can be either concurrent or hierarchical. Many mechanical and
physicochemical characteristics of materials or their composites are at difference length/time
scale, due to that the material property depends on the hierarchy of material internal structures.
In microscale, different materials present significant differences in electron structure of atoms as
shown by the periodic table of chemical elements. For meso-scale material systems, also they are
controlled by the atomic and microstructures, the clusters of these structures, however, have
different morphology and interatomic interactions. For assuring materials simulation across
length/time scales, Multiscale modeling and simulation are essential to acquire in-depth
knowledge for capturing the complicated behaviors of materials under different loading
conditions and environmental conditions, such as plastic deformation, fracture, fatigue, radiation
damage, size effect and surface effects, etc., because it can reveal the relationship between
material macroscopic behavior and microstructure evolution.
Aiming at bring researchers from different disciplines working together on computational
materials and computational physics, this mini-symposium will provide a forum for
dissemination and discussion on recent research developments in first-principle modeling and
simulations, multiscale analysis and methods that can be carried out to establish intrinsic
relationships physically among different scales, focusing at exploring new approaches for
designing materials or structures to satisfy specific and challenge requirements. We are
interested in (but not limited with) those contributions on atomistic and multiscale modeling and
simulations in various nano-materials and their applications, crystalline and metallic materials,
energy materials, amorphous and ceramic materials, polymeric materials, biological and tissue
materials, functional graded materials, smart materials, and various composite materials
including civil engineering construction materials, etc.
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For interpreting results of an indentation test on a single-layer graphene sheet (SLGS), it is
frequently modeled as an elastic, isotropic and homogeneous membrane. With a very small
thickness (~10-10 m) as compared to a characteristic length (~10-6 m) of specimens used in
experiments, the non-dimensional von-Karman factor (vK ~ 108) for a SLGS predicts negligible
flexural rigidity (D ~ 10-19 Nm). Since the membrane undergoes large deformations under a
small force, a direct relationship between the resulting force-displacement curves and
elasticities of the graphene sheet is still elusive. Here we compare predicted load-displacement
curves for nano-indentation of a SLGS by using a full non-linear theory with St. VenantKirchhoff material, and the Föppl-von Karman nonlinear equations with a Hookean material.
The nonlinear governing equations in each formulation are numerically integrated by the
shooting method. Even though the radial variations of the membrane deflections computed
with the two theories differ by at most 1.5%, the stresses, the declination angles, the curvatures
and the strain energy densities may reach differences as high as 6.4%, 7.4%, 70% and 25%
respectively. These differences are large enough to reexamine the using the FvK derived
solutions to find elastic constants from the test data.
REFERENCES
[1] A. Pacheco-Sanjuán and R. Batra, Accuracy of Föppl–von Karman membrane theory for

determining elastic constants of monolayer graphene, Int. J. Mech. Sci., Vol. 163, 105154,
2019.
[2] C. Lee, X. Wei, J.W. Kysar, J. Hone, Measurement of the elastic properties and intrinsic
strength of monolayer graphene, Science, Vol. 321, pp. 385–388, 2008.
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Block copolymers such as polyurea and polyurethane have excellent impact resistance, whose
molecular chains are composed of alternating soft and hard segments. The molecular chain
and condensed state structure of a polymer determine its mechanical properties. Especially for
the behaviour of materials under shock loads, it is often difficult to investigate the molecularscale mechanisms in macroscopic experiments and simulations. In this work, the all-atom
molecular dynamics model and coarse-grained molecular dynamics model [1] (CG-MD) is
used to investigate the microphase separation and dynamics mechanical property of polyurea
at micro-scale. The CG-MD model speeds up MD simulation at least four orders of
magnitude and makes it possible to study the macromolecule relaxation problems under the
current computational tool. The main conclusions are as follows: (1) Polyurea forms
crystalline-like hard domains with nanometre width (microphase separation structure) in the
simulation. The formation of hard phase limits the segment movement and relaxation of the
soft segment. (2) Dynamic modulus can characterize the ability of material to store and
dissipate energy under dynamic load with a specific frequency. Polyurea is sensitive to
frequency, showing higher dynamic modulus under high frequency loads. The effect of the
ratio of soft and hard segment is analyzed. Polyurea with higher hard segment content has
higher dynamic modulus. (3) The propagation of shock-wave in polyurea is simulated,
analyzing the way of shock-wave energy dissipation. Compared with general rubbery
materials, polyurea has higher internal friction and heat dissipation under impact due to
microphase separation et al. The hard phase has a stronger ability to resist deformation.
Hydrogen bond dissociation and hard phase structure destruction bring additional plastic
dissipation. (4) The Hugoniot relations of polyurea are calculated both by non-equilibrium
molecular dynamics (NEMD) and the multi-scale shock technique[2] (MSST) with the allatom model. And the results are in good agreement with the experimental data, which could
be used as the state equation for macroscopic simulation.
REFERENCES
[1] V. Agrawal, G. Arya, and J. Oswald, Simultaneous iterative boltzmann inversion for

coarse-graining of polyurea. Macromolecules, Vol. 47 No.10, pp. 3378-3389, 2014.

[2] E. J. Reed, L. E. Fried, and J. D. Joannopoulos, A method for tractable dynamical studies
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The production of innovative materials, in areas as diverse as production processes of
personal care and food products, polymer composites, amorphous and crystalline nano- and
micro-particles for lithium-ion batteries or controlled drug delivery systems, can benefit from
the development of computational models. In this context, the focus is often on macro-scale
models, that need however input information from phenomena occurring at smaller scales. To
address this issue the macro-scale model (very often continuum) is coupled with other
models, focusing on the molecular scale. In this work some industrial examples are
thoroughly discussed. In these examples the continuum model is often based on
computational fluid dynamics (CFD) and population balances (PB), whereas the atomistic
models are based on all-atom molecular dynamics (AAMD) and coarse-grained molecular
dynamics (CGMD), including dissipative particle dynamics (DPD). Different strategies for
coupling and linking of the computational models will be discussed, highlighting the
importance of using such an approach, often related to the impossibility of characterizing
experimentally some of the involved sub-models. A plethora of codes have been used and will
be discussed, such as OpenFOAM and Fluent, LAMMPS, GROMACS and DL_MESO,
linked and coupled by using different frameworks, namely MoDeNa, Salome and Symphony.
The examples refer to the precipitation of polymer nano-particles for controlled drug delivery
applications1, polyurethane foam expansion for mould filling applications2, production of
food emulsions and personal care products3, reactive crystallization of nickel, manganese and
cobalt hydroxide for lithium-ion batteries, simulation of mixing and dispersion of soot and
silica aggregates for elastomer compounding. These examples have been investigated in the
context of numerous industrial grants, grants from the Italian Ministry or Higher Educations
and from FP7 and H2020 EC grants (e.g. MoDeNa, VIMMP and SimDOME).
REFERENCES
[1] Lavino, A.D., Di Pasquale, N., Carbone, P., Marchisio, D.L. A novel multiscale model
for the simulation of polymer flash nano-precipitation (2017) Chemical Engineering
Science, 171, 485-494.
[2] Karimi, M., Marchisio, D., Laurini, E., Fermeglia, M., Pricl, S. Bridging the gap across
scales: Coupling CFD and MD/GCMC in polyurethane foam simulation (2018) Chemical
Engineering Science, 178, 39-47.
[3] Droghetti, H., Pagonabarraga, I., Carbone, P., Asinari, P., Marchisio, D. Dissipative
particle dynamics simulations of tri-block co-polymer and water: Phase diagram
validation and microstructure identification (2018) Journal of Chemical Physics, 149
(18), 184903.
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Geckos display the fascinating ability to generate large attachment forces and yet detach within
10 ms with negligible forces [1]. This is due to hierarchical fibrillar structure that has evolved
on their toes. Each gecko toe has arrays of micro hairs called setae, which further branch into
nanoscale spatulae that adhere to substrates via van der Waals interactions. It has been observed
that the setae generate large frictional forces compared to the adhesive normal forces [1].
Further, the setae can be detached by simply changing the resultant force angle or the seta shaft
angle. Many analytical models have been proposed to address the spatula adhesion [2].
However, there has been no comprehensive numerical investigation of spatula adhesion. In this
paper, a continuum based computational model is used to study the spatula peeling from a rigid
substrate using a recently proposed adhesive friction model [3]. The spatula-substrate
interaction is described by the Lennard-Jones potential. The simulations are done with a
nonlinear finite element framework [4]. Enriched contact elements are used at the contact
interface to capture the highly nonlinear interface forces.
Since no experiments have been done at the spatula level, it has been hypothesized that partial
slipping occurs at the spatula-substrate contact interface. In the present work, for the first time,
we show that it is indeed the case [4]. As a consequence of the partial slipping, the strain energy
stored in the spatula increases, thereby increasing the pull-off forces. Also, the experiments at
the seta to toe level have shown a constant detachment angle termed critical detachment
angle. In the present work, we show that even at the spatula level, the critical detachment angle
remains the same [4]. It is shown that that irrespective of the peeling and spatula shaft angles,
the spatula detaches from the substrate at this critical detachment angle. It is observed that just
before complete peel-off, the spatula reaches the same total energy level for all the cases that
correspond to the same value of critical detachment angle.
REFERENCES
[1] K. Autumn, A. Dittmore, D. Santos, M. Spenko, and M. Cutkosky, Frictional adhesion: a

new angle on gecko attachment, J. Exp. Biol. Vol. 209, pp. 35693579, 2006.
[2] W. Federle, and D. Labonte, Dynamic biological adhesion: mechanisms for controlling
attachment during locomotion. Phil. Trans. R. Soc. B, Vol. 374, 20190199, 2019.
[3] J. C. Mergel, R. Sahli, J. Scheibert, and R. A. Sauer, R. A, Continuum contact models for
coupled adhesion and friction. J. Adhes., Vol. 95, pp. 11011133, 2018.
[4] S. Gouravarju, R. A. Sauer, and S. S. Gautam, Investigating the normal and tangential
peeling behaviour of gecko spatulae using a coupled adhesion-friction model. Preprint
arXiv:1901.11505v4, 2019.
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The polymer nanocomposites have shown substantially enhanced elastic properties compared to the neat
polymers. Depending on the chemical composition, nanoparticles typically show a tendency to form
agglomerates. Nanoparticle agglomeration is usually reduced and controlled during manufacturing, but
is not completely avoidable. A thorough understanding of the material behavior requires large-scale
molecular simulations of the nanocomposites with a sufficient level of atomistic details. It is made
possible thanks to the concept of coarse-grained techniques by averaging over unessential atomic details
[2].
In this work, a coarse-grained model for agglomerated nanoparticle/epoxy nanocomposites is developed.
The coarse-grained potentials for diglycidyl ether of bisphenol A monomers and anhydride hardener
molecules are calibrated using iterative Boltzmann inversion method. The applicability of the coarsegrained model in predicting the elastic properties of the nanocomposite is evaluated through verification
with all-atom simulations. It is found that the overall elastic modulus of the nanocomposites decreases
due to agglomeration. The material peoperties at the interface between agglomerated nanoparticles and
the polymer matrix is obtained using the CG model. To determine the size of the interface region, the
profiles of the mass density as a function of distance from an agglomeration region is investigated.
REFERENCES
[1] Shin, H., Yang, S., Choi, J., Chang, S., and Cho, M. Effect of interphase percolation on mechanical
behavior of nanoparticle-reinforced polymer nanocomposite with filler agglomeration: A multiscale approach. Chemical Physics Letters, Elsevier, Vol. 635, (2015), 80–85.
[2] Liu, J., Gao, Y., Cao, D., Zhang, L., and Guo, Z. Nanoparticle dispersion and aggregation in
polymer nanocomposites: insights from molecular dynamics simulation. Langmuir, Vol. 27, (2011),
7926–7933.
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To ensure reliable performance and lifetime of electronics, effective and efficient heat removal
is essential, which relies heavily on the high thermal conductivity of the packaging substrates
and thermal interface materials (TIMs). Highly conductive fillers have been commonly applied
to enhance the thermal conductivity of TIMs, while the enhancement effect has been
significantly impeded by the interfacial thermal resistance. This work proposes the usage of a
new type of ultra-thin carbon nanomaterial – carbon nanothread, to promote the thermal
transport in the polymer composites. In silico studies reveal that carbon nanothreads possess a
much smaller interfacial thermal resistance (3.10.410-9 Km2/W) between each other
compared with that of the (4,0) carbon nanotubes (8.84.610-9 Km2/W). Similar as found for
carbon nanotubes, the interfacial thermal resistance decreases when the interfacial crossing
angle decreases or the contact area increases. Surprisingly, both compressive and stretching
interfacial distance are found to suppress the interfacial thermal resistance or enhance the
interfacial thermal conductance, which is supposed as resulted from the increased lowfrequency phonon populations in the cold regions. It is found that different carbon nanothreads
exhibit an interfacial thermal conductance between 60 and 110 pW/K, which can be remarkably
enhanced by introducing interfacial cross-linkers. Moreover, a shorter cross-linkers with a
length less than the vdW interaction cutoff distance yields to the strongest enhancement.
Combining with the ultra-thin nature of carbon nanothread (that can enable the establishment
of effective heat transfer percolation network at a low weight/volume load), our work suggests
that carbon nanothread can be an excellent alternative nanofillers for polymer composites with
enhanced thermal conductivity.
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Since lattice defects, such as dislocation cores, grain boundaries, interfaces, point defects, etc.,
have different atomic and electronic structures from the bulk, there should be inhomogeneous
stress distribution in the vicinity of the defects. Through some experimental studies, the
importance of such nanoscopic stress has been recently shown: for example, by seeing stress
intensity induced by the interaction between dislocation pile-up and a grain boundary, one can
find favourite sites for damage nucleation inside a crystal under loading[1]. Despite such
interests from an experimental side, theoretical approaches to calculate stress distribution in
the atomistic scale have not been well developed yet. Approaches with traditional molecular
dynamics are less accurate and less transferable. It is also problematic that these scheme does
not provide any insights about from electronic states, from which the distribution originates in
principle.
We have developed an first principle approach[2] to calculate local stress
distribution based on quantum mechanics. The scheme has been applied to several defected
systems including grain boundaries [3], and has revealed the relationship between the
mechanical and electronic states in those systems. In this presentation, we show the results of
a local stress calculation applied to the grain boundaries of Iron. The calculation is based on
the linear combination of the atomic orbital (LCAO) method: we utilize the locality of the
basis function to obtain the ab initio stress in a physically well-defined manner. Through the
results, the inhomogeneous stress distribution near the defects and its origin will be discussed.
[1] Y. Guo, D. M. Collins, et al., Acta Materialia, 96 (2015) 229-236.
[2] For example, Y. Shiihara, M. Kohyama, et al., Physical Review B, 81(2010) 075441; Y.
Shiihara, M. Kohyama, et al., Physical Review B 87 (2013) 125430.
[3] S. Kr Bhattacharya, S. Tanaka, et al., Journal of Physics: Condensed Matter, 25 (2013)
135004.
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Further toughened oxide glass is demanded for a variety of applications including mobile
devices, electric vehicles and digital signages. Chemically are thermally tempering are usually
used for the toughening since the production processes have been well developed. Contrarily,
the tempered glasses have an issue on catastrophic fragmentation, once a crack reaches to the
tensile stress generated inside of the glass sheet.
One of the alternative toughening procedures to make glass less brittle is assembling
nanoscale secondary materials into a glassy matrix. For instance, implantations of hard Al2O3
particles and even soft metallic particles can improve the fracture toughness of oxide glass. The
other possible secondary material is nanoscale crystal. Indeed, we have recently found that a
novel glass-ceramic containing hexagonal CaAl2Si2O8 crystals embedded in a SiO2-Al2O3-CaO
glass show higher toughness, even though a number of microcracks appear after indentation;
however, the toughening mechanism is not well understood.
In this study, we therefore used molecular dynamics simulations to unravel the toughening
mechanism of the partially crystallized composite material [1,2]. The crystalline phase is
composed of alternate layers of SiO4/AlO4 tetrahedra and calcium ions. After careful modeling
of the crystals embedded in the glass matrix, we conducted crack propagation simulations using
single-notched models. According to the numerical simulations, we found that: (a) when a crack
propagates parallel to the cleavable calcium layer, the glass-ceramic breaks in a brittle way
since the crack passes through the fragile interlayer promptly, (b) the stiffer SiO4/AlO4 oxide
layer can inhibit crack propagation, and the crack is thus deflected to the interface between the
crystal and the glass matrix; and (c) a calcium layer present between the glass matrix and the
edge of the CaAl2Si2O8 crystal is more fragile than those inside the crystal, indicating that
cracks prefer to travel along the glass-crystal interface. These theoretical simulations
successfully demonstrated that the anisotropy and the fragile feature of the crystals lead to
microcrack toughening of the glass-ceramic. In this talk, we would also discuss applicability of
a multiscale simulation technique to demonstrate fracture simulation in larger scale.
REFERENCES
[1] K. Maeda et al., 3D microstructure and crack pathways of toughened CaO-Al2 O3-SiO2

glass by precipitation of hexagonal CaAl2Si2O8 crystal. J. Am. Ceram. Soc., 102, 55355544, 2019
[2] S. Urata et al., Molecular dynamics investigation of the fracture mechanism of a glassceramic containing cleavable crystals. J. Am. Ceram. Soc., 102, 5138-5148, 2019.
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Dense arrays of vertical cylinders and lamellae formed by block copolymers (BCPs) in thin
films have attracted an increasing interest in BCP thin films as patterning materials for
nanolithography and therefore BCP self-assembly in thin films have been extensively studied
in terms of nanoperiodic structures and applications. In this study, we investigate the
morphologies formed by self-assembled thin films of blended cylindrical and lamellar BCPs by
means of molecular dynamics simulations.
Thin film blends of equal lengths of cylinder- and lamella-forming BCPs, denoted C and L,
adopt morphologies depending on fractional composition of the blend constituents. Both types
of structures coexist in separate regions in thin films with comparable fractions and either type
of structure gradually disappears in the pattern with decreasing fraction of the copolymer of the
corresponding type. The repeat/domain spacing of cylinders increases with increasing fraction
of L while that of lamellae does not nearly change with increasing fraction of C.
Cylinders/lamellae have both C and L as constituents in the blends while they are constructed
of only C/L in individual pure thin films. Cylinders swell with more L despite the equal
molecular weight and lamellae split into smaller ones with more C. Our simulation results are
aligned well with the results from our previous experiments.[1] In addition to the patterns, we
study the underlying behavior in terms of the statistics and spatial distribution of the constituent
polymer chains in each morphology.
We utilize a Kremer-Grest coarse-grained bead-spring model in order to model a representative
BCP chain.[2] Each chain is composed of two different blocks, an A block and a B block, for
both C and L. The fraction of the A block in each chain is set to 0.25 and 0.5 for C and L,
respectively. Two different types of beads, A and B types, are used to construct A and B blocks.
Thin films are constructed of representative BCP chains and their thickness is slightly thinner
than a single domain spacing. The underlying substrate is modeled with a single layer of beads
(type S) aligned and fixed on the 111 plane of an FCC lattice. Every bead has unit mass
regardless of its type and the interactions between beads are described by the sum of bonded
and non-bonded (pairwise) potential energies. We adopt a finitely extensible nonlinear elastic
(FENE) potential for the bonded interactions and a Lennard Jones potential for the non-boned
interactions.
REFERENCES
[1] K.G. Yager, E. Lai, C.T. Black, Self-Assembled Phases of Block Copolymer Blend Thin

Films. ACS Nano, Vol. 10 (8), pp. 10582-10588, 2014.

[2] K. Kremer and G.S. Grest, Dynamics of entangled linear polymer melts: A molecular-

dynamics simulation. J. of Chemical Phy., Vol. 92 (8), pp. 5057-5086, 1990.
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ABSTRACT
Micro/nano-structural materials are constructed using microscopic building blocks and the
characteristic length scale of which is on the order of 1 nm to several microns. Traditional
structural materials are primarily studied for their mechanical properties. Yet the progress in
recent years has greatly expanded the investigation to a highly diverse and strongly
multidisciplinary area. Micro/nano structural materials can extensively take advantage of the
physical, chemical and mechanical properties of micro/nanoscale units. Precise regulation of
material properties can be achieved through the design of micro/nano structures and
interfaces. Bottlenecks in structural design and performance of traditional structural materials
are expected to be broken through soon. It offers strategic opportunities to design new
structural and functional materials for irreplaceable applications under extreme conditions.
This minisymposia aims to joint researches working in the related areas, to exchange the latest
developments in the mechanical behavior and design of micro/nano structural materials and to
explore their future prospects. The main topics include, but are not limited to:










Computational mechanics of various micro/nano structures, including nanoparticles,
nanowires, nanotubes, nanoporous materials, 2D materials, bio-inspired systems;
Analysis of mechanisms using theoretical modelling and molecular simulation;
Mechanical behaviors and performance under extreme conditions with multi-field effects;
Applications of micro/nano structural materials in energy, environment, health, etc.;
Other related research progress.
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We develop bounding analytical solutions to the problem of pull-in instability for a cantilever
nano-beam under the action of electrostatic, van der Waals and Casimir forces. On the basis
of previous investigations which neglected the effect of surface energy [1, 2], the analysis has
been extended here by taking into account size effects in the spirit of surface elasticity. The
latter contribution may substantially increase the beam stiffness in dependence of the surface
properties [3]. In particular, sharp lower and upper analytical bounds on the pull-in voltage
and tip deflection are obtained as function of the geometrical and material parameters and the
role of the surface energy is also discussed. Moreover, the effects of van der Waals and
Casimir intermolecular interactions are investigated. It is found that intermolecular forces
strongly decrease the pull-in voltage, while the influence of surface elasticity stabilizes the
system by increasing the pull-in voltage. The analytical bound are found to agree remarkably
well with the numerical results provided by the shooting method, thus validating the proposed
approach. However, the accuracy is found to decrease as the effect of surface elasticity becomes more
pronounced. Finally, approximated closed-form relations are proposed for the fast calculation of
the pull-in parameters and the minimum feasible gap and maximum realizable length for a
freestanding cantilever in the presence of the effects of surface elasticity and intermolecular
interactions. Results can be regarded as a useful tool for designing and optimizing NEMS
switches. They allow indeed for preventing unpredicted structural damage during operation,
thus assuring robust and consistent performance over many actuation cycles
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Due to advances in nanofabrication processes, the bottom up synthesis approach has been used
to produce nano-engineered graphene structures, such as graphene nanoribbons (GNR) with
controllable width and smooth edges [1]. These advances in the synthesis processes give GNR
the potential to be used in the development of GNR-based nanoelectronics. Recently, bottomup synthesis of graphene allowed a configuration of GNR with cove-type edges (CGNR) [2].
The Cove-type edges were observed along the zigzag GNR. Since their synthesis, they have
been used in several interesting studies involving electronic and chemical applications [3].
In this study, the edge and size effects on the mechanical properties of CGNR are investigated
by using molecular dynamics (MD) simulations based on the adaptive intermolecular reactive
bond order (AIREBO) potential. Our results reveal that the edges play a different role on the
mechanical response of CGNR when compared to the response previously observed for the
GNR with armchair and zigzag edges [4], [5]. CGNR become stronger as the width increases,
as well as increases its mechanical flexibility, which is of interest to future applications and
development of novel GNR-based devices. Moreover, it is concluded that this behaviour is
directly related to the edge configuration at each side of the CGNR.
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In this article, eigenfrequencies of nano-beam under axial load are calculated by strain-driven
and stress-driven nonlocal model and Bernoulli-Euler kinematics. Used methodology is
applicable to a wide variety of nano-engineered materials, such as carbon nanotubes.
Eigenfrequencies, calculated with strain-driven and stress-driven nonlocal model, are compared
with classical local theory and conclusions are given. The influence of nonlocal effects and
initial axial force (tension and compression) on eigenfrequencies are analysed and results are
documented. Model hardening and softening size effects are noticed and analysed.
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At the macrolevel, the effect of surface/interface energy for a stressed solid is ignored as it is small compared to the bulk energy. However, the surface/interface effects become significant for nanoscale materials and structures due to the high surface-to-volume ratio. In particular, the surface/interface stresses
are directly related to the size effect, that means the material properties of a specimen depend on its size.
The continuum surface/interface stress model assumes that solid consists of bulk and surface phases
which are coherent bonded and have different elastic properties. The consideration of this model helps
to understand the unusual elastic properties of nanomaterials.
Based on Gurtin – Murdoch surface/interface elasticity theory [1], we investigate the effect of nonlinear
terms of boundary perturbation technique on the stress concentration at the boundary of the nanodefect.
The two-dimensional problem on a nearly circular nanohole in an infinity plane under arbitrary remote
loading is considered. It is assumed that the complementary surface stresses are acting at the boundary.
So, conditions at the boundary are formulated according to the generalized Laplace – Young law [2].
With the help of Goursat – Kolosov complex potentials and the boundary perturbation technique [2, 3],
the solution of the problem is reduced to the singular integro-differential equation for any-order approximation. The algorithm of solving the integral equation for unknown surface stress is constructed in the
form of a power series in a small parameter. Analytical results based on second-order approximation of
the boundary perturbation technique are obtained. Analysis of the effect of nonlinear terms of high-order
approximation on the stress concentration is conducted. The size effect in the form of dependence of the
stress distribution at the surface on the size of the nanodefect is demonstrated.
Acknowledgements
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A thermoelastic damping (TED) is intrinsic to the system and cannot be minimized by controlling the
external environment like other dissipative mechanisms. TED is mathematically modeled using moment
balance and energy balance equations which are coupled in displacement and temperature fields. Writing
coupled thermo-elastic equations for a transversely vibrating electrostatically actuated micro beam [1];

 t/2
 

 
2
ε0 bVdc
∂2 w
∂4 w
∂2
EA L ∂w 2
∂2 w
ρA 2 + EI 4 − 2
bEαθydy +
dx
=
2L 0
∂x
∂t
∂x
∂x
∂x2
2(g0 − w)2
−t/2
  




 2
L ∂w 2
∂3 w
∂θ EαT0 ∂
∂ θ ∂2 θ
k
+ 2 = ρcv +
dx − EαT0 y
2
∂t
2 ∂t
∂x
∂x
∂y
∂t∂x2
0

(1)
(2)

where w is midplane vertical displacement, b is beam width, θ is temperature change from ambient temperature T0 and I is the bending moment of inertia of the beam. Galerkin based reduced order modeling
(ROM) methods, for TED, available in the literature are applicable only for linear case and when the
energy equation is homogeneous.
In the current study, more general framework (nonlinearity and presence of external hear source) to generate ROM for TED by considering seperate thermal modes and vibrational modes is proposed. The stationary solution for Eq.(1) and Eq. (2) is determined by assuming w(x) = ∑ni=1 φi (x)wi for displacement
and θ(x, y) = ∑ni=1 ∑mj=1 ψi (x)Ω j (y)θi j for temperature field. where φi (x) are structural vibration modes
for beam under electrostatic loading and ψi (x),
Ω j (y) are thermal modes.
The final reduced order model is obtained by substuting approximations
for w(x) and θ(x, y) in Eq. (1) and (2), then multiplying with respective
modes shapes and integrating over the volume. Later, eigenvalues of governing coupled equations (Eq.(1) and Eq.(2)) are obtained by linearizing
the current state about the static solution. The quality factor Q of the beam
is determined by computing the ratio of imaginary and real part of eigenRe(w)
frequencies (w) as Q = 2Im(w)
. To check the applicability of the current
method, an electrostatically actuated doubly clamped nanobeam is conV (V)
sidered. The beam configuration and parameters are considered from [1].
The reduced order model with 5 mode shapes is developed for nanobeam. Figure 1: Comparison of
It is observed from Fig. 1 that the results obtained using proposed method Quality factor
are in good agreement with the results from Zamanian [1] .
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ABSTRACT
Materials defects and interfaces, such as dislocations and grain boundaries in solids, fluidsolid and fluid-fluid interfaces, and fine microstructures within advanced materials, play
essential roles in the mechanical and dynamical behaviors of the materials. The complexity of
modeling microstructures of these defects and interfaces, and their evolution at various length
and time scales present new challenges for modeling and analysis of materials. Multiscale and
multiphysics models are required to accurately describe the complicated phenomenon
associated with defects and interfaces as well as their implications to the properties of
materials. In this minisymposium, we cordially invite speakers around the world to present
and discuss the latest advances in developing novel modeling and simulation methods to
investigate defect/interface of materials, and new insights into associated mechanical,
physical, and chemical properties.
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Configurational mechanics is concerned with energetic changes that go along with the variation
of configurational changes. The possible energy release due to changes can be invested into
other physical processes, like the creation of new surfaces during crack extension. Thereby,
configurational forces are understood as driving quantities for crack propagation and the
assessment of failure. This work aims to contribute to the computational aspects of atomistic
configurational mechanics by means of deploying a molecular dynamics code compatible with
particular aspects of theory. To that extent, two- and three-dimensional crystals including predefined cracks, modeling by pair-wise empirical potentials, are considered to study the
application of configurational forces in propagation of brittle crack within crystalline lattice.
Furthermore, according to our knowledge this is the first study to introduce an energy-based
fracture criterion known as atomistic configurational force criterion, thus, the crack is allowed
to propagate when some of pairwise configurational forces have reached to the criterion; In fact
meeting the threshold means the required energy for releasing the interatomic bonds is provided
by surrounding lattice structure. Here, the bond release is implemented by means of
modification in nearest-neighbor list to remove atoms from each other neighborhood in the
course of crack propagation. Altogether, atomistic configurational forces can contribute in
several ways to our understanding of energy release during crack evolution in atomistic systems
and provide a basis for calculation of energy release rate in molecular mechanics considering
the fact that to date there has been no concrete agreement on calculation of energy release rate
in this realm.
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Recently, layered organic inorganic lead halide 2D Ruddlesden-Popper perovskites were
utilized as an active layer in solar cells because of their superior stability during operation
subjected to ambient conditions compared to their 3D counterparts. This material consists of
integer number (n = 1, 2, 3, 4, ∞) of anionic perovskite layers intercalated with bulky aromatic
or aliphatic organic spacer cations which consequently gives rise to tunable quantum-wall
quantum-well structure. The band gap Eg, as well exciton binding energy Eb increases with
decreasing number of inorganic layers, enabling layered 2D perovskite materials to be
employed in various photovoltaic/optoelectronics applications (e.g. solar cells, LED,
photodetectors, lasers). The impacts of crystal morphology on optical/electronic properties of
nanocrystals and device performance have been a subject of intensive focus of investigation. In
this work, we investigated the equilibrium crystal shape of 2D perovskite with different
principle numbers (n=1, n=2, n=3) from density functional theory (DFT) calculations. We
computed the surface energies of low-index planes (100), (001), (011) and (111), and extracted
the equilibrium crystal shape using Wulff constructions. Our findings show that,
counterintuitively, higher members of 2D perovskite homologous series have lower surface
energies compared to the first member (n=1), suggesting that exposed methylammonium
cations stabilize the facets by creating strong hydrogen bonds with adjacent iodine atoms. The
equilibrium crystal shapes from Wulff constructions are in good agreement with available
experimental results.1,2 Therefore, the present study revealed the atomistic details of crystal
facets of 2D perovskite materials, which cannot be extracted directly from experiments, thereby
providing insights into the structural stability of 2D perovskite materials.
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Lithium (Li) metal is regarded as one of most promising anode candidate material for next
generation high energy density rechargeable battery because of its high volumetric and
gravimetric specific capacity as well as the lowest reduction potential. Unfortunately,
uncontrolled dendritic Li growth induces low columbic efficiency and potential safety issues
during operation. It is widely believed that Li dendrite growth can be attributed to the structural
inhomogeneity of solid electrolyte interface (SEI). In this study, we performed a series of
reactive molecular dynamics simulations in conjunction with the electrochemical dynamics
with implicit degrees of freedom (EChemDID) method to study the structural evolution of both
SEI layer and Li metal anode subjected to cyclic charging/discharging. Our simulations
demonstrated that Li atoms were dissolved from the primitive Li anode surface into the SEI
layer during discharging, and were reduced at Li metal aggregates embedded in the SEI layer.
As a result, the Li metal surface roughens during cyclic charging/discharging. Subsequent
chemical constituent analysis suggests that the gas molecules in the SEI layer close to the
primitive anode surface prevent Li ions from reduction on the primitive anode surface, thereby
leading to Li anode surface roughening. The drifting Li ion analysis also revealed
inhomogeneous distribution of Li ion diffusion pathway through the SEI layer, which further
enhances inhomogeneous Li reduction and anode surface roughening. Hence, the present study
reveals the onset of Li dendrite growth with atomistic details, which may provide a guideline
to molecular design of electrolytes for next-generation Li ion battery.
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Layered solids are ubiquitous in nature and understanding how they deform is essential in
many fields. In 2015, a new defect termed ripplocation described as an atomic layer ripple
was coined to explain the deformation in layered solids[1]. In this study, we use a molecular
dynamics (MD) method to generate a ripplocation by applying local from the armchair
direction of ABA type multilayer graphene (MLG). Specifically, ripples are generated by
interlayer dislocation in an atomic zone with a displacement of more than the interlayer
distance (3.35Å) in the Z direction and it’s defined as ripplocation nucleation. On adjacent
layers, the ripplocation are aligned and propagated as wavelike. In order to investigate the
influence of the number of layers in the middle part (Blue layers in Fig.2) and the width of the
model (X direction) on the wavelength of ripplocation, we take out the top layer of the middle
layers separately and do a comparative simulation. We find that when the number of middle
layers is the same, the wider the model, the longer the wavelength. When the width of the
model is the same, the more middle layers, the longer the wavelength. It’s noted that material
strengthening occurs due to the ductility of the laminated structure. In addition, for
understanding the regular of ripplocation nucleation, we are going to use mathematical
methods to describe the approximate curve of ripplocation[2]. Furthermore, by calculating the
mean curvature of the surface, we can observe whether the result is consistent with the surface
formed after the ripplocation nucleation. These results are of great significance for elucidating
the boundary conditions and regularity of ripplocation nucleation in layered solids. And we
suspect that the special deformation mechanism of ripplocation is highly likely to be applied
to high-performance materials.

Fig.1 Structure of MLG

Fig.2 Ripplocation in MLG

REFERENCES
[1] Kushima, A., Qing, X., Zhao, P., Zhang, S., and Li, J. Ripplocations in van der Waals

Layers. Nano Letters 15, 1302-1308, 2015.
[2] Edmunds, R., Hunt, G.M., Ahmer Wadee, M. Parallel folding in multilayered structures.
Journal of the Mechanics and Physics of Solids 54, 384-400, 2006.
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ABSTRACT
Concrete, geomaterials (soils, rocks) and wood are porous materials that are ubiquitous in civil
engineering. A relevant description of the behaviour of these materials requires accounting for
the multiscale nature and hierarchical microstructure of the material, as the engineering
behaviours often emerge from mechanisms occurring at the nano- or micro-scale. Composition(micro)structure-property correlation is the central paradigm in (1) the understanding of
material behaviour in (infra-)structures, building envelopes and/or environmental processes;
and (2) in tailoring materials properties according to performance specifications. Multiscale
approaches enable to identify the physical origins of physical phenomena and quantify their
repercussions across scales. Such information is crucial in the design of more durable and
resilient (infra-)structures, in the extension of the service lives of existing infrastructures
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exposed to degradation and ageing, in the optimization of the use the Earth’s critical zone
(especially for energy production), as well as in the development of new materials engineered
to achieve a given performance. Regarding length-scales, industrial applications and
environmental processes require a robust description of macroscopic properties whereas the
mechanisms giving rise to the properties of interest cannot generally be understood at that
macroscopic scale. Bridging timescales is also a major challenge in the comprehension of the
behaviour of these materials, especially when one focuses on delayed or time-dependent
behaviours (such as creep/relaxation and degradation processes inducing microstructure
changes) that are observed in cement-based materials, clays and wood. Furthermore, the
hierarchical porosity of these materials plays a major role in their thermo-hydro-mechanical
behaviour. There are critical open questions regarding the role of sorption, fluid confinement,
capillary effects, pore size dependency and specific ion effects on the physical properties of
civil engineering porous materials.
We are interested in contributions tackling the modelling and simulation of the multi-physics
behaviour of civil engineering porous materials including nano- and micromechanics, atomistic
and particle-based simulations, theoretical and multi-technique (e.g. combining experimental
and modelling) approaches.
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The Cohesive-Volumic Finite Elements approach [1] is a numerical method devoted to multicrack
initiation, propagation and coalescence up to the final failure. The mechanical parameters involved in
this approach are difficult to characterize when: 1/ the brittle failure is very sensitive to underlying
parameters, 2/ the scale at which the cracks develop is not clearly determined as in multiphase-multiscale
materials. The concrete materials are both brittle and multiscale materials.
Previous works shown that rough estimates of the cohesive parameters for the bulk cement paste
and for the cement-aggregate interface allow to predict the main crack patterns but do not lead to
accurate and reliable predictions of a concrete specimen failure [2]. To the best of our knowledge,
no experimental process has been proposed for a direct and accurate characterization of those parameters.
In this study, we introduce a new protocol to identify cohesive parameters of the bulk and of the interface
(silica aggregate) at the local scale by using a three-points bending test. This protocol is based on
three-dimensional numerical cracking simulations performed with Xper code [3] which have permitted
to link cohesive parameters to quantities easily measurable at the global scale: mean crack velocity and
overall mechanical energy at failure.
This result has been obtained considering both that the mechanical behaviors of the aggregates and the
cement paste are isotropic linear elastic and that the failure process occurs within a short period of time
with respect to the duration of the bending test. The methodology is accurate for any isotropic materials
and brittle interfaces between two isotropic materials. Moreover, this approach can inspire further studies
for the conception of experimental protocols in order to measure cohesive parameters on any materials
and interfaces at given scales.
REFERENCES
[1] M. Tijssens, L. Sluys, and E. van der Giessen, Numerical simulation of quasi-brittle fracture using
damaging cohesive surfaces. European Journal of Mechanics A/Solids (2000) 19:761–779.
[2] Bichet, L. Mécanisme de transports dans la fissuration des matériaux hétérogènes : application à
la durée de vie d’exploitation des centrales nucléaires. PhD Thesis, Université Montpellier, (2017).
[3] Perales, F., Dubois, F., Monerie, Y., Piar, B. and Stainier, L. A NonSmooth Contact Dynamicsbased multi-domain solver: Code coupling (Xper) and application to fracture. European Journal
of Computational Mechanics (2010) 21(3–6):242–253.
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To manage the long term operation of power plants civil engineering structures, EDF has adopted an
integrated approach combining inspection, structural analysis and material knowledge. The latter aims
at providing relevant material properties and constitutive behaviors, to be used as inputs of FEM computations. Regarding auscultation techniques which involve indirect measurements, reliable relations
between quantities of interest and directly measured properties are required. As concrete is a highly
variable, multi-scale material, where multi-physics processes occur, upscaling models represent an appealing option to estimate properties and behaviors. Indeed, these approaches are able to bridge the scale
where the physical processes occur to the scale of engineering. This contribution proposes applications
encompassing several fields, targeting both structural analysis and auscultation techniques. The aim is to
provide a broad overview, rather than focusing on peculiar technical aspects.
First, the mechanical behavior of concrete is considered. A model of ageing basic creep is presented, integrating the influence of microstructure evolution, to circumvent the unphysical features of a previously
used empirical model. Degradation due to heterogeneous and relative expansion or shrinkage is then
investigated. The development and progress of damage around expanding aggregates is modeled considering an energy-based elastic damageable constitutive behavior. The residual modulus of concrete is
estimated as a function of aggregate expansion. Finally, a first approach to address the influence of moisture content evolution on delayed behavior of concrete is proposed, through numerical partially saturated
poromechanics. Lattice-Boltzmann simulations are performed to evaluate liquid and vapor repartition in
the pore domain. The response of the solid skeleton is then estimated with finite elements.
Second, interpretation of auscultation results is considered. Assessing water content in civil engineering
structures in a non destructive way is often performed through permittivity measurements. A curve relating permittivity to water content is then required. To avoid time consuming drying tests, a microstructure
model of unsaturated cement paste is proposed and permittivity estimates are compared to experimental
measurements. The last example is devoted to stresses monitoring in a large scale structure, through
deformation measurements of a cavity. The latter are related to remote stresses thanks to the classical
Eshelby inhomogeneity result.
These examples from practical applications take advantage of the concrete virtual lab developed at EDF.
Eventually, a few issues and challenges raised by these developments are discussed.
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Ettringite (3CaO·Al2O3·3CaSO4· nH2O, with n = 24 - 27) is one of the main phases formed
in the hydration of ordinary and alternative cements. On one hand, this phase is associated with
durability problems such as delayed ettringite formation. On the other hand, ettringite
contributes to the immobilization of pollutants in concrete. Further, ettringite has been studied
as a material for thermal energy storage (TES) due to its low cost, high energy storage density
and low temperature of application.
Fundamental understanding of the physical origins of the thermo-hydro-mechanical response
of ettringite is critical for the development of ettringite-based materials for TES and the
comprehension of the durability problems related to delayed ettringite formation. The physical
phenomena that govern the behavior of this mineral, especially with respect to hysteresis,
volume stability and reversibility of adsorption-desorption cycles are still poorly understood.
At low relative humidity (RH) the formation of metaettringite, a disordered polymorph of
ettringite, is reported [1]. Atomic-level detail on the structure of metaettringite and physical
phenomenon occurring in ettringite-metaettringite conversion may help in understanding the
reversibility of the processes key in the utilization of ettringite for TES.
Here, the stability of ettringite under sorption and conversion into metaettringite is studied using
hybrid Grand Canonical Monte Carlo (GCMC) and (classical) Molecular Dynamics (MD)
simulations. The empirical force field AFFF developed to molecular model of AF-phases in
cement systems is deployed [2]. GCMC-MD simulation allows probing the osmotic ensemble
so that the water content and relaxed structures are obtained as a function of an imposed RH.
In agreement with the experimental evidence, we observe a reversible transition
ettringite/metaettrignite. Furthermore, we discuss the role of hydrogen bonds on the hysteresis
observed in sorption cycles in ettringite.
REFERENCES
[1] Q. Zhou, E.E. Lachowski, F.P. Glasser, Metaettringite, a decomposition product of ettringite,
Cem. Concr. Res. 34 (2004) 703–710. https://doi.org/10.1016/j.cemconres.2003.10.027.
[2] T. Honorio, P. Guerra, A. Bourdot, Molecular simulation of the structure and elastic properties of
ettringite and monosulfoaluminate, Pre-Print. (2019). (accessed June 12, 2019).
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It is well known that the thermo-mechanical behavior of an adsorbed fluid differ from that of a bulk fluid,
and the difference of pressure between the two fluids is generally called the disjoining pressure. Disjonining pressure is at the origin of various phenomena such as drying shrinkage of clays. Understanding and
modeling the adsorption-induced effects require a fine description of how disjoining pressure evolves
upon thermo-chemo-mechanical changes. Early works on the modeling adsorption-induced deformations have generally introduced simplifying assumption that proves well adapted for some application
(e.g., CO2 -induced swelling of coal). Yet, such assumptions are questionable in the general case and
various experimental results suggest that the usual thermo-mechanical properties (compressibility, thermal expansion, heat capacity) are significantly affected by adsorption so that the disjoining pressure is
expected to evolve in complex manner with temperature, chemical potential, pore size etc.. These experimental measurements remain indirect, since only the effective properties of a porous medium are
evaluated. A poro-mechanical approach is then necessary to relate the behavior of the fluid to that of
the porous medium. Molecular simulation offers the possibility to estimate directly the adsorbed behavior at the scale of a nanopore, thus without involving poro-mechanics. The study of water in clays
shows that the effect of adsorption is particularly complex: not only the thermo-mechanical porperties
are affected but new properties emerge because the behavior of the adsorbed fluid is no more extensive.
A total of 6 moduli are necessary to fully characterize the thermo-mechanical behavior of an adsorbed
fluid. This conceptual change calls for a new formulation of poromechanics. We propose a new derivation of non-linear poro-mechanics that accounts for the 6 moduli. This theory retrieves the peculiarities
of adsorbing media, such as drying shrinkage. The non extensivity of the adsorbed fluid (6 moduli instead of 3) proves essential to explain some phenomena, in particular: the contracting behaviors under
free stresses, the anomalously high drained thermal expansions, and the anomalies of undrained thermal
pressurization.
REFERENCES
[1] Coussy, O. Mechanics and Physics of Porous Solids. John Wiley & Sons (2010).
[2] Brochard, L. et al. Poromechanics of microporous media. Journal of the Mechanics and Physics of
Solids (2012) 60(4):606–622.
[3] Brochard, L. & Honorio, T. Revisiting thermo-poro-mechanics under adsorption: Formulation
without assuming Gibbs-Duhem equation. Under revision.
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Thermal strains in concrete structures can cause very significant thermal stresses and might
eventually contribute to thermal cracking at early material ages. Thermal strains are customarily
assessed by the coefficient of thermal expansion (CTE). For porous media such as cementitious
materials, pore water is likely to become pressurized upon temperature changes and this way
might amplify the macroscopic CTE of the materials [1]. Herein, we aim to shed light on this
amplification and the related complex evolution of the CTE of cement paste by means of a
recently published micromechanical multiscale model [2].
Therefore, the porous microstructure of cement paste is resolved down to scales of nanometers,
where C-S-H nanoparticles interact with gel pores [2]. Classical poromechanical theory for
undrained conditions and continuum micromechanics-based homogenization allows for
quantification of these pore pressures in gel pores (and in the larger capillary pore spaces) upon
heating. Hydration-induced evolutions of the volume fraction of gel and capillary pores,
considering the densification of C-S-H, are obtained from recent nuclear magnetic resonance
relaxometry results which were cast into a mathematical formulation [3].
Model-predicted CTE evolutions are compared to experimental results obtained from
monitoring the longitudinal displacements of horizontally placed corrugated tubes filled with
cement paste exhibiting water-to-cement ratios ranging between 0.3 and 0.6 [4]. This allows us
to conclude that pore pressures are not activated at early material ages, where the pore network
might still be permeable enough to allow the water to avoid its pressurization. Associated CTE
values are rather small. At mature ages, however, the pore network is “undrained” resulting in
an amplification of the CTE by a factor of 2-3.
REFERENCES
[1] E.J. Sellevold, Ø . Bjøntegaard, Coefficient of thermal expansion of cement paste and

concrete: Mechanisms of moisture interaction. Mater. Struct., 39(9), 809-815, 2006

[2] M. Königsberger, B. Pichler, C. Hellmich, Multiscale poro-elasticity of densifying

calcium-silicate hydrates in cement paste: An experimentally validated continuum
micromechanics approach. Int. J. Eng. Sci., 147, 103196, 2020
[3] M. Königsberger, C. Hellmich, B. Pichler, Densification of C-S-H is mainly driven by
available precipitation space, as quantified through an analytical cement hydration model
based on NMR data. Cem. Concr. Res., 88, 170-183, 2016
[4] B. Delsaute, S. Staquet, Decoupling Thermal and Autogenous Strain of Concretes with
Different Water/Cement Ratios During the Hardening Process. Adv. Civil Eng. Mat.,
2017,6(2),1-22
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ABSTRACT
The role of atomistic simulations in mechanics and material sciences is constantly growing, with applications to many processes: defect motions, propagation of fractures, dislocations, epitaxy, mechanics
of nanomaterials, etc... The objective of this minsymposium is to gather scientists both interested in
methodological aspects related to some applications and in the theoretical development of efficient numerical methods.
The simulation of materials at the atomistic scale raises two major difficulties, namely bridging space
scales and time scales between the microscopic description, and the macroscopic phenomena of interest.
To obtain meaningful results, one needs to consider systems with a huge number of atoms, integrated
over very long times. Naive simulations are thus useless in many cases, and many numerical techniques
have been proposed to deal with these difficulties. We will focus in particular on coarse-graining techniques which consist in replacing a dynamics on the positions of the atoms by a jump Markov model
between states (kinetic Monte Carlo models or Markov state models), and numerical methods to accelerate dynamics (such as accelerated dynamics algorithms à la A.F. Voter).
REFERENCES
[1] Andreoni, W. and Yip, S, Handbook of Materials Modeling, Springer, Volumes 1 and 2, (2020).
[2] Lelièvre, T. and Stoltz, G., Partial differential equations and stochastic methods in molecular dynamics, Acta Numerica, (2016), 25:681–880.
[3] Perez, D., Uberuaga, B.P., and Voter, A. F., The parallel replica dynamics method - coming of age,
Computational Materials Science, (2015) 100:90–103.
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Macromolecular (particle) systems are present in many applications of biotechnology and process engineering and
the physical phenomena involved therein often spread over vast scales of size and time. Depending on the scale of
interest, various models have been developed. These models are typically in the MD framework for most molecular
applications (typically <100nm) or the DEM framework for traditional applications (>10µm; e.g. for granular
materials; typically spherical). However, models bridging the gap between the two regimes are rather scarce and
will be addressed in this contribution. These scales are especially interesting for biological systems (e.g. enzyme
structures and biomolecular machines) which can be looked at as functional particles with interesting properties
concerning their interaction, structural formation, and reactive properties – consequently often requiring a datadriven coupling methodology to capture these complex properties. Such systems have received increasing interest
in recent years [1] and as they are difficult to investigate experimentally in detail [2], the need for modeling
techniques on this scale is driven.
To gain insight, we develop models to transfer the essential directiondependent dynamics and complex interaction from MD to DEM (see
Fig. 1) in a modeling methodology termed by us the “Molecular
Discrete Element Method (MDEM)”. In the targeted regime between
100nm and 10µm diffusive effects are significant and interaction of
particles (abstraction for a complex macromolecule) can be anisotropic
(influenced by e.g. shape, electric charge). To capture this, we
developed a force-based direction-dependent diffusion model for
DEM [3] and complex data-driven interaction models derived from
MD [4-6] (both atomistic and coarse-grained) simulations. The models
are parameterized “bottom-up” and validated “top-down” by
comparison with experimental data, which is obtained from biolayer
interferometry (BLI) and dynamic light scattering (DLS). As a model
system the multi-enzyme Pyruvate Dehydrogenase Complex (PDC) is
used, as it features organized self-structuring processes and a highly
regulated multi-enzymatic machinery dependent upon the structure.

~10 µm

DEM (+CFD)

~1 µm
\
~80 nm

DEM

~80 nm

Coarse-Grained
MD

~10 nm
\
~0.1 nm

[3]

[4,5]

Atomistic
MD
[6]

Figure 1: Multiscale modeling methodology

Obtained results for the PDC component E2 show that the continuous formation and breakup of enzymatic
agglomerates (typically between 50 – 90nm) can be predicted using the developed MDEM methodology [3]. This
approach requires no experimental data fitting and produces accurate scale-bridging kinetics as well as
agglomerate sizes matching corresponding dynamic light scattering data (75.2 nm ± 10.4%) [2]. Using this
approach macromolecular systems on the µm scale can be simulated for timescales of up to 1 ms.
We gratefully acknowledge financial support by the DFG (SPP 1934) and BMBF (031B0222).
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[2] Guo et al. (2017). Biochemical Journal, 474(5), 865-875.
[3] Depta et al. (2019). JCIM, DOI: 10.1021/acs.jcim.8b00613
[4] Hezaveh et al. (2017). ACS Omega, 2(3), 1134-1145.
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The microstructural evolution of metals and alloys is governed by the diffusion of defects over complex
energy landscapes. Whenever metastability occurs in atomistic simulations, well-separated time scales
emerge making it necessary to implement event-based kinetic models at larger scales. The crucial task
then involves characterizing the important events contributing to mass transport based on the theory of
absorbing Markov chains. Mean first-passage kinetic Monte Carlo (MFP-KMC) algorithms are then used
to draw non-local transitions from the list of characterized events and increment the physical time by the
expected first-passage time. The latter quantity is obtained from the law of total expectation by summing
over all the skipped transitions. We will show how to include the contribution of the skipped transitions to
mass-transport quantities by resorting to the law of total covariance. The approach consists in conditioning on the corresponding mass-transport autocovariance function prior to estimating the corresponding
mean squared displacements (MSD). Dividing the MSD by twice the expected physical time eventually
yields the particle diffusivities. Considerable simulation speedups are observed when the MFP-KMC
algorithm is able to suppress the metastability. However, whenever some numerical metastability still
persists, the efficiency of the conditioned estimator deteriorates and the standard MSD estimator may
even perform better. Nevertheless, the optimal combination of the standard and conditioned estimator
can be determined in unfavorable situations. The efficiency of the optimized estimator is demonstrated
with kinetic Monte Carlo computations of particle diffusivities in low alloyed steels.
REFERENCES
[1] Voter, A. F., Introduction to the kinetic Monte Carlo method, Radiation Effects in Solids, NATO
Science Series II: Mathematics, Physics and Chemistry , volume 235, page 1 (2007).
[2] Athènes, M., Kaur, S., Adjanor, G., Vanacker, T. and Jourdan, T. Elastodiffusion and cluster mobilities using kinetic Monte Carlo simulations: Fast first-passage algorithms for reversible diffusion
processes, Phys. Rev. Materials (2019) 3:103802.
[3] Athènes, M. and Bulatov, V. V., Path factorization approach to stochastic simulations, Phys. Rev.
Lett., (2014) 113, 230601.
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Vacancies might agregate, depending on local stresses, temperature and concentration, especially at grain
boundaries (GBs), and form nanoscale cavities. These could be seeds for high temperature creep fracture
or even ductile fracture in pure metals. Viewing the cavity as a new phase in a strained continuum, an
energy barrier is found [1] and classical nucleation therory has been used to model the nucleation rate
of these cavities. First atomistic simulations were done [2] which show that the energy balance for
the formation of the cavities, starting from dissolved vacancies in a GB, is more complex than what is
considered in the classical model : the modification of the structure of the GB, due to the vacancy dissolution, can dominate the energy balance. This justifies the the study of the agregation of intergranular
vacancies by atomistic simulations.
There has been several studies of vacancy diffusion and accumulation at GBs using advanced modeling
tools such as Temperature Accelerated Dynamics [3] or off-lattice Kinetic Monte Carlo [4, 5]. Our
goal is to use Metropolis Monte Carlo, mixing particle displacements and vacancy-particle exchanges,
to perform the sampling of the configurations of large numbers of vacancies in the GB. For this, a first
step was to use the Voronoi decomposition of configuration space, using the crystalline lattice positons
as nodes, to define what is called a vacancy in our system. Then exchanges between empty cells and
particles can be proposed in the Monte Carlo procedure [6]. This method suffers from a severe lack
of ergodicity when the vacancies are “dissolved” in the GB, i.e. when the neighbors still occupy their
Voronoi cell but are largely displaced with respect to the node’s position. In this paper, we show how we
adapted the Smart Darting [7] method to efficiently sample the vacancy configurations in a GB, even in
the case of strong relaxations of the neighbors.
REFERENCES
[1] R. Raj Acta Metall. 26 pp. 995-1006 (1978)
[2] D. Tanguy Phys. Rev. B (2017)
[3] M. R. Sorensen and Y. Mishin and A. Voter Phys. Rev. B (2000)
[4] E. Martı́nez and J. P. Hirth and M. Nastasi and A. Caro Phys. Rev. B 85 060101(R) (2012)
[5] E. Martı́nez and A. Caro Phys. Rev. B 86 214109 (2012)
[6] E. Vamvakopoulos and D. TanguyPhys. Rev. B 79 094116 (2009)
[7] I. Andricioaei and J. E. Straub and A. F. Voter J. Chem. Phys. 114 p. 6994 (2001)
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ABSTRACT
The Mini-Symposium "Advanced Methods for Crashworthiness" will gather together
researchers from academia and industry working on new methods for impact and crash
problems. This concerns theoretical developments and engineering applications from
automotive, aerospace, civil, and naval engineering as well as from biomechanical and material
sciences. Methodological aspects from finite element and meshless methods will be regarded
as well as material modeling and optimization.
For example, contributions may address new developments in
-

material modelling for crash (plasticity, damage, fracture);

-

new materials and joining technologies (hybrid materials, composites, batteries)

-

coupled manufacturing-crash simulations (additive manufacturing);

-

numerical optimization (material, topology, shape);

-

new numerical procedures (contact, IGA, MOR, AI);

-

methods for different development stages (early and late phase);

-

simplified modeling, multi-fidelity assessments;

-

new load cases (small overlap, moving deformable barriers, rollover)

-

human models for crash; safety for pedestrian & cyclists, elderly people;

-

industrial applications of crashworthiness (aerospace, automotive, civil, naval)

-

etc.
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Vehicle development for passive safety usually follows the approach to identify an optimal
design under given boundary conditions. It is then implemented and verified according to the
well-known V-model. Currently, we witness a change from this development paradigm towards
methods that focus more on deriving sufficient flexibility during different design stages.
This appears necessary in the face of increasing volatility, uncertainty, complexity, and
ambiguity (VUCA) in all aspects of development [1]. Examples are the growing number of
legal and consumer tests or the changing customer demand for different drivetrains. To maintain
economic feasibility, it remains important to share components among vehicle variants, e.g. in
architectures [2]. Designing with flexibility in mind during the early phase allows to consider
alternatives that implement new or adjusted requirements during later design phases [3].
Here, we applied the flexibility approach to the full frontal rigid barrier crash test load case.
The two relevant vehicle subsystems are the deforming vehicle structure and restraint system
— notably seat belt and airbag. Their flexibility is assessed by solving a Solution Space
identification problem (SSIP) [4] based on suitable models for each subsystem. These problems
are not independent, as the “crash pulse” of the deforming structure impedes or facilitates the
performance of the restraint system. Hence, the subsystems must be coupled through an
interface. For its utilization as part of the SSIPs, four properties are desirable. We found that
none of the established crash pulse criteria exhibit all four. Consequently, a purposefully
developed criterion is proposed as a suitable interface and implemented with the models.
We find that changing this interface quantity directly influences the flexibility of the respective
subsystems. It is hence possible to formulate the two SSIPs and use the interface quantity to
balance their flexibility. This enables the assessment of early phase vehicle concepts w.r.t. their
viability for further development under VUCA circumstances.
REFERENCES
[1] O. Mack et al. (eds.): Managing in a VUCA World. Springer, 2016
[2] L. Song, Commonality Design of Vehicle Architectures Concerning Crashworthiness

Using Solution Spaces, PhD Thesis, TUM.University Press, Munich, Germany, 2019

[3] M. Zimmermann and J.E. v. Hoessle, Computing solution spaces for robust design. Int J

Numer Meth Eng, Vol. 94, 290-307, 2013

[4] V.A. Lange, J. Fender, F. Duddeck, Relaxing high-dimensional constraints in the direct

solution space method for early phase development, OPTIM ENG, Vol. 19, 887-915, 2018
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Multi-query assessments of nonlinear transient problems via explicit finite element methods (FEM) are
of high importance for the industries. They are needed for multi-disciplinary optimization (MDO) and
robustness analysis (RA) to assure crashworthiness of vehicular structures concerning a high number of
crash load cases. The related computational effort is often too high and multi-fidelity schemes have to
be used. There are several ways to generate low-fidelity models from high-fidelity simulations; some are
intrusive and some non-intrusive. The former require modifications of the FEM code, i.e. a certain access
is necessary to handle the reduced matrices of the dynamical system. This is especially true for so-called
nonlinear model order reduction (MOR), which employs a projection onto a reduced basis obtained either
using snapshots of high-fidelity model runs [1, 2, 3], or using special techniques to generate modes for
nonlinear deformations. Additional reduction can be achieved by hyper-reduction (HR) techniques, many
of which are also intrusive. The latter, i.e. non-intrusive methods, are sometimes advantageous because
of their availability and generality. Here, efficient global optimization (EGO) based on Kriging and
Gaussian processes is attractive because of the ability to realise an adaptive update of the low-fidelity
model. Common to all approaches mentioned here is that they are based on a training phase where
data is generated, processed, and reduced such that in a second phase, a highly efficient data-driven
optimisation, MDO, or RA is enabled. In this contribution, new developments for both, the intrusive and
the non-intrusive are presented addressing the methods separately and discussing a merge as an outlook.
REFERENCES
[1] Bach, C., Ceglia, D., Song, L., and Duddeck, F. Randomized low-rank approximation methods for
projection-based model order reduction of large nonlinear dynamical problems. Int. J. Num. Meth.
Engng. (2019) 118(4):209–241. doi:10.1002/nme.6009.
[2] Bach, C., Duddeck, F., and Song, L. Fixed-precision randomized low-rank approximation methods
for nonlinear model order reduction of large systems. Int. J. Num. Meth. Engng. (2019) 119(8):687–
711. doi:10.1002/nme.6068.
[3] Bach, C. Data-driven model order reduction for nonlinear crash and impact simulations. PhD
thesis, Technical University of Munich (in press), (2020)
[4] Komeilizadeh, K., Hefele, R., and Duddeck, F. A Multi-fidelity approach using physical and
mathematical surrogates for crash optimization. Proc. Appl. Math. Mech. (PAMM), (2018), doi:
10.1002/pamm.201800287.
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ABSTRACT
This mini symposium aims to provide a single platform for numerical analysts, engineers and
scientists in oil and gas industry to exchange ideas, showcase best practices on how they use
numerical tools such as finite element analysis, computational fluid dynamics to understand
fundamental issues in designs, tests and field operation issues, highlight the solutions to
challenging real world engineering problems in every segments of oil and gas industry, from
upstream, to midstream, to downstream.
We are interested in the following broad topics:
1) Constitutive modeling for metals, polymers, geomechanical materials and their
applications;
2) Numerical methodologies to solve complex problems in oil and gas industries - from tools,
wellbores to reservoirs;
3) Fluid-structure interactions and other multi-physics simulation;
4) Reliability, uncertainty quantifications and application of statistical FEA/CFD in real world
problems;
5) Verification and validation of analysis of complex engineering designs;
6) Engineering simulation driven designs and innovations, and design optimizations;
7) Please contact the mini symposium organizers if you have suggestions for other topics.
Experts and practicing engineers in all disciplines in oil and gas industries are invited to
submit their abstracts to this symposium.
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Organizers of MS proposals are requested to upload an abstract of approximately 400 words
(1 page) no later than March 31, 2019, following the format of this template.
The abstract should briefly illustrate the contents and objectives of the Minisymposium. The
list of prospective speakers is not required.
For practical reasons, each MS shall have a Corresponding Organizer, who will submit the
MS proposal and keep in contact with the Conference Secretariat, and one or more Coorganizers.
Each MS should consist of a minimum of one Session (6 presentations of 20 minutes each).
The number of Sessions for a MS will be determined by the number of papers submitted. A
MS cannot be split in parallel sessions.
For Minisymposia of at least two sessions, the MS Organizers have the possibility to
propose a maximum of two Keynote Lecturers. Since Sessions are subdivided into 20
minutes slots, the format will consist of 2 consecutive Keynote Lectures of 30 minutes each in
the same Session plus 3 invited papers of 20 minutes each.
For any further request, please contact the congress Secretariat:
WCCM-ECCOMAS2020@cimne.upc.edu
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Positive displacement motors (PDMs) are the most commonly used drives for drilling operations. They
mainly consist of a rotor and a contoured stator, which has a rubber lining to seal the cavities between
the two parts. The stator elastomer is not only exposed to mechanical loads, but also to volume changing
effects. The latter have an influence on the failure of the polymer material. Consequently, in the context
of FE-simulations, not only the inelastic behavior of the rubber material must be taken into account, but
also the volume changing effects.
Therefore, the constitutive material model MORPH (model of rubber phenomenology) [1] is extended to
consider chemical shrinkage during the vulcanization process as well as volume changes due to thermal
expansion and swelling during operation of the motor. For each of these aspects, an exponential approach
is used to calculate the associated volume changes.
The corresponding FE-simulations are based on models of representative motor sections, which use
periodic boundary conditions to allow the reduction of the model size with minimum loss of information
about motor geometry and loads. To minimize simulation time, only the stationary state of the PDM is
investigated, applying volume changes which are assumed to be constant during this phase. In downhole
operation, thermal expansion and chemical swelling cause an increase of the rubber volume, which
affects the rotor-stator fit. This has an essential influence on the internal loads of the elastomer lining and
its fatigue life. The results of this preliminary study show a significant effect of the volume changes on
the obtained strains and stresses. This underlines the importance of the consideration of volume changing
effects in order to simulate the stator elastomer behavior of PDMs.
In future works, experiments should be carried out to understand interactions between different effects
and the material model should be extended to take hysteresis heating into account. Finally, external loads
in downhole operation, that are very important for the power section behavior, should be considered by
an overall model to generate realistic boundary conditions for the representative model section.
REFERENCES
[1] Besdo, D. and Ihlemann, J. A phenomenological constitutive model for rubberlike materials and its
numerical applications. International Journal of plasticity. Vol 19(7): p.1019-1036, 2003.
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Autonomous inflow control devices (AICDs) represent a successful technology used to
maximize reservoir sweep and increase oil recovery. They are an enhancement over passive
inflow control devices (ICD) such as a nozzle or the helix type which have a fixed choke for
the lifetime of the well. A technique is presented to accelerate the AICD development from
defining operational parameters to delivering a functioning product. This considers various
mechanical and hydraulic loads to provide robustness during operations.
Due to limited space between AICD sub-assembly, basepipe dimensions, and complex
loading conditions, iterative design was performed to meet operational parameters.
Simulations using finite element analysis (FEA) facilitated the development via performance
evaluation of each design under various load conditions. The FEA simulations results
provided the direction to refine and finalize the design. Mechanical loads evaluated in the
simulations include tension, torque, bending, and impact shock, while hydraulic loads include
collapse, burst, and injection pressures. After finalizing the design, the simulations results
were validated with prototype testing.
The final design meets operational parameters through FEA which allowed the successful
development of the product by saving more than 50% time of the development cycle. The
FEA simulations provided stress information of each feature to model the load anticipated on
the service, which contributed to improve robustness and complex features reliability.
Prototype test samples built on the basis of the final design and a full range of validation tests
were conducted to validate the simulation model and final design and to establish appropriate
operational limitations of the AICD assembly when subjected to various loads. A leak test
was performed before and after applicable tests to verify that a leak had not formed. At the
conclusion of every test, each AICD carbide was inspected for damage to verify the device
had not failed. The test results prove the final design can achieve or exceed the minimum
requirements under various load conditions using the simulation technique which accelerated
the development process. This design has been used as the basis for various sizes with a
similar mounting system which has been successfully deployed in field applications.
The use of this technique significantly accelerated the development process. It involved
several design iterations and FEA simulations to evaluate those designs during the
development cycle. FEA has been utilized as a valuable tool to guide design optimization and
has been proved with testing to successfully anticipate the loading as per operational
parameters. In addition to the development process being shortened, the validation test cost
was minimized with the use of FEA, and a robust product was delivered. The validation test
results relate well with the FEA predictions.
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Completion in the oil/gas industry is the process to make a well ready for production. The
tools used in the completion process are called completion tools. There is a diverse portfolio
of downhole completion tools which include zonal isolation tools, anchoring devices, flow
controls, and safety valves, among many others. Due to the complexity of the tools in design
and operation, it can be difficult to understand their mechanics and behavior quantitatively;
this is where numerical simulation, finite element analysis (FEA) in particular, can help.
We have developed a broad spectrum of FEA procedures and techniques for various aspects
of analysis of completion tools. Our applications can be categorized into three interrelated
levels for both development and operations: 1) evaluation, 2) improvement and optimization,
and 3) knowledge quantification and innovation. A majority of our applications belong to
category 1, which typically includes determination of tool load ratings, operating parameters,
checking if designs meet regulatory requirements [1], and failure analysis. A higher level of
application is for design improvement and optimization, which is becoming increasingly
important to us and is being applied more frequently than a few years ago. The highest level
of application is to use FEA and other numerical simulation tools to stimulate innovation
when analysts/engineers gain insights through interpretation of numerical results that help
them to develop new ideas and new concepts.
In this paper, an overview of our capabilities will be presented with a few examples [2, 3, 4,
5] to demonstrate how FEA helps to drive robust engineering mechanics-based designs to
achieve improvement and optimization and to resolve field operation issues while reducing
product development time and cost.
REFERENCES
[1] A. Zhong, S. Yin, T. Apicharttabrut, Aspects of Design Verification Analysis for HP/HT
[2]
[3]
[4]
[5]
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spoolable connector, SPE 113037, SPE/ICoTA Tubing and Well Intervention Conference,
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SIMULIA Customer Conference, Providence, RI, May 15-17,2012
A. Zhong, D. Moller, S. Maddux, Development of an Expandable Liner Hanger with High
Anchoring Capacity for Deepwater Applications, OTC27542, Offshore Technology
Conference (OTC) 2017, Houston, TX.

2925

A. Battentier,
Electronics
Solder
S. Dunford
Joint Lifetime
and J. Beshears
Prediction in Complex Downhole Environments: Towards Virtual Engineering Qualification
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Electronics Solder Joint Lifetime Prediction in Complex Downhole Environments:
towards Virtual Engineering Qualification
A. Battentier¹, S. Dunford² and J. Beshears³
1

SCHLUMBERGER, Sugar Land TX USA, ABattentier@slb.com
SCHLUMBERGER, Sugar Land TX USA, SDunford@slb.com
3
SCHLUMBERGER, Sugar Land TX USA, JBeshears@slb.com
2

Key Words: Ball Grid Array, Solder Joint Fatigue, Thermal Cycling, Random Vibration, Shock
Modern electronic equipment for oilfield applications is expected to provide increasing
functionalities whilst still being able to withstand harsh downhole environmental conditions. Ball grid
Array (BGA) is a circuit board surface-mount packaging used for integrated circuits and provide more
interconnection pins than traditional package, enabling signals processing at higher speeds with a better
performance. However, BGA demonstrates low reliability regarding solder balls structural integrity. It
is particularly true in drilling downhole operation conditions where harsh environment consist of high
temperature, severe vibration and intense mechanical shock. In order to demonstrate the ability of the
BGA to survive the harsh environment, substantial qualification testing and physical prototyping of
electronic boards are carried out during Validation & Verification (V&V), which can lead to extra
development time and cost. In order to accelerate the qualification of any new BGA electronic products,
an advanced method using Finite Element Analysis (FEA) was developed and validated to predict the
lifetime of BGA solder balls subjected to combined and sequential V&V qualification test profiles.
A high-fidelity FEA model of the BGA mounted on the electronic board was used for three
complex test loading scenarios: 1/ thermal cycling, 2/ random vibration coupled with thermal cycles
and 3/ repeated mechanical shock. The approach consists of accumulating the damage [1] for each
sequential loading experienced by the BGA solder balls by incorporating the residual stress from
previous test as initial condition in the current loading. A damage index is then estimated for each
scenario based on FEA results. For each individual loading analyses: 1/ a quasi-static thermomechanical
analysis is done to simulate the thermal cycles, with a viscoplastic ANAND model [2] for the solder
alloy. The Darveaux inelastic strain energy density approach [3] is used to compute the lifetime of solder
balls; 2/ a power spectral density-based fatigue analysis [4] is computed for random variation at different
steps over the thermal excursion; and 3/ an explicit dynamic analysis of the entire electronic board is
done for the shock FEA with a Basquin law modified for high temperature and mean stress.
The method was extensively validated by monitoring and recording in real-time BGA solder balls
functionality for both individual and accumulated loading. A virtual model to predict the lifetime of
BGA solder balls within+/-30% of accuracy is now available in Schlumberger. It will benefit
engineering projects willing to use this BGA technology to expand their performance.
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Anchoring downhole equipment on casing walls involves indentation of the anchoring tool’s
teeth (~1mm thick) into the inner walls of downhole casing. The anchored connection is
expected to support significant differential pressure and mechanical loads in the longitudina l
direction of the casing. Successful design of this connection has to ensure its integrity while
minimizing indentation depth in order to preserve the pipe stiffness and strength. Thus,
determination of the ultimate strength of the connection following the indentation process is of
critical importance. In this study, this is accomplished by means of the shear-enhanced Gurson
model.
First, the indentation of the teeth into the pipe walls is simulated to capture the pipe material
deformation. The intense shearing in a direction perpendicular to the indentation direction is
then simulated to determine the connection strength. The shearing process is similar to the
machining process of the inner pipe. The choice of the shear-enhanced Gurson model is
motivated by the need to resolve the effects of multiaxial stress conditions at a sub-millimetre
zone.
Accurate representation of material response using the shear-enhanced Gurson model requires
careful calibration of the model parameters. A detailed experimental program was executed to
characterize the pipe steel under different stress-states. The calibrated model was first used to
investigate a 2-dimensional representation of the problem. The dependence of the connection
shear strength on indentation depth was then investigated, showing a pattern of roughly linear
relationship between the indentation depth and the ultimate connection strength. The calibrated
model was also used to simulate other applications involving extensive shearing from the oil
and gas industry. The predictions from the calibrated model showed good agreement with
experimental testing results.
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Steam-assisted gravity drainage method (SAGD) is an efficient technique for a heavy oil
recovery which is characterized by values of recovery factor up to 0.8 [1]. This technique
includes a number of horizontal wells located one above the other. Steam injection into the
upper wells leads to the formation of a high-temperature steam chamber. Increase in the
temperature reduces oil viscosity and enhances oil mobility. Liquid oil flows downwards into
the production wells under the gravity.
This work is devoted to the three-dimensional numerical simulation of SAGD for Yarega oil
deposit (Russian crude oil deposit in Komi Republic). The proposed coupled thermo-hydromechanical model includes conservation laws of momentum, mass and energy which are
supplemented by constitutive equations and state laws. It is assumed that pore fluid includes
three immiscible components (steam, oil and water). Filtration of each component is described
by Darcy’s law. Effect of pore fluid flow on stress-strain state of the reservoir is described
within Biot theory. The reservoir is assumed to be isotropic and its strains are assumed to be
small. Water-vapor phase change is determined by the additional heat source proposed in [2].
Numerical simulation was carried out in the finite-element software Comsol Multiphysics®.
The following algorithm was proposed. On the first step, the system of equations for threephase flow filtration was reformulated using the total velocity. On the second step, the obtained
equations were represented in the weak form. To smooth the oscillations caused by the
convective terms the artificial diffusion was added to each equation. The resulting equations
were implemented to Comsol Multiphysics® by Weak Form PDE interface. The remaining
equations were solved using Heat Transfer and Structural Mechanics modules.
Comparison of the oil production rate and temperature profiles obtained by laboratory
experiments with the simulation results has shown good agreement between the results. In
addition, numerically obtained temperature values and steam chamber dimensions were
compared to the results of the well-known analytical solutions. Then, the model was applied to
the simulation of two pairs of SAGD-wells in the reservoir which properties corresponds to
Yarega oil deposit (Russian crude oil deposit). The effect of impermeable barrier layers on
SAGD efficiency was investigated. It was found that steam chamber development could be
severely affected by the presence of shale barriers.
The work was supported by Russian Science Foundation [grant No. 19-77-30008].
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Mud motor modeling is quite a complex task, as it involves interactions between drilling fluid,
stator elastomer, and rotor. Full-scale Finite Element Analysis (FEA) models, though feasible
[1], are not very practical for the mud motors. Therefore, a reduced-order model was developed,
which brings several benefits for the mud motor modeling: speed, scalability, and processing
streamlining.
The reduced-order model approach runs a series of small 2D FEA simulations of rotor-stator
interaction, and interpolates the results over the length of the entire power section using simple
physics. Real stator and rotor profiles, elastomer properties, downhole temperature, and flow
rate data are used in the simulation. The simulation results are then automatically processed to
generate the performance curves—in other words, the relationship between motor torque,
rotation speed, flow rate, and differential pressure. The performance curves predicted by the
model are in good compliance with dynamometer test results for the entire range of power
section sizes and elastomer types.
Also, by knowing the elastomer deformation in every location of the stator, failure risks can be
estimated and stator life can be predicted. The types of failures which can be evaluated are
hysteresis and fatigue chunking and debonding and abrasion wear. Stator lifetime prediction is
possible by using one of the rubber fatigue models coupled with the mud compatibility effect.
Due to a much shorter simulation time, it becomes feasible to perform a set of simulations to
find optimal motor type, elastomer, interference fit, and differential pressure for a specific job.
In some cases, it drastically improves motor reliability and solves long-lasting problems with
drilling efficiency, as shown in [2].
The reduced-order model can also improve the new power section design and speed the time to
market. For a new design, one needs to choose between different stator lob configurations,
profiles, length, and more. The reduced-order model simulation enables a quick selection of the
best combination among them, avoiding releasing poorly-designed motors to the market.
REFERENCES
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For stress relaxation tests of elastomers at high temperatures or certain chemical environments,
the stress after a long duration of time can continue to drop due to scission of load bearing chains
and crosslinks. This phenomenon is termed chemical stress relaxation (1). Besides chain scission,
additional cross-linking as a product of the chemical degradation process can also occur during
chemical stress relaxation.
Tobolsky et al (2, 3, 4) used continuous tensile stress relaxation measurement and intermittent
stress measurement to study the degradation of elastomers and proposed the two-network theory
to interpret the test results. . In the two-network theory, the original crosslinks form the first
network, and the additional crosslinks occurring during aging form the second network. The
natural state (or stress-free state) of the second network is the state when additional crosslinks
take place, no matter whether the sample is in a deformed or un-deformed condition. Thus, the
second network does not contribute stress during the stress relaxation test, but will add to the
stress of the intermittent stress measurement. The two-network theory can be used to interpret
the accelerated aging test results as well as compound development and failure analysis.
In the past, the difficulty of calculating the deformation of the second network relative to the
deformed aging state prevents the use of two-network theory in finite element analysis. Recent
advancements in FEA technology lead to implementation of the multiplicative decomposition of
the deformation gradient F = FeFi, (where Fe is the elastic part and Fi is the inelastic part of the
deformation gradient) for large-strain viscoelastic constitutive equations, such as the BergstromBoyce (BB) model (4) and the Parallel Rheological Framework (PRF) model (5). Actually, the
multiplication decomposition of the deformation gradient enables the calculation of the second
network in the two-network theory(6).
How the BB model and the PRF model can be extended to model the two-network theory using
commercial FEA software is explained in the presentation. A few examples are given to
demonstrate modeling of the two-network theory and long-term aging effects. Tests that can be
conducted to obtain the parameters in the two-network theory are also briefly discussed.
Keyword: Chemical Stress Relaxation, Two-Network Theory, Multiplicative Decomposition,
Bergstrom-Boyce Model, Parallel Rheological Framework Model.
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ABSTRACT
This series of talks will cover the latest research developments and new methods in multi-body and fracture simulations with finite element methods (FEM) and discrete element methods (DEM), with a particular emphasis on combined finite-discrete element methods (FDEM), and with output from researchers
from a variety of applied and multidisciplinary fields. It will be a chance to hear on the features of computational technologies developed by researchers around the world, and the latest research developments
for multi-body systems and fracture simulations with FEM, DEM and FDEM. It will be a platform to
bring together academics and industry specialists who are using and developing FDEM codes. It will
also provide a great opportunity for people who have just started working with combined finite-discrete
element methods to discuss with world experts in this field. The research areas that will be discussed
include (but are not limited to):
• Numerical algorithms and optimisation techniques for combined finite-discrete element methods;
• Validation studies of multi-body and fracture simulations with experimental results;

• Coupling methods and applications for multi-physics (e.g. fluid and thermal) structural problems;
• Chemical and pharmaceutical applications (powder compaction, tableting, reactors, etc.);

• Civil and mechanical applications (track ballast, tunnelling, mechanical components, etc.);

• Rock mechanics, petroleum and mining applications (underground excavations, hydraulic fracturing, CO2 sequestration, etc.).
Some of the discussion will focus on open problems and on the challenging aspects of FDEM in fracture
simulations, such as the joint-element induced artificial compliance, element size constraints due to the
discretisation of the process zone, dynamic effects induced by the application of boundary conditions
(e.g. in-situ stresses), and so on. Algorithms for the combined finite-discrete element method (FDEM)
started to be proposed from the 90s. Extensive developments and applications of the FDEM method
have been carried out after the release of the open source Y-code in [1], and different versions have been
released, including the code developed from the collaboration between Queen Mary University and Los
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Alamos National Laboratory [2], the Y-Geo and Y-GUI software that have been developed by the Geomechanics Group at Toronto University [3], and VGeST (Virtual Geoscience Simulation Tools) released
by the Applied Modelling and Computation Group (AMCG) at Imperial College London. Recently the
AMCG has upgraded and renamed VGeST as ’Solidity’. A commercial FDEM code developed by Geomechanica (www.geomechanica.com), has also been released in Canada, although its application has
been limited to modelling geomaterials. While the first Y-code employed finite strain elasticity coupled
with a smeared crack model to capture deformation, rotation, contact interaction and fragmentation, the
AMCG has greatly improved the code, implementing a range of constitutive models [4, 5], thermal coupling [6], parallelisation and a faster contact detection algorithm [7] with applications in different fields
[8, 9].
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Transfer in Complex Shaped Multi Bodied Contact Problems. In Xikui Li, Yuntian Feng, and Graham Mustoe, editors, Proceedings of the 7th International Conference on Discrete Element Methods,
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[7] J Xiang, JP Latham, and A Farsi. Algorithms and Capabilities of Solidity to Simulate Interactions
and Packing of Complex Shapes. In Xikui Li, Yuntian Feng, and Graham Mustoe, editors, Proceedings of the 7th International Conference on Discrete Element Methods, pages 139–149. Springer
Singapore, Singapore, 2017.
[8] Ado Farsi, J. Xiang, J. P. Latham, M. Carlsson, E. H. Stitt, and M. Marigo. Strength and fragmentation behaviour of complex-shaped catalyst pellets: Anumerical and experimental study. Chemical
Engineering Science, 213:115409, 2020.
[9] John Paul Latham, J. Xiang, A. Farsi, C. Joulin, and N. Karantzoulis. A class of particulate problems suited to FDEM requiring accurate simulation of shape effects in packed granular structures.
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The 3D microstructure of porous electrodes plays an important role in the performance of
electrochemical energy devices including fuel cells, batteries and electrolysers. Computational
models are useful as they can provide a direct link between microstructure properties and the
complex transport phenomenon and electrochemical performance [1]. A three-dimensional
(3D) pore-scale lattice Boltzmann modelling (LBM) framework has been developed at
University of Surrey to simulate the transport mechanisms of gases, liquid electrolyte flow,
species and charge in the porous electrodes [2-4], coupled with electrochemical reactions at the
interface of electrode materials and electrolyte. In this talk we will demonstrate the applications
of this modelling framework in proton exchange membrane fuel cells (PEMFCs), redox flow
batteries (RFBs), and lithium ion batteries (LIBs).
The LBM model was firstly developed to simulate the gas-liquid two phase flow in the gas
diffusion layer (GDL) of PEMFCs, with electrochemical reactions at the catalyst layer included
[2]. The model can capture the flow pathways of water penetrating through air-filled electrodes,
and predict the local concentration of oxygen and water within the GDL. The benefit of having
a microporous layer is clearly shown, to facilitate the flow of water generated at the CL away,
making more reaction sites available and improving the electrochemical performance [2].
The LBM model is also developed to simulate a vanadium based RFB. It is found that the
electrochemical performance is reduced with air bubbles trapped inside the electrode [3]. To
validate the model, the simulated pressure drop and electrochemical performance are compared
against the experimental measurement based on the same electrode structures [4]. Three
electrode structures (SGL paper, Freudenberg paper, Carbon Cloth) are reconstructed from Xray computed tomography (CT). These electrodes are used in an organic aqueous RFB based
on TEMPO. Excellent agreement is achieved between the simulated and experimentally
measured electrochemical performance, indicating the validity of our model [4]. The effects of
different porous structures on the performance are also investigated and discussed.
The 3D pore-scale LBM framework is further modified and adapted to simulate LIB electrodes.
The model is able to simulate the complex transport processes within real electrode geometries
and predict electrochemical performance. Li distribution profiles within active materials and
the liquid electrolyte are derived [5]. Furthermore, we demonstrate that the model can capture
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how Li distribution changes with charging/discharging time, and how different microstructures
affects this process [5]. Discrete element modelling (DEM) are used to generate virtual
structures, by controlling of particle size and distribution, porosity and the interfacial area.
These virtual structures are input to the LBM framework for simulating the transport and
electrochemical performance. Our study shows that porosity, pore size distribution and
interfacial area are the key structural properties which determine the performance of a porous
electrode. We also show that patterned electrode structure gives more uniform performance and
therefore could be beneficial for the long-term performance.
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ABSTRACT
The key features of the combined finite-discrete element method (FDEM) [1] are the following: (a)
compute the contact interaction and motion of bodies, (b) calculate the stresses and deformations and
(c) compute the transition from continua to discontinua when fragmentation occurs. This talk will cover
some of the most recent applications of FDEM for multi-body dynamics and fracture mechanics. This
includes applications to the packing and breakage of catalyst pellets (Figure 1), fibre-reinforced concrete
tunnels and armour units for coastal defence [2, 3, 4]. Some of the discussion will focus on open problems
and on the challenging aspects of FDEM in fracture simulations, such as the joint-element induced
artificial compliance, element size constraints due to the discretisation of the process zone, dynamic
effects induced by the application of boundary conditions (e.g. in-situ stresses), and others.

Figure 1: Example of the accuracy of the FDEM code [2].
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We present a novel technique for the coupling of the material point method (MPM) with the finite element method (FEM) [1]. Currently, the most widely used approach in the literature consists of treating
the MPM body and the FEM body as two separate entities, handling the contact detection and description
with appropriate algorithms. We propose an alternative approach inspired by fluid-structure interaction
problems where the two bodies are treated as a single continuum in a monolithic fashion. The MPM
background grid is attached to the FEM body and follows its deformation. In this way, the interface
between the bodies is automatically tracked and the contact can be accurately described with a simple
algorithm. The MPM is formulated implicitly and the coupled system is assembled with a single procedure carried out element by element in a FEM fashion. We report numerical results to highlight the
performances and advantages of the proposed coupling strategy.
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FDEM (Combined Finite-Discrete Element Method) plays an important role in multi-physics multidisciplinary and inter-disciplinary research involving virtual experimentation, emergent properties and
machine learning and automated discovery [1-3]. FDEM algorithmic developments have gone a long
way from a decade ago. The most recent improvements are the smooth contact algorithm [4] and the
Unified Cohesive Zone Model (UCZM) [5] for fracture, fragmentation and crack propagation especially
when fluid-driven in conjunction with FDEM-integrated fluid solvers [6].
An issue that has consistently challenged the FDEM community is the significant amount of time spent
on operations related to contact detection and contact interaction. To overcome this issue a new solution
has been developed which concentrates the efforts of resolving contact only around the areas of interest,
e.g., fractures. Named the smooth contact algorithm, this new solution utilizes an improved discretized
distributed contact force‐based approach that exactly preserves contact energy. Unlike other discreteelement‐based contact algorithms, this algorithm uses global geometry information that smooths the
contact force calculation and thus greatly improves accuracy, especially for dynamic fracture‐related
simulations. Furthermore, it is a robust algorithm that also overcomes problems such as “dead contact
zones.” The UCZM overcomes the well-known “time‐continuity” problem. In the UCZM, damage
surfaces are dynamically inserted into the material according to the material state variables. These state
variables are then transitioned smoothly from continua to discontinua through an algorithm that properly
balances the forces during the process. Moreover, within the UCZM framework the point of transition
from continua to discontinua is controllable through the introduction of a threshold parameter.
These two enhancements, along with an appropriate non-locking finite elements, improve FDEM’s solid
physics accuracy and efficiency. As can be seen in Figure 1, when all three are combined one can
effectively eliminate the sharp jump seen in earlier generation FDEM simulations for the artificial
stiffness in the fracture model, the potential field definition in contact operations and the limitation seen
in constant strain elements for stress calculations are all avoided.

Figure 1. Comparison of early generation algorithms and the next generation as seen in
HOSS.

2939

Earl E. Knight, Zhou Lei, Bryan Euser, Esteban Rougier, Antonio Munjiza

Both of these improvements have been implemented in Los Alamos National Laboratory’s HOSS
(Hybrid Optimization Software Suite) code. HOSS is a fully parallel 2D/3D FDEM simulation platform
whose main purpose is to bring the science of the computational mechanics of discontinua closer to the
applied scientist or practicing engineer. In this seminar, a selected set of examples demonstrating these
advancements will be shown.

REFERENCES
[1] Munjiza, A. 2004. The combined finite-discrete element method. Wiley.
[2] Munjiza, A., Knight, E.E. & Rougier, E. 2011. Computational Mechanics of Discontinua.
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Veins are blood vessels subjected to very low blood pressures, and they rely on muscle contractions
and one-way valves to push blood back to the heart. The main contribution of venous valves is to
prevent backflow. In fluid-structure interaction (FSI) simulations of venous valves, the large structural
displacements may lead to mesh deterioration and entanglements, causing instabilities of the solver and,
consequently, the numerical solution to diverge. In this talk, I will present an Arbitrary LagrangianEulerian (ALE) scheme for FSI systems arising from finite element discretizations that aims to solve
these instabilities. In the literature, ALE methods for large structural displacements either use remeshing
techniques or a variational mesh optimization approach to prevent mesh deterioration. In this work, a
third way is proposed to guarantee no mesh deterioration, namely, a smoother fluid displacement is obtained with the introduction of a distance function that assures a homogeneous deformation throughout
the entire mesh. The presented method is based on three main features: a staggered in time mesh velocity
in the discretization scheme to improve computational stability; a scaling factor that measures the distance of a fluid element from the valve leaflets, to guarantee that there are no mesh entanglements in the
fluid domain; and fictitious springs to model the contact force between closing valve leaflets. Numerical
results are shown for a 2D model of a venous valve.
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In planetary exploration testing under the actual mission conditions is inherently not possible.
Hence, simulation campaigns complement ground test campaigns. This specially applies to
surface missions that include the complex behaviour of soils under non-terrestrial gravitation.
Increasingly ambitious mission goals made large simulation campaigns with very precise
particle models necessary for the simulation of soil interaction. Thus, to limit the amount of
time and the computation hardware needed, DLR developed the particle simulation tool “Sir
partsival” [1]. This tool does not only speed up simulations by usage of GPU computing, but
also integrates the institute’s experience in modelling of soil on earth and beyond.
In the paper some of partsival’s special features will be described: 1) The models for “tilting
spheres” [2], a mathematical approach of covering the rolling behaviour of complexly shaped
grains by spherical contact bodies. 2) the microphysics-based approach for cohesion modelling.
partsival's main integration scheme is a special semi-implicit scheme based on a jolt-prediction
[3] in order to eliminate contact detection steps in predictor-corrector iterations. Moreover,
considerations on numerical stability, step size control as well as accuracy will be given.
As an example application, an overview over simulations (as shown in Fig.1) and optimizations for the wheel development of the MMX rover [4] is given. Thereby, it will be explained
how the tool enables to cover a wide range of wheel parameters in order to find a suitable
wheel shape/profile for the demanding low-gravity driving on soft soils.

Fig.1: Velocity field below the wheel of a conventional planetary rover

REFERENCES
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3rd International Conference on Particle-Based Methods, Stuttgart, 2013
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contact problems in dynamics, 5th International Conference on Particle-based Methods,
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Astronautical Congress, Washington DC, 2019
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In this study, the dynamic response of a offshore monopile Wind Turbine (WT) tower under
wind and sea wave loading is investigated adopting the vibration absorption concepts.
Application of vibration control systems to WT towers has the potential to significantly
improve the dynamics of the tower and the nacelle, increasing its reliability. In this study, two
alternative vibration control approaches are investigated. First the nacelle is released from the
WT tower, using a low stiffness connection. This option is based on the seismic isolation
concept of structures with the use of seismic isolation bearings. In the second approach, a
passive vibration absorption concept is implemented, namely the KDamper. The KDamper
device is a special mechanical configuration consisting of an additional mass, an artificial
damper and both positive and negative stiffness elements [1].
The offshore WT is subjected to extreme environmental loading such as the wind and sea
waves. These WT loadings, are usually calculated based on stochastic interpolation of
meteorological data or by artificial time-histories. This simplification ignores the highly
dynamic turbulent behaviour of waves, often leading to unsafe WT design. To overcome the
above weakness, herein the Imperial College Finite Element Reservoir Simulator (IC-FERST)
[2] is used, where the transient Control-Volume and Finite-Element formulation is used to
discretise the Navier–Stokes governing equations of an incompressible fluid. IC-FERST also
includes the Dynamic Adaptive Mesh Optimisation scheme and Parallel Computing rendering
the physical problem computationally feasible.
The improvement on the dynamic response of the WT tower using vibration control systems
is illustrated. Moreover, this research shown that the KDamper presents a significant increase
of the damping ratio with a minimal value of added mass at the top of the tower.
REFERENCES
[1] I. Antoniadis, S. Kanarachos, K. Gryllias, I. Sapountzakis, K-Damping: A Stiffness
Based Vibration Absorption Concept, Journal of Vibration and Control, 2016.
[2] P. Salinas, D. Pavlidis, Z. Xie, H. Osman, CC. Pain, MD, Jackson A discontinuous
control volume finite element method for multi-phase flow in heterogeneous porous
media, Journal of Computational Physics, Vol. 352, pp. 602-614, 2018.
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ABSTRACT
In 2050, about 70% of the world’s population would live in urban areas. In view of the megacities
growth and the worldwide urbanization, the quality of life in cities has to be improved by proposing new
services and innovative urban plannings which respect the environment and are low-energy consuming.
In Building and City Information Modeling (BIM & CIM), the numerical mock-up can allow a better
understanding of urban phenomena such as water and air quality, energy, transport and structural health
monitoring. The numerical mock-up can also be useful to select relevant urban plannings using virtual
testing. It is a promising decision support tool for collectivities.
The mini-symposium is intended to bring together experts to exchange and discuss the latest results and
developments in computational methods applied to modeling and urban monitoring. Particular topics of
interest for the session include (but not limited to):
• Structural and Computational Fluid Mechanics for urban areas
• Thermal applications in buildings and/or urban areas
• Indoor/Outdoor air pollution
• Physical models for cities

• Model reduction order and Data-Driven techniques

• Inverse problems and/or Data assimilation techniques
• Software solutions for Smart-Cities

Studies comparing numerical simulations and urban sensor outputs in cities/living labs or in fully controlled mini-cities in a climatic chamber like the equipment “‘Sense-City” [1] or in other facilities are
particularly welcomed.
[1] Derkx, F., Lebental, B., Bourouina, T., Bourquin, F., Cojocaro, C.-S., Robine, E. and Van Damme,
H. The Sense-City project. Vibrations, Shocks and Noise (2012).
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As the population increases, cities must constantly reassess their urban planning. However, this must
be done in such a way to preserve the quality of life of its inhabitants. In this context, the study of
the different urban flows (pollution, heat) is very important and the effectiveness of simulation tools is
essential. Advanced physically based models (such as CFD models) could provide spatially rich smallscale solution, however the use of such models is challenging due to explosive computational times in
real-world applications. In this work we present a non-intrusive approach using the Reduced Basis (RB)
framework in order to diminish the cost of numerical simulation arising from the solution of parameterdependent PDE. This method involves the computation of less expensive (but less accurate) solutions of
the PDE during the online stage, and a RB-based rectification step. In previous works [1, 2, 3] a coarser
computational mesh was used during the on-line stage to speed up the simulation, however in an urban
area the computational domain is often too complex to allow the use of coarser meshes. For this reason
we proposed instead to use a simplified model as a surrogate to the high fidelity model during the on-line
stage. This approach allows us to speed up the simulation while remaining non-intrusive in relation to
the high fidelity model. Our focus here is a problem of CFD in a small urban environment which can
provide insight on how to treat the practical problems associated to model reduction for complex air
flows involved in many sophisticated methods of urban air quality modeling.
REFERENCES
[1] R. Chakir, Y. Maday, Une méthode combinée d’éléments finis à deux grilles/bases réduites pour
l’approximation des solutions d’une EDP paramétrique, C. R. Acad. Sci. Paris, Ser. I 347 (2009)
435 - 440.
[2] R. Chakir and J.K. Hammond, A non-intrusive reduced basis method for elastoplasticity problems
in geotechnics, Journal of Computational and Applied Mathematics, Volume 337, p1-17 (2018).
[3] R. Chakir, Y. Maday and P. Parnaudeau, A non-intrusive reduced basis approach for parametrized
heat transfer problems. Journal of Computational Physics, Volume 376, p 617-633 (2019).
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Airflows that develop in buildings and urban environments are particularly challenging to
predict because of turbulence, the multiscale interactions with the atmosphere, the complex 3D
geometry of cities and the different heat transfers occurring within them. However, urban
airflows can have direct and indirect dramatic consequences as they especially affect the wind
and thermal comfort of citizens, the indoor and outdoor air quality, and the structural and energy
loads of buildings. Therefore, this contribution introduces an innovative micrometeorological
model built within the framework of the ProLB software [1]. This software is currently being
extended to address civil engineering -mainly structure and physics- issues. Based on a dynamic
computational fluid dynamics approach (large eddy simulation) and the lattice Boltzmann
method, this model is already able to deal with several urban physics issues.
Applications especially include wind velocity predictions in complex urban environments [4]
and pollutant dispersion in the presence of tree plantings or dense gas effects [5, 6]. The
accuracy of simulations was assessed by comparison with experimental data, showing a stateof-the art performance of the model. Ongoing developments focus now on three main
applications. First, the prediction of pressure distribution on the facades of urban buildings with
uncertainty quantification to investigate building structural response and natural ventilation
problems. Second, the coupling of CFD with radiative, soils, plants and buildings heat transfers
to perform multiphysic simulations of urban environments and study urban heat island and
building energy issues. Third, the application of coupled simulations to indoor air quality and
air conditioning problems to address thermal comfort and health problems.
REFERENCES
[1] http://www.prolb-cfd.com/products/
[2] J. Jacob, P. Sagaut, Wind comfort assessment by means of large eddy simulation with

lattice Boltzmann method in full scale city area. Building and Environment 139, 110-124,
2018.
[3] L. Merlier, J. Jacob, P. Sagaut, Lattice- Boltzmann Large-Eddy Simulation of pollutant
dispersion in street canyons including tree planting effects. Atmospheric Environment
195, pp. 89-103, 2018.
[4] L. Merlier, J. Jacob, P. Sagaut, Lattice- Boltzmann large-eddy simulation of pollutant
dispersion in complex urban environment with dense gas effect: Model evaluation and
ow analysis. Building and Environment 148, pp. 634-652, 2019.
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In the current situation of global warming and atmospheric pollution, it is really important, in urban environments, to be able to carry out good air quality studies that provide reliable concentration estimates.
To address this issue, we aim to develop and validate new numerical tools using reduction order methods
and inverse problems.
In order to validate the numerical simulations in urban environments, we conduct experiments in a district
under controlled climatic conditions, which is called “Sense-City” [1]. This equipment has a climatic
chamber of dimensions 20m×20m×10m. It can be considered as an intermediary test space between a
laboratory and a real city for sensors monitoring. In the equipment Sense-City, different climates can be
generated such as heat waves and rain/cloudy cycles. Various pollutants can also be injected. Besides,
the equipment “Sense-City” is equipped with a variety of sensors measuring, among others, temperature,
humidity or pollutant concentration (C02, N02, S02).
To evaluate the dispersion of pollutants at a local scale, we need to compute the wind field provided
to transport-diffusion model. We consider a pseudo steady state CFD air flow to compromise between
accuracy and computational time.
Therefore, in the equipment “Sense-City”, CFD simulations have been performed to simulate the turbulent air flow and validated using 3D anemometer sensor outputs. The CFD model boundary conditions
are determined from physical measurements and technical specifications of the climatic chamber. A
selected mesh is chosen from a convergence analysis to compute the 3D air flow. Numerical solutions
provided by a parametric study are compared at strategic points to 3D air flow measurements using
anemometers.
REFERENCES
[1] https://sense-city.ifsttar.fr
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In the current context of climate change and resources depletion, reducing the final energy
consumption of the building sector is a major challenge. In France, the sector accounts for about
45% of the final energy consumption. In addition, the building stock consists mainly of old and
energy-intensive buildings. Thus the existing buildings represent a major source of energy
savings.
This work introduces an original inverse strategy for model parameter identification that can be
used for onsite building characterization in view of energy performance assessment and as a
tool of decision-making during energy retrofitting of existing buildings. Unlike the standard
global inverse approaches such as the Tikhonov regularization method that aim at identifying
all model parameters in order to best fit the measurement data, the goal-oriented inverse method
we propose is formulated for a robust prediction of a quantity of interest. Thus, it only updates
the model parameters that most affect the computation of the sought quantity of interest. The
goal-oriented framework is also used for the optimal sensor placement to reduce the
instrumentation in buildings. As regards the numerical aspects, the goal-oriented inverse
method is combined with the Proper Generalized Decomposition (PGD) model order reduction
method in order to optimize the computation time.
The proposed identification strategy is applied to two existing buildings which are part of the
``Sense-City” equipment [1] that were instrumented with various types of sensors, e.g
temperature, heat flux and heating power consumption. Thanks to the controlled climatic
chamber available in the “Sense-City” equipment, various climatic scenarios were replicated
such as a winter weather from the city of Carpentras located in the south-east of France and the
August 2003 heat wave in Paris. The objective was to validate the proposed inverse method
notably for the prediction of the thermal comfort in buildings in two different situations. First
results show that the goal-oriented inverse method properly predicts the considered quantities
of interest within an error less than 20% by only updating the model parameters to which they
are sensitive [2].
REFERENCES
[1] F. Derkx, B. Lebental, T. Bourouina, F. Bourquin, C.-S. Cojocaru, E. Robine, and H. Van

Damme. The Sense-City project. In Symposium on Vibrations, Shocks and Noise, 2012.

[2] Z. Djatouti, J. Waeytens, P. Chatellier and L. Chamoin. Coupling a goal-oriented inverse

method and proper generalized decomposition for fast and robust prediction of quantities
of interest in building thermal problems (accepted).
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Monitoring, forecasting and controlling the behavior of air pollutants is a relevant modern challenge
which is particularly significant in highly populated urban areas. We present a study on the reconstruction of the concentration of nitrogen dioxide in the city of Paris in the year 2017 based on the
Parametrized Backgroud Data-Weak, which is a state estimation method involving reduced models and
measurement information (see [1]). In our case, the reduced models are built upon simulations of the
code ADMS-Urban (see [3]) which have been produced by NUMTECH, a company specializing in atmospheric studies (see [2]). The data on NO2 concentration which we use is made public by Airparif, an
association in charge of the air quality surveillance of the Parisian region (see [4]).
REFERENCES
[1] Maday, Y. and Patera, A. T. and Penn, J. D. and Yano, M., A parameterized-background data-weak
approach to variational data assimilation: formulation, analysis, and application to acoustics,
International Journal for Numerical Methods in Engineering, vol. 105, 2015.
[2] https://www.numtech.fr/
[3] https://www.cerc.co.uk/environmental-software/ADMS-Urban-model.html
[4] https://www.airparif.asso.fr/
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ABSTRACT
Significant impact and safety events can push physical systems to their limits and result in
catastrophic consequences such as widespread human casualties/injuries and loss of property.
A good understanding of the systems subject to impact/blast loading and intrinsic safety
problems is required for system design and/or hazard mitigation. Due to the destructive nature
of safety events, physical experiments, especially full-scale testing, have remained a
significant challenge due to their high costs associated with specialized facilities and
equipment, personnel expertise, and setup of full-scale test specimens. While controlled fullscale testing may never become obsolete, recent advances in computing hardware and
numerical algorithms has enabled numerical modeling and simulation to play an increasingly
critical role in this important area of research.
This minisymposium aims to bring together researchers and engineers working on all types of
impact and safety problems. It seeks to synthesize recent advances in mathematical models
and computational methods/algorithms for impact and safety problems as well as for
designing impact/blast resistant structures/systems. Research and industrial applications
addressing all aspects of responses of structures, bodies, and materials subject to impact and
blast loading are welcomed. In particular, topics targeting at advanced materials (composite
materials), energy systems (lithium-ion batteries, electric vehicles) are encouraged.

2955

X. Gao and J. Modeling
Multiphysics
Xu
On Designed Si-C Composite Nanostructures for Lithium-Ion Battery
Anode

Multiphysics modeling on designed Si-C composite nanostructures for
Lithium-ion battery anode
Xiang Gao1, 2, Jun Xu1, 2 *
1

Department of Mechanical Engineering and Engineering Science, The University of North
Carolina at Charlotte, Charlotte, NC 28223, USA

2

Vehicle Energy & Safety Laboratory (VESL), North Carolina Motorsports and Automotive
Research Center, The University of North Carolina at Charlotte, Charlotte, NC 28223, USA
To meet the urgent requirement of high energy density performance in lithium-ion battery,
amount of Si related anode materials have been proposed, among which the Si-C composite
materials are spotlighted as the most promising alternatives for next generation high energy
batteries. Varies of nanostructures of Si-C composite materials were proposed and
characterized, such as core-shell, yolk-shell and so on. To further investigate the multiphysics
behavior of such kind of nanostructures, especially in a mechanical failure point of view, a
computational method was established in the present study and five different Si-C
nanostructures were selected and analyzed by the model proposed. Then, two main possible
failure modes (shell fracture and core-shell debonding) were discussed based on the simulation
results. Besides, electrochemical performance was also discussed via diffusion behaviors.
Finally, a mechanism map considering mechanical failure and electrochemical capacity was
conducted which may shed lights on the Si-C composite nanostructure design and selection for
high energy lithium-ion battery in the future.
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ABSTRACT
Currently, the competitiveness of any product or process in the industry depends strongly on
efficient and optimal design, production, and deployment phases in any area of key
technologies. To obtain these goals, simulation and optimization of virtual products and
processes (also known as “digital twins”) are highly and intensively used. Hence, the
mathematical representation of real physical products and processes via partial differential
and algebraic equations is the basis for this kind of reliable and accurate simulation and
optimization methodology.
However, to handle real-world scenarios which are relevant for industrial applications, the
required mathematical models involve coupled multiphysics problems (such as fluid-structure
interactions, aeroacoustics phenomena, thermo-mechanical behaviours, etc.). Due to their
complexity, the coupling features should be modelled adequately, and consequently, the
numerical methods used to compute accurate approximated solutions demand high
computational costs. Moreover, standard numerical methods fail to provide real-time
simulation tools and hence, the use of reduced order models is a must for designing
computational tools, which are potentially applicable in real-world industrial problems.
This minisymposium is focused on the last advances of mathematical modelling techniques to
handle coupled multiphysics phenomena and the use of reduced order techniques to design
efficient numerical methods to compute real-world scenarios. A particular emphasis is on
those discrete algorithms combining analytical techniques with data driven approaches.

2959

Nicola
A
Modular
Demo,
And
Giulio
Data-Driven
Ortali, Gianluca
Framework
Gustin,
Involving
Gianpiero
Reducing
Lavini
Order
and Gianluigi
Methods For
Rozza
Naval Optimization Industrial Problems
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

A MODULAR AND DATA-DRIVEN FRAMEWORK INVOLVING
REDUCING ORDER METHODS FOR NAVAL OPTIMIZATION
INDUSTRIAL PROBLEMS
Nicola Demo1 , Giulio Ortali2† , Gianluca Gustin3‡ ,
Gianpiero Lavini4‡ and Gianluigi Rozza5


Mathematics Area, mathLab, SISSA, International School of Advanced Studies, 34136 Trieste, Italy
†
Department of Mathematical Sciences, Politecnico di Torino, 10129 Torino, Italy
‡
Fincantieri - Divisione Navi Mercantili e Passeggeri, FINCANTIERI SpA, Trieste, Italy
email: 1 nicola.demo@sissa.it, 2 giulio.ortali@studenti.polito.it, 3 gianluca.gustin@fincantieri.it,
4
gianpiero.lavini@fincantieri.it, 5 gianluigi.rozza@sissa.it

Key Words: finite volume method, computational fluid dynamics, reduced order modeling, free form
deformation, shape optimization
This contribution describes the implementation of a data-driven shape optimization pipeline in a naval
architecture application. We adopt reduced order models (ROMs) in order to improve the efficiency of
the overall optimization, keeping a modular and data-driven nature to target the industrial demand.
We applied the above-mentioned pipeline to a realistic cruise ship in order to reduce the total drag. We
begin by defining the design space, generated by deforming an initial shape in a parametric way using
free form deformation (FFD). The evaluation of the performance of each new hull is determined by
simulating the flux via finite volume discretization of a biphase (water and air) fluid. Since the fluid
dynamics model can result very expensive - especially dealing with complex industrial geometries - we
propose also a dynamic mode decomposition (DMD) enhancement to reduce the computational cost
of a single numerical simulation. The real-time computation is finally achieved by means of a datadriven proper orthogonal decomposition (POD) technique. Thanks to the quick approximation, a genetic
optimization algorithm becomes feasible to converge towards the optimal shape.
REFERENCES
[1] N. Demo, M. Tezzele, G. Gustin, G. Lavini, and G. Rozza. Shape optimization by means of proper
orthogonal decomposition and dynamic mode decomposition. In Technology and Science for the
Ships of the Future: Proceedings of NAV 2018: 19th International Conference on Ship & Maritime
Research, pages 212219. IOS Press, 2018.
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The mathematical modelling and the numerical analysis of the motion of vessels and submersible vehicles under different environment ocean conditions have been addressed extensively in the last decades
(see for instance [1]). The aim of this work is to show a novel strategy of modelling based on an Arbitrary
Lagrangian-Eulerian (ALE) formulation applied to floating rigid bodies with a prescribed motion, which
are typical conditions in coastal areas for ship manoeuvres. Additionally, the accuracy and applicability
of the proposed model will be analyzed and compared with respect to the classical ones.
Finally, the numerical methods and discrete methodologies used to approximate the solution of the proposed model will be studied in detail. More precisely, due to the presence of a convected term on the
free-surface boundary condition, the numerical approximation will be computed by using a standard finite element method in combination with a stabilization technique suggested in [4]. In addition, since
the fluid domain involved in this hydrodynamic problem is unbounded originally, the use of a Perfect
Matched Layer technique [2] will be discussed in this context. Some numerical results will be shown
to compare the proposed model with other classical choices, which are widely used in the engineering
literature (see for example [3] and [5], for different floating bodies).
REFERENCES
[1] Chakrabarti, S. Handbook of Offshore Engineering. Elsevier (2005).
[2] Cohen, G., and Imperiale S. Perfectly matched layer with mixed spectral elements for the propagation of linearized water waves. Communications in Computational Physics (2012), 11(2), 285-302.
[3] Newman, J.N. Marine hydrodynamics. MIT Press (2018).
[4] Giuliani, N., Mola, A., Heltai, L., and Formaggia, L. FEM SUPG stabilisation of mixed isoparametric BEMs: application to linearised free surface flows. Engineering Analysis with Boundary
Elements (2015), 59, 8-22.
[5] Mola, A., Heltai, L., and DeSimone, A. A stable and adaptive semi-Lagrangian potential model
for unsteady and nonlinear ship-wave interactions. Engineering Analysis with Boundary Elements
(2013), 37(1), 128-143.
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In the continuous production process of plastic products–such as profile extrusion or 3D printing–a granular polymer is processed in three steps: 1. It is molten, 2. the melt is forced into a new shape, and 3.
the product geometry is cooled down and fixed in its shape. Since the process is continuous, material
properties and product quality can hardly be tested at process time. Here, simulations can function as a
helpful tool predicting material properties and in quality control.
Using simulation in control of plastic processing, however, entails two major challenges. At first a
suitable process model needs to be formulated and secondly the simulation needs to be performed at
process time. The model formulation has to account for the material transport, the phase transition and
the distortion effects of the product shape [1]. Consequently, the time needed to solve the simulation
exceeds the processing time of the products. In recent years it has become highly popular to employ
reduced models–for example generated with reduced basis (RB). RB methods are often implemented in
an offline-online approach. In the offline phase, the RB is constructed from process-dependent highfidelity solutions, while in the online stage the solution to a new parameter set is found as a linear
combination of this basis [2]. Still, identifying the expansion coefficients for the linear combination is
anything but trivial. This motivates the approach proposed by Hesthaven et al. and utilized in this work,
where the expansion coefficients are identified via artificial neural networks (ANNs) [3]. As ANNs have
the ability to represent nonlinear relations without deeper knowledge of the process model, computational
expensive direct projection methods can be bypassed.
First we present our modeling approach for the simulation of plastic profile extrusion. Subsequently, we
want to show first results of reduced order modeling via neural networks applied to a simplified model
of the extrusion process.
REFERENCES
[1] F. Zwicke, T. Schneppe, C. Hopmann, and S. Elgeti. Numerical Design for Primary Shaping Manufacturing Processes. PAMM 18 (2018).
[2] J. S. Hesthaven, G. Rozza, and B. Stamm Certified reduced basis methods for parametrized partial
differential equations. Springer, 2016.
[3] J. S. Hesthaven, and S. Ubbiali, Non-intrusive reduced order modeling of nonlinear problems using
neural networks, Journal of Computational Physics (2018) 363:55–78.
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Similar to the global self-driving mobility trend, we can expect a development towards virtualisation of
food processing [3] and autonomous cooking methods during the 2020 decade. This work demonstrates
how the digital twin methodology can help to develop self-cooking machines.
One central cornerstone of this methodology is the precise modelling of underlying multi-physics. A
common approach is the solution of coupled transport equations for primary state variables such as water concentration and temperature [1, 2, 4]. Here, we present an implementation of custom heat and mass
transport equations in ANSYS Fluent via user-defined C code. The validation against experiments shows
good agreement. The coupling of food transport equations to the surrounding heat transfer mechanisms,
such as radiation and natural convection, aims at a more realistic thermal fluid-structure interaction. The
ultimate goal of a self-cooking device is to control the food’s sensory quality markers at every point in
time. As co-simulations of the complex food chemistry processes on a cooking device are not feasible
during operation, reduced-order models (ROM) are introduced. An evaluation of ROM toolkits on the
ANSYS platform reveals that linear time-invariant models are not suitable for cooking applications. In
contrast, the recently launched Dynamic ROM predicts the core temperatures with significantly low errors (factor ten below the model and discretisation errors of the full-order model). Examples demonstrate
the usage of a digital twin controlling the core temperature of chicken fillets.
REFERENCES
[1] A. Datta. Porous media approaches to studying simultaneous heat and mass transfer in food processes. i: Problem formulations. Journal of Food Engineering, 80(1):80–95, 2007.
[2] A. Dhall, A. Halder, and A. K. Datta. Multiphase and multicomponent transport with phase change
during meat cooking. Journal of Food Engineering, 113(2):299 – 309, 2012.
[3] F. Erdogdu, F. Sarghini, and F. Marra. Mathematical modeling for virtualization in food processing.
Food Engineering Reviews, 9(4):295–313, 2017.
[4] A. H. Feyissa, K. V. Gernaey, and J. Adler-Nissen. 3D modelling of coupled mass and heat transfer
of a convection-oven roasting process. Meat Science, 93(4):810–820, 2013.
[5] M. Kannapinn and M. Schäfer. Endeavouring intelligent process self-control by employing digital
twin methodology: Proof-of-concept study for cooking applications. In 37th Simulation Conference,
Kassel, 2019.
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Building an integrated circuit, for instance a microchip, is a complicated and complex process. To construct an integrated circuit, first the silicon components are made and then connected through a conducting metal. Before these circuits can be constructed they need to be designed and tested by a computer.
To this end the integrated circuits are described in mathematical form by differential-algebraic equations
(DAEs). However, in the simulation of these circuits there are many more phenomena to consider besides
only the connections and interactions between the components. Including these other phenomena occurring inside a microchip, like thermal or electromagnetic coupling, greatly improves the accuracy of the
simulation. These considerations lead to a system of Partial Differential-Algebraic Equations (PDAEs).
Where DAEs and partial differential equations, describing the spatially distributed elements and effects,
are coupled via source terms or boundary conditions. Both physical and structural characteristics of these
PDAEs can be exploited to increase the simulation efficiency. For instance by applying techniques as
Multirate (MR) time integration and Model Order Reduction (MOR), as will be presented in the following sections. A lot has been written about the application of MOR and MR techniques to the topic of
circuit simulation, see for instance [1], [2]. A lot less has been written about the combination of these two
techniques, [3], and only with respect to linear model order reduction. In this project a twofold approach
is presented in which the PDAEs are integrated using MR time integration and parts of the system are
reduced. This is done to increase the computational efficiency, whilst maintaining accuracy.
REFERENCES
[1] Günther, M. ed., 2015. Coupled Multiscale Simulation and Optimization in Nanoelectronics.
Springer Berlin Heidelberg.
[2] Benner, P., Hinze, M. and Ter Maten, E.J.W. eds., 2011. Model reduction for circuit simulation.
Dordrecht, Heidelberg, London, New York, NY: Springer.
[3] Hachtel, C., Kerler-Back, J., Bartel, A., Günther, M. and Stykel, T., 2018. Multirate DAE/ODEsimulation and model order reduction for coupled field-circuit systems. In Scientific Computing in
Electrical Engineering (pp. 91-100). Springer, Cham.
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Transport and processing of granular media is of the essence in the mining and construction
industries. The activities are large consumers of energy, raw material, and involves expensive
infrastructure and equipment. Optimization is therefore a continuous ongoing activity but
associated with many difficulties. One complicating factor is the natural variations in properties
of the raw material that enters the process. These variations propagate through the chain of
processes in a complicated way, adding to the process dynamics. The performance of each
individual sub-process is a function of the (not fully known) material state and of the process
control. Each sub-process alters the state of the material. Even the transport and storage
processes may affect the material in a significant way, e.g., mixing, packing or segregation.
This complex interaction between sub-processes and materials makes modelling and
optimization of the complex chain of processes very difficult [1]. In fact, many times there is
not sufficient data for constructing models of the full process dynamics or for studying the cause
and effect behind variations. The equipment is well-instrumented, and the process control
systems produce large volumes of data. The problem is that there are few direct measurements
of the properties of the granular material and its motion. Sensors can only be mounted in certain
places and the material is rather opaque to the forms of radiation that reveal their properties.
Therefore, most observations are indirect or consist of measurements on the surface, which
constitutes only a small fraction of the bulk of the material. This creates blind spots in observing
the state of the material and in tracking its movements along the chain of processes, see Fig. 1.

Figure 1. Illustration of material tracking through the chain of processes in an open pit mine.

To remedy this, we explore material-oriented digital twins of systems doing transport and
processing of granular media with embedded particle simulation. The idea is to represent the
material and its movements in a structured data format based on a particle representation. In
addition to the material's identity and current position, the particle data structure supports the
reading and writing of observations from sensors and equipment along the chain of processes.
When connected equipment performs unit operations on the material, the digital copy is updated
accordingly. When the material reaches blind spots in the system, for example, a silo or a
stockpile, the material updates are driven by simulation models that are fed with data from the
control system and available sensors in real-time.
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For the sake of computational performance and memory, the particles are pseudo-particles that
represents a large collection of real particles of mineral ore with a distribution of size and shape.
To guarantee real-time performance of the particle dynamics, we combine physics-based
simulation with data-driven model order reduction. The latter is trained off-line in advance with
the physics-based model, which is a nonsmooth discrete element method [2], and using
authentic CAD models and control signals for the in- and outflow. The reduced order model [3]
predicts the flow fields that occur in a pile or silo as a function of the material distribution and
discharge rate. Inflowing material is simulated with the physics-based model until it lands and
come to rest on the surface of the pile. After that, the reduced model takes over the transport of
the particles by advection with the predicted velocity field. The combination of the two models
in an executable application that can be embedded in a digital twin architecture, we call a
granular surrogate. With this solution it is possible to predict the identity and properties of the
material that exit the pile or silo in relation to what enters. It can also be used for computing
and visualizing the properties of the material and how these are spatially distributed in the
storage unit. This is demonstrated in Fig. 2.

Figure 2. Demonstration of a granular surrogate for a stockpile (centre) coupled to the process control system (left) and visual
presentation of the material properties currently inside the pile (right). Particle tracking id:s are interchanged with the control
system for material on the in-coming and out-going conveyors.

A fully simulated demonstrator system of a mine-to-mill process, as in Fig. 1, is created and
used for producing synthetic data, including variations in throughput and power draw of the
crusher and grinding circuit varies due to variations in the ore properties. Examples of statistical
analysis enabled by the material tracking system is provided.
REFERENCES
[1] I. McKee. Understanding Mine to Mill, The Cooperative Research Centre for Optimising

Resource Extraction (CRCORE) (2013).

[2] M. Servin et al, Examining the smooth and nonsmooth discrete element approaches to

granular matter, Int J Numer Methods Eng, vol 97, no. 12, 878–902 (2014).

[3] E. Wallin and M. Servin, Data-driven model order reduction for granular media. Submitted

manuscript, arxiv.org/abs/2004.03349 (2020).
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This study focuses on an acoustic particle velocity sensor, the Microflown [2], which is sensitive to
airflow perturbations. Typically, it is enclosed within a wire mesh for protection and makes use of single
or multi-layer porous windscreens to reduce the impact of noise in windy conditions. The objective
of the study is to model mathematically the acoustic coupled phenomena between the acoustic device
and its multi-layer windscreens, and to quantify numerically the effects of such layers on the incident
acoustic signal. A comprehensive mathematical model to predict the acoustic response of multi-layered
media is developed by establishing a model hierarchy approach [1]. The coupled acoustic problem
involves three key vibro-acoustic components: the compressible unbounded fluid domain surrounding
the transducer; a metallic wire mesh layer, which is modeled as a locally reacting panel with a wallimpedance condition [3]; and the porous windscreen, which is modeled as an equivalent fluid layer
with dissipative properties [4] in order to capture the acoustical behaviour of the porous material with
arbitrarily shaped pores. Additionally, the Perfectly Matched Layer technique [5] is utilized to replicate
free-field conditions in the acoustic fields. The entire configuration is coupled by establishing kinetic and
kinematic conditions on the common interfaces of the different mechanical components and solved using
standard finite element discretization based on Raviart-Thomas elements. To illustrate the reliability of
the numerical approximations, they will be compared with respect to laboratory experiments.
REFERENCES
[1] Bucalem, M. L. and Bathe, K.-J. The mechanics of solids and structures-hierarchical modeling and
the finite element solution. Springer Science & Business Media (2011).
[2] De Bree, H.-E. The Microflown E-Book. Microflown Technologies, Arnhem (2007). [Online].
Available: http://www.microflown.com/library/books/the-microflown-e-book.htm
[3] Maa, D.-Y. Microperforated-Panel Wideband Absorbers. Noise Control Engineering Journal,
(1987) 29:77-84.
[4] Lafarge, D., Lemarinier, P., Allard, J. F., and Tarnow, V. Dynamic compressibility of air in porous
structures at audible frequencies. J. Acoust. Soc. Am. (1997) 102:1995–2006.
[5] Bermúdez, A., Hervella-Nieto, L., Prieto, A., and Rodrı́guez, R. Perfectly matched layers for
time- harmonic second order elliptic problems. Archives of Computational Methods in Engineering,
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Elastomeric materials appear in many applications in the automotive, aerospace, or naval industries.
These materials are polymers with a viscoelastic mechanical behavior at ultrasound frequencies [1, 2].
The continuous arising of new materials in industrial problems, many of them with unknown properties,
makes it necessary a complete description of their acoustic behavior. In this work, a real-world scenario
is studied, considering a coupled problem formed by an absorbing tile with a viscoelastic behavior surrounded by a fluid. The layer has been numerically characterized by using the frequency response of the
echo reduction level, the insertion loss, and the fractional power dissipation.
The correct choice of the viscoelastic model to perform the material characterization is essential since
the more appropriate the model is, the more accurate its mechanical response will be, compared to the
experimental data. Well-known viscoelastic material models such as Maxwell, Kelvin-Voigt, or the
more recent fractional derivative viscoelasticity models, are common choices for modeling linear wave
propagation in viscoelastic materials. Usually, to estimate the unknown parameters, the constitutive laws
are first fixed, and then the available experimental data are fitted with the response of the mathematical
model. In this work, a data-driven approach is considered, avoiding the need of choosing a constitutive
law for fitting. The fitting problem consists of minimizing the distance between a set of experimental
data and the computed values. Therefore, the choice of the viscoelastic model is based only on the
experimental ultrasound measurements and not on imposing any functional dependence of the parameters
in terms of frequency.
In this work, the differences between the parametric and the non-parametric approaches are highlighted.
The direct problem of wave propagation in a coupled problem formed by a viscoelastic material and a
fluid is described, considering an acoustic source with a non-planar directivity pattern [3]. Since several
inverse problems are studied, different assumptions over the primal unknowns of the fitting problem are
considered, emphasizing the advantages and disadvantages of each one. Finally, the efficiency of the
proposed approach is illustrated performing simulations with real-world experimental data.
REFERENCES
[1] Ferry, J.D. Viscoelastic Properties of Polymers. Wiley (1980).
[2] Jayakumari, V. G. et al. Modeling and validation of polyurethane based passive underwater acoustic
absorber. J. Acoust. Soc. (2011) 130, no. 2: 724–730.
[3] Humphrey, V. F. and Berktay, H. O. The transmission coefficient of a panel measured with a parametric source. J. Sound Vib. (1985) 101, no. 1: 85–106.
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The new generation of earthbound extremely large telescopes require highly efficient algorithms to
achieve an excellent image quality in a large field of view. These systems rely on adaptive optics, a
technique where one aims to compensate in real-time the rapidly changing optical distortions in the atmosphere. To achieve such a correction, the deformations of optical wavefronts, emitted by natural or
artificial guided stars, are measured via wavefront sensors and, subsequently, corrected using deformable
mirrors (DMs). Many of such adaptive optics systems require the reconstruction of the turbulence profile,
which is called atmospheric tomography. Mathematically, this problem is ill-posed, i.e., the recovery of
the solution from noisy measurements is unstable. Due to the growth of telescope sizes the computational load for this problem is increasing drastically, which makes it a big challenge to meet the real-time
requirements. Thus, the collaboration of state-of-the-art real-time hardware with an efficient solver that
takes advantage of the available hardware resources is of great importance.
So far, the standard method for solving the atmospheric tomography problem is the matrix-vector multiplication (MVM) approach. The computational costs of the MVM scales at O (n2 ), where n is the
dimension of the adaptive optics system. In this talk, we look at a novel, iterative approach for solving
the atmospheric tomography problem called Finite Element Wavelet Hybrid Algorithm (FEWHA) and
how it can be adapted to perform best on real-time hardware. In particular, we show the performance
of a parallel version of the algorithm on GPU and CPU within the framework of MAORY, an adaptive optics module for the Extremely Large Telescope. We conclude our talk with showing the benefits
and drawbacks of the MVM method compared to the iterative approach of FEWHA and give a detailed
comparison of the two algorithms in terms of computational performance.
REFERENCES
[1] Stadler B., Biasi R., and Ramlau R., ”Feasibility of standard and novel solvers in atmospheric
tomography for the ELT”, Proceedings AO4ELT6 Conference - Adaptive Optics for Extremely
Large Telescopes (accepted).
[2] Yudytskiy M., Helin T., and Ramlau R., ”Finite element-wavelet hybrid algorithm for atmospheric
tomography”, J. Opt. Soc. Am. A 31, 550–560 (Mar 2014).
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ABSTRACT
The objective of this mini-symposium is to report on recent advances on the numerical solution to problems related to seismic wave propagation phenomena. In particular, applications to seismology, geophysical exploration and digital rock physics will be considered. There will be two sessions respectively
addressing direct and inverse problems.
The session on direct problems will deal with new techniques for the numerical simulation of seismic
wave problems in harmonic and time domain. We will particularly consider numerical methods for
simulation in complex media : very heterogeneous media or media requiring the coupling between different physics, such as conducting poroelastic media where both seismic and electromagnetic wave can
propagate. Regarding time-harmonic wave problems, we will focus on the issue of numerical pollution
and how Trefftz methods, Ultra Weak Variational Formulations (UWVF), or Hybridizable Discontinuous Galerkin method can contribute to its limitation. In time domain, we will concentrate on local-time
stepping methods, allowing to use explicit time schemes with different time steps and on locally implicit
methods involving explicit time schemes in the regions of the mesh composed of the coarsest cells. We
will have a particular focus on space-time Trefftz methods, which naturally handle local-time stepping
and explicit-implicit coupling.
The session on inverse problems will be the opportunity to present the recent research for the characterization of the Earth’s sub-surface. Waves are used to probe the Earth at local (exploration) as well as planetary (regional) scales. While the two scales have differences (data sparsity, wavelength investigated),
they both share a common reconstruction methodology based upon waveform tomography/inversion. We
will consider the most recent progresses in terms of data acquisition (e.g., optic fiber, dual-sensors), the
subsequent new techniques for imaging (e.g., minimization algorithm), that lead to improved sub-surface
resolution. The seismic inverse problem represents the perfect extension of the first session, as a compromise between resolution and computational cost is fundamental for the recovery of complex, large,
3D geophysical media.
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ETH Zürich, Sonneggstrasse 5, 8092, Switzerland, maria.koroni@erdw.ethz.ch

Key Words: Computational seismology, Spectral-elements, Global discontinuities, Adjoint methods.
Using spectral-element and adjoint methods, this study investigates the sensitivity of seismic observables
to structural and boundary parameters of the earth’s interior. Understanding wave propagation effects on
many identifiable seismic phases travelling through earth is important for improving 3-D models of its
deep interior as well as its subsurface.
Our efforts are focused on analysing the finite-frequency content of traveltimes of phases which in theory interact with global discontinuities and are frequently used for their imaging. Computation of exact,
noise-free synthetic waveforms with spectral-elements is done using Sprecfem3D Globe [1]. On intermediate to (relatively) high frequency seismic waveforms, we select narrow time windows around the
ray theoretical arrival of phases and consider a traveltime misfit as presented in [2].
We investigate the sensitivity of traveltimes based on finite-frequency theory [2] of underside and topside
reflections and core transmitted phases; namely, PP and precursors, PcP, PKP, PKKP, SS and precursors
ScS, SKS and SKKS given their frequent usage in studies of upper-mantle and core-mantle boundaries.
Using adjoint methods, we obtain Fréchet derivatives of the selected time windows and illustrate the
calculated sensitivity of traveltimes to structural parameters, i.e. compressional and shear wave-speed,
and to the surface of the global boundaries.
The main results show wave interference for measurements in narrow time windows revealing complicated wave propagation effects, which are not predicted by ray theory. Additionally, we observe strong
trade-off between boundary and structural parameters, which can deteriorate inversion of common seismic observables if not properly taken into account. For phases that are considered mostly sensitive to
boundary structure, we see that structural parameters have an important impact on their travel-times. This
crosstalk necessitates incorporating these Fréchet derivatives in inversions for boundaries and structure.
The main conclusion arising from our study is that the finite-frequency nature of the waves, widely
considered in current tomographic inversions for earth’s discontinuity structure, leads to complex kernels.
These kernels are important for understanding seismic observables, such as traveltimes, and should be
considered in an iterative inversion scheme using synthetics and adjoint methods as presented here.
REFERENCES
[1] D. Komatitsch and J. Tromp. Spectral-Element Simulations of Global Seismic Wave PropagationI.Validation. Geophysical Journal International (2002) 149:390–412.
[2] H. Marquering, G. Nolet and F.A. Dahlen. Finite-frequency sensitivity kernels for boundary topography perturbations. Geophysical Journal International (1999) 137:805–815.
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The paper presents a technique for localization and characterization of fractured zones by
seismic data. The ability to locate fractures precisely and to characterize their properties is of
high importance. Various algorithms exist to locate these microstructures through the analysis
of diffracted/scattered elastic waves. The paper presents an application of the new method
(Protasov et al., 2019) to the realistic synthetic and real seismic data and describes it from the
practical point of view. The method is a combination of the diffraction imaging and its image
processing to provide recovery of fracture characteristics from seismic data.
For the first, for a seismic model that contains modeled fractures, we provide the diffraction
imaging. We use 3D diffraction imaging workflows for fracture detections is based on the
prestack asymmetric migration procedure, which is a weighted data summation (Protasov et al.,
2016).
At the second stage, to obtain the information about the fracture parameters we propose spectral
analysis and an original topological analysis of the diffraction images that contain fractured
zones. Spectral analysis provide cleaner diffraction images and images of the objects with the
defined spatial orientation. Topological analysis is based on the observation that different
amplitude levels of diffraction images give topologically different objects. In this situation, the
information about those objects is extracted via computational topology algorithms (Bazaikin
et al., 2013).
The numerical results for the realistic synthetic model are presented and discussed. Finally,
application to 3D real data is provided together with the focus on practical aspects.
REFERENCES
[1] Ya.V. Bazaikin, V.A. Baikov, I.A. Taimanov, A.A. Yakovlev, Numerical analysis of

topological characteristics of three-dimensional geological models of oil and gas fields.
Math. Modeling, Vol. 25, Num. 10, p. 19-31, 2013.
[2] M.I. Protasov, V.A. Tcheverda, G.V. Reshetova, Fracture detection by Gaussian beam
imaging of seismic data and image spectrum analysis. Geophysical Prospecting. 64(1). 68
– 82, 2016.
[3] M.I. Protasov, T.S. Khachkova, D.R. Kolyukhin, Ya.V. Bazaikin, Characterization of
fractured zones via topological analysis of 3D seismic diffraction images. Geophysics, Vol.
84(5), O93–O102, 2019.
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Helioseismology aims at recovering properties of the solar interior from observations of the stochastic
oscillations at the surface. In time-distance helioseismology [1], the observations are line-of-sight velocities ψ(r,t) where r is any 2D point at the surface and t is the time. For example, the SDO/HMI
satelite provides since 2010 a 4k times 4k image every 45 s. From this time-series, one usually compute
the cross-covariance C(r1 , r2 , ω) = ψ(r1 , ω)∗ ψ(r2 , ω) between the two locations r1 and r2 at a given
frequency ω. By neglecting the effects of gravity, rotation and the magnetic field, the wavefield ψ is
solution of a scalar wave equation [2]


 
2iω
ω2 + 2iωγ
1
ψ
= s,
(1)
ψ
−
L ψ := −∇ · ∇ψ −
u
·
∇
ρ
c2
c
ρc
where ρ and c are the background density and sound speed taken from a standard solar model, γ is the
attenuation, u is a flow term and s is a stochastic source. The inverse problem consists in reconstructing
the parameters q ∈ {ρ, c, γ, u} from the observations of the cross-covariance function C(r1 , r2 , ω) at any
available locations and frequencies (IP 1).
Due to the large size of the data set, and in order to reduce the high level of noise due to convection, one
usually averages the available data. A usual method is to shrink the temporal dimension by computing
only the wave travel times between any two points r1 and r2 from C(r1 , r2 , ω). The inverse problem then
consists in recovering q from the observations of τ(r1 , r2 ) (IP 2).
I will first present some recent inversion results obtained by inverting travel times to infer the solar
meridional flow (approach IP 2). The advantage of this approach is that the size of the problem to solve
is smaller than for IP 1 and data are already available [3]. Then, I will show how one can benefit from
using the full cross-covariance data in order to design new measurements with higher signal-to-noise
ratio or to perform full-waveform inversions.
REFERENCES
[1] Duvall, T. L. et al. Time-distance helioseismology. Nature 362:430 (1993).
[2] Gizon, L. et al. Computational Helioseismology in the Frequency Domain: Acoustic Waves in
Axisymmetric Solar Models with Flows. Astronomy & Astrophysics 600:A35 (2017).
[3] Liang, Z-C. et al. Solar Meridional Circulation from Twenty-One Years of SOHO/MDI and
SDO/HMI Observations. Astronomy & Astrophysics 619:A99 (2018).
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Structures composed by a stacking of layers, such as composite structures used in cutting-edge industrial areas, remain an important family of materials. Building efficient numerical modeling tools for
high-frequency wave propagation, for instance to represent ultrasonic testing experiments of composite materials, remains a major challenge. In particular, incorporating efficiently attenuation phenomena
within each anisotropic stratum, and/or thin intermediate layers between these strata often represent
significant obstacles for standard numerical approaches [1]. In our work, we address both issues by
proposing relevant numerical strategies in order to address both challenges, i.e.
• We compare fully discrete propagators of standard visco-elastic models of Kelvin-Voigt, Maxwell
and Zener [2] obtained after finite element space-discretization and explicit time-discretization. To
do so, we propose a common calibration strategy for these models, applicable in the general case
of anisotropic constitutive laws. After deriving stability conditions [3], we are able to compare the
computational and memory costs of the three discrete propagators.
• In order to efficiently account for the intermediate layers between two strata, we adapt the mortar
element method [4] to incorporate effective transmission conditions between visco-elastic models. Using energy related arguments, we can prove that the stability conditions obtained for each
discrete propagators are not modified by the effective parameters of the interphase.
We illustrate the soundness of our approach by considering a realistic 3D configuration where an ultrasonic wave is propagating within a curved composite structure.
REFERENCES
[1] A. Imperiale, E. Demaldent, A macro-element strategy based upon spectral finite elements and mortar elements for transient wave propagation modeling. Application to ultrasonic testing of laminate composite
materials. Int. J. Num. Meth. Engng. 119 (10) (2019) 964–990.
[2] J. M. Carcione, Wave fields in real media: Wave propagation in anisotropic, anelastic, porous and electromagnetic media. Vol. 38, Elsevier, 2007.
[3] E. Bécache, A. Ezziani, P. Joly, A mixed finite element approach for viscoelastic wave propagation. Computat. Geosci. 8 (3) (2005) 255–299.
[4] F. Ben Belgacem, Y. Maday, The mortar element method for three dimensional finite elements. ESAIM:
M2AM 31 (2) (1997) 289–302.
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The solution of the large-scale Helmholtz problems with standard iterative methods is notoriously difficult at higher frequencies. Controllability methods (CM) transform the problem in the frequency
domain back to the time-domain and seek instead the time-harmonic solution of the corresponding
time-dependent wave equation [1, 2, 3]. Two different approaches are considered here based either
on the second-order or first-order formulation of the wave equation [1, 6]. Both are extended to general boundary-value problems governed by the Helmholtz equation and lead to robust and inherently
parallel algorithms [2, 3]. Numerical results illustrate the accuracy, convergence and strong scalability
of controllability methods for the solution of high frequency Helmholtz equations on massively parallel
architectures [3, 4, 5].
REFERENCES
[1] M.-O. Bristeau, R. Glowinski and J. Périaux, “Controllability Methods for the Calculation of TimePeriodic Solutions. Application to Scattering”, J. Comp. Phys., 1998.
[2] M. J. Grote, J. H. Tang, “On controllability methods for the Helmholtz equation”, J. Comp. Appl.
Math., 2019.
[3] M. J. Grote, F. Nataf, J. H. Tang, P.-H. Tournier, “Parallel controllability methods for the Helmholtz
equation”, arXiv:1903.12522, 2019.
[4] M. Bonazzoli, V. Dolean, I.G. Graham, E. A. Spence and P.-H. Tournier, “A two-level domaindecomposition preconditioner for the time-harmonic Maxwell’s equations”, Lect. Notes Comput.
Sci. Eng., 2018.
[5] V. Dolean, P. Jolivet and F. Nataf, “An Introduction to Domain Decomposition Methods. Algorithms, Theory, and Parallel Implementation”, SIAM, 2015.
[6] S. Kähkönen, R. Glowinski, T. Rossi and R. A. E. Mäkinen “Solution of time-periodic wave equation using mixed finite elements and controllability techniques”, J. Theor. Comput. Acoust., 2011.
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The finite-difference (FD) method is an essential component in seismic modeling. It is vital in all fullwave algorithms as well as for inversion problems such as full waveform inversion (FWI) [?] or reversetime migration (RTM) [?]. Furthermore, this is generally the most computationally intensive component
of seismic imaging and inversion schemes and this cost is problematic in many situations. Thus, any
effort to speed up the computational will have a big impact. One particular way to speed the finite
difference simulation is by using local solvers ([?]; [?]; [?]). These algorithms reduce the size of the
computational domain to small areas. Local solvers are divided in two categories. In the first type of
solver, boundary conditions are used to immerse the local domain in an extended domain. In the other
type of solver, wave propagation is first performed in the background model and then used as an input
to obtain the wavefield inside the local area; in this case there is no interaction with the outer domain
once the local solver is initiated (e.g., [?]). In this study, we use the second category. We show the
implementation of an efficient algorithm capable of reconstructing elastic wavefields, by injecting pointsources on a surface surrounding the local model using finite difference methods. Our method is designed
to add-on to existing codes, allowing any finite-difference solver to be used as a local wave-equation
solver.
REFERENCES
[1] Tarantola, Albert. Inversion of seismic reflection data in the acoustic approximation. Society of
Exploration Geophysicists, Geophysics 49 I., (1984).
[2] Baysal, Edip and Kosloff, Dan D and Sherwood, John WC. Reverse time migration. Society of
Exploration Geophysicists, Geophysics 48 I., (1983).
[3] Robertsson, Johan OA and Chapman, Chris H, An efficient method for calculating finite-difference
seismograms after model alterations . Society of Exploration Geophysicists, Geophysics, 65,
(2000).
[4] Van Manen, Dirk-Jan and Robertsson, Johan OA and Curtis, Andrew, textitExact wave field simulation for finite-volume scattering problems . The Journal of the Acoustical Society of America,
ASA, 122, (2007).
[5] Willemsen, Bram and Malcolm, Alison. An efficient coupled acoustic-elastic local solver applied
to phase inversion. Society of Exploration Geophysicists, Geophysics 82 I., (2017).
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Helioseismology aims at studying the Sun’s interior through the observation of its oscillations. After
neglecting the magnetic field, the solar oscillations are described by linearizing the equations of fluid
dynamics around a hydrostatic equilibrium. Choosing a mixed Lagrangian / Eulerian description as in
[3], we get the so-called Galbrun’s equation


g0 =s
ρ0 (−iω + σ + v0 · ∇)2ξ − ∇ ρ0 c20 ∇ ·ξ + (∇ ·ξ)∇p0 − (∇ξ)T ∇p0 + ρ0ξ · ∇

(1)

where the unknown ξ is the lagrangian displacement which measures the changes due to the oscillations
in the trajectory of a given fluid particle.
Computational helioseismology relied on semi-analytical methods, but in [2], finite element methods
were introduced in the framework used in helioseismic inversion and showed promising results. However
the authors considered a scalar convected Helmholtz’ equation rather than (1), which only captures the
physics of the acoustic modes (p-modes) and the effects of gravity on wave propagation are neglected.
In this work, we consider (1) which allows the study of internal and surface gravity modes (g- and smodes) and Rossby waves that go deeper into the Sun’s interior. We will discuss the challenges arising
when solving (1) and other aeroacoustic models in the context of helioseismology. Following [1] we will
present numerical strategies based on high-order discontinuous Galerkin methods and we will discuss
the construction of reference solution to validate our methods.
REFERENCES
[1] J. Chabassier and M. Duruflé. Solving time-harmonic Galbrun’s equation with an arbitrary flow.
Application to Helioseismology. Rapport de recherche Inria, 2018.
[2] L. Gizon, H. Barucq, M. Durufle, C. Hanson, M. Leguèbe, A. Birch, J. Chabassier, D. Fournier,
T. Hohage, and E. Papini. Computational helioseismology in the frequency domain: Acoustic waves
in axisymmetric solar models with flows. Astronomy and Astrophysics - A&A, 2017.
[3] D. Lynden-Bell and J. P. Ostriker. On the Stability of Differentially Rotating Bodies. Monthly
Notices of the Royal Astronomical Society, 1967.
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In the Hybridizable discontinuous Galerkin method [1] for 3D frequency-domain elastic wave equations,
the efficiency of the harmonic wave propagation problem often relies on the performance of the solution
of systems of linear equations AX = B, where both A and B are sparse matrices. The large number of
columns of B makes sparse direct factorization the method of choice because symbolic preprocessing of
A, so called analysis phase, and numerical factorization, A = LU, can be performed only once and are
reused to solve LUX = B for all columns of B. The analysis phase and the numerical factorization can
be costly in terms of execution time and memory usage and they require a particular attention.
Matrices arising from the discretization of partial differential equations have been shown to have a lowrank property ([2]) and, in this context, the Block-Low Rank (BLR) format has been used to design
fast direct solvers with reduced asymptotic complexity [3, 4]. The BLR format requires an algebraic
grouping of the variables, so called BLR grouping step, that adds to the cost of the analysis phase.
In this talk, we first analyse the behaviour of BLR approximations in terms of reduction of the number
operations, memory footprint and performance, for different frequencies and polynomial orders. Thanks
to HDG discretization, the sparse matrix A has a natural blocked structure, where each block includes
a number of dofs that increases with the discretization order. We show that this property can be used
to significantly reduce the time and memory footprint of the analysis, including the BLR grouping step
that happens to have a significant cost on this class of problems. All algorithms have been implemented
in the MUMPS sparse direct solver (mumps-solver.org). We report on results using test matrices for 3D
elastic time-harmonic wave equation on isotropic SEAM benchmark, provided by the Inria-Magique-3D
team and the Inria/Total Strategic Action DIP.
REFERENCES
[1] Bonnasse-Gahot, M., Calandra, H., Diaz, J. and Lanteri, S., Hybridizable discontinuous Galerkin method for the 2D
frequency-domain elastic wave equations, Geophysical Journal International, 213 (2017), pp. 637–659.
[2] Bebendorf, M., Hierarchical Matrices: A Means to Efficiently Solve Elliptic Boundary Value Problems. Lecture Notes in
Computational Science and Engineering (LNCSE), Springer-Verlag,63 (2008).
[3] Amestoy, P. R., Buttari, A., L’Excellent, J.-Y. and Mary, T., Performance and scalability of the Block Low-Rank multifrontal factorization on Multicore Architectures ACM Transactions on Mathematical Software, 45(1):2:1-2:26, (2019).
[4] Amestoy, P. R., Buttari, A., L’Excellent, J.-Y. and Mary, T., On the complexity of the Block Low-Rank multifrontal
factorization, SIAM Journal on Scientific Computing, volume 39, number 4, pages A1710-A1740 (2017).

2981

Slope Sambolian,
Serge
TomographyStéphane
for Active
Operto,
and Passive
Alessandra
Seismic
Ribodetti
Experiments
and Jean Virieux

Abstract
For passive or active seismic tomography, time measurements on one side and differential time measurements
expressed as the horizontal time gradient, namely the slope of locally-coherent arrivals in the seismic ground
motion recorded at the free surface of the Earth, on the other side allow for accurate velocity reconstructions of
the medium where seismic waves propagate.
In this presentation, we shall illustrate the potential benefit of such a gradiometric strategy: how such robust
observables are extracted from seismic traces and what efficient formulation one can consider for the inversion of
these observables. Deducing these observables can be a challenge and the precision of such measurements may
vary with the acquisition deployment. Synthetic and real examples will show the impact of combining time and
slope for improved velociy reconstruction when considering an active acquisition where source parameters are
known (Sambolian et al., 2019). Toy examples will point out the interest of these observables for the challenging
problem of combined velocity and source parameters estimation (Sambolian et al., 2020).

References
S AMBOLIAN, S., O PERTO, S., R IBODETTI, A., TAVAKOLI, B. et V IRIEUX, J. (2019). Parsimonious slope
tomography based on eikonal solvers and the adjoint-state method. Geophysical Journal International, 218(1):
456–478.
S AMBOLIAN, S., O PERTO, S., R IBODETTI, A., TAVAKOLI, B. et V IRIEUX, J. (2020). Parsimonious slope
tomography: a variable-projection method for consistent event relocation and subsurface parameters inversio.
Geophysical Journal International, submitted.
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The accumulated experience of applying FWI to processing the results of seismic data shows
that in its implementation, it is necessary to pay special attention to two aspects:
 Reliable restoration of the near surface structure of the medium;
 Sustainable reconstruction of the macro velocity component of the medium in the
absence of low time frequencies in the recorded data.
The most common approach for restoration of the near-surface structure is to use Full
Waveform Inversion (FWI), relying on the first arrivals for far offsets data. After restoring the
near-surface P- and S- velocities, we use the modified version of the least-square formulation
of FWI proposed in [1] to reconstruct deep geological objects. Let us briefly remind the main
points of this modification.
We decompose the space of wave propagation velocities into two different subspaces:
• Smooth macro-velocity components, which determine the travel time of waves between
sufficiently remote internal points, but does not return seismic energy to the observation system;
• Sharply variable reflectors, on the contrary, do not change the wave propagation time, but
change its direction, ensuring the return of seismic energy to the observation system.
Such a superposition introduces the representation of the propagation velocity of both P- and
S- elastic waves in the form:

VP,S  ( pV ) P,S  (rV ) P,S ,
where p means smooth macrovelocity component (propagator), and r sharp spatial reflector.
As experience in processing seismic data proves, if a propagator is specified, the spatial
reflector is correctly determined by performing migration data conversion. Moreover, some
methods allow not only to localize the reflector but also to assess its “true” amplitudes, that is,
amplitudes proportional to the reflectivity of the corresponding local geological objects. This
fact allows us to represent the desired model as:

VP,S  ( pV ) P,S   rWM P,S ( pVP,S )  s  ,
where M P , S ( pV )  s  means application of migration to the data space reflectivity s and
to modify the data misfit functional as:
2
~
.
( pVP , pVS , s)  F ( pVP,S   rWM P,S ( pVP,S )  s )  u0
L2 ( D )

We present results of DSR FWI synthetic and real field seismic data processing.
The research is supported by RFBR project 19-01-00347.
REFERENCES
[1] Gadylshin K.G., Tcheverda V.A. Reconstruction of a depth velocity model by full
waveform inversion // Doklady Earth Sciences. – 2018. – v.482(2). – 1365 – 1369
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ABSTRACT
Any source of energy that is superior in all aspects—cost, environmental impact, safety, and
use of natural resources—does not exist. Therefore various types of energy systems including
clean energy systems have been developed worldwide. To accelerate the development of such
energy systems, advanced computer simulations are strongly expected to play a key role.
However, core physics in such systems are very complex and tend to be multi-scale and
multi-physics of fluid, thermal, solid, electromagnetics and so on. Therefore various types of
simulation technology such as FEM, FDM, FVM, meshfree methods, particle methods and so
on have been developed and applied. In addition, recently, petascale and exascale computing
technology targets such computational mechanics simulations of various types of energy
systems, such as carbon-free coal gasification plants, low-cost, long-lasting fuel cells, largescale wind power plants farm floating along sea seashore, and nuclear fission / fusion power
plants and others. In addition, recently various types AI technologies are going to open the
door to a new era of computational mechanics. In this mini-symposium, focusing on highperformance and intelligent computing issues, we exchange ideas and information in order to
advance computational mechanics for energy systems.

2987

Zumei
A
3d Emps-Fem
Zheng, Guangtao
Computational
Duan, Naoto
Framework
Mitsume,
for Tire
Shunhua
Hydroplaning
Chen, WeiAnalysis
Gao and Shinobu
Yoshimura
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

A 3D EMPS-FEM computational framework for tire hydroplaning analysis
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Wei Gao3 and Shinobu Yoshimura1
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Key Words: Tire hydroplaning analysis, EMPS-FEM coupling, Fluid-structure interaction,
Contact algorithm.
Tire hydroplaning is of great importance to driving safety of a vehicle. Such a complicated
phenomenon mainly involves free surface flows, tire deformation, fluid-structure interaction,
and contact interaction between the tire and the ground. In this work, a three-dimensional
EMPS-FEM computational framework is established for tire hydroplaning analysis, where the
explicit moving particle simulation method which has great advantage in describing free
surface is applied for the fluid flow, the finite element method is used for the tire deformation
and the ground is set as a rigid body. Besides, a newly proposed 3D ghost cell boundary
model which is used for fluid boundary problem is applied to deal with the interface between
fluid and structure, and interaction between tire and ground is calculated by using a contact
algorithm. The effectiveness of the developed computational framework is validated by
comparing the simulation results with the empirical solutions. Then the parametric analysis
will be carried out to investigate the influences of tire speed, tire pressure and water film
thickness on the tire hydroplaning performance.
REFERENCES
[1] Hermange C, Oger G, Le Chenadec Y, et al. A 3D SPH–FE coupling for FSI problems

and its application to tire hydroplaning simulations on rough ground[J]. Computer
Methods in Applied Mechanics and Engineering, 2019, 355: 558-590.
[2] Zheng Z., Duan G., Mitsume N., Chen S.,Yoshimura S. A novel ghost cell boundary
model for the explicit moving particle simulation method in two dimensions. Submitted
to Computational Mechanics.
[3] Horne W B, Dreher R C. Phenomena of pneumatic tire hydroplaning[M]. National
Aeronautics and Space Administration, 1963.

2988

Ab Initio
Koji
Okuwaki,
Calculation
Yuji Mochizuki,
Based Multiscale
Naoki Shikazono
Simulation
and
forShinobu
Fuel-Cell
Yoshimura
Membrane
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Ab initio calculation based multiscale simulation for fuel-cell membrane
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Multiscale simulations have attracted considerable interest in the field of computational
engineering, where the set of effective interaction parameters play a crucial role in determining
total accuracy. Recently, we have been developing a new nano-meso scale simulation scheme
in which the parameters for dissipative particle dynamics (DPD) simulations are evaluated by
a series of fragment molecular orbital (FMO) calculation in ab initio fashion [1,2]. We named
this procedure as FMO-DPD and successfully applied it to the fuel-cell related membrane
materials (Nafion and SPEEK) [3]. FMO-DPD could also be used for other systems such as
lipid [4] and even protein [5]. In the presentation, we will show the workflow of FMO-DPD as
well as these realistic applications.
Acknowledgement: The present work was supported by Ministry of Education, Culture, Sports,
Science and Technology (MEXT) as a social and scientific priority issue #6 (Accelerated
Development of Innovative Clean Energy Systems) to be tackled by using post-K computer.
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Effective Parameters, RSC Adv., Vol. 8, pp. 34582-34595, 2018.
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parameters for 1-Palmitoyl-2-oleoyl phosphatidyl choline (POPC) membrane, Chem. Phys.
Lett., Vol. 684, pp. 427-432, 2017.
K. Okuwaki, H. Doi, K. Fukuzawa, and Y. Mochizuki, Folding simulation of small
proteins by dissipative particle dynamics (DPD) with non-empirical interaction
parameters based on fragment molecular orbital calculations, Appl. Phys. Express, Vol.
13, 017002, pp. 1-4, 2020.
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Problems.
Fusion energy research has long been promoted towards realization of the burning plasma
state (where the controlled fusion reaction continues) which is now expected to be achieved
by ITER under construction in France. Before launching of the burning plasma experiments, it
is important to establish numerical simulation codes for better theoretical understandings and
evaluations of key physics issues in fusion plasma confinement, such as transport of particles,
momentum, and energy via interactions with turbulence or electromagnetic waves.
Under the support of Post-K project: Priority Issue 6, we have developed, updated, and
optimized three major applications for fusion plasma confinement research, that is, GT5D [1],
GKV [2], and MEGA [3]. The GT5D and GKV codes solve kinetic plasma dynamics [4] for
turbulence transport in global and local toroidal geometries, respectively, while the MEGA is
a hybrid code of the magnetohydrodynamics (MHD) and energetic particles.
The GT5D code achieving a good performance for exascale computing environments with
an optimized matrix solver has demonstrated successful validation studies on the plasma
response to external radio frequency heating and the isotope scaling of energy confinement
time. The GKV simulations have been applied to the multiphysics turbulence covering
multiscales of the electron and ion cyclotron radii as well as the turbulent transport in the
three-dimentional helical geometry of confinement field such as the Large Helical Device.
The large amplitude MHD bursts driven by energetic particles have been successfully
simulated by the MEGA code which has now been extended with particle models of bulk ions.
We will also discuss the future directions and extensions towards the upcoming exascale era.
REFERENCES
[1] Idomura, Y., Ida, M., Kano, T., Aiba, N., & Tokuda, S. (2008). Conservative global

gyrokinetic toroidal full-f five-dimensional Vlasov simulation. Computer Physics
Communications, 179(6), 391-403.
[2] Watanabe, T. H., & Sugama, H. (2005). Velocity–space structures of distribution
function in toroidal ion temperature gradient turbulence. Nuclear Fusion, 46(1), 24.
[3] Todo, Y., & Sato, T. (1998). Linear and nonlinear particle-magnetohydrodynamic
simulations of the toroidal Alfvén eigenmode. Physics of plasmas, 5(5), 1321-1327.
[4] Garbet, X., Idomura, Y., Villard, L., & Watanabe, T. H. (2010). Gyrokinetic simulations
of turbulent transport. Nuclear Fusion, 50(4), 043002.
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Large-eddy simulation (LES) [1,2] is applied to a multi-burner pulverized coal combustion
furnace in which three advanced low-NOx burners, each with a coal combustion capacity of
approximately 100 kg/h, are vertically installed. The effects of an in-furnace blending method,
in which different types of coal (high-fuel-ratio coal and low-fuel-ratio coal) are injected at
each burner stage, on NO emission and unburned carbon fraction in fly ash are investigated.
Pulverized Newlands coal and Tanito Harum coal that are classified as high-fuel-ratio coal and
low-fuel-ratio coal, respectively, are used as fuels. The results indicate that oxygen is consumed
rapidly and NO decreases near the burner from which the high-fuel-ratio coal is injected
because the reducing atmosphere becomes dominant owing to the lack of oxygen. Further, the
unburned carbon fraction decreases when low-fuel-ratio coal is injected from the upper burner
because the residence time is longer for the combustion of high-fuel-ratio coal than when lowfuel-ratio coal is injected from the lower burner.

REFERENCES
[1] H. Watanabe, K. Tanno, Y. Baba, R. Kurose and S. Komori, Large-eddy simulation of coal

combustion in a pulverized coal combustion furnace with a complex burner. in: K.
Hanjalic’, Y. Nagano, S. Jakirlic’ (Eds.), Turbulence, Heat and Mass Transfer, Vol. 6, pp.
1027-1030, 2009.
[2] M. Muto, H. Watanabe and R. Kurose, Large eddy simulation of pulverized coal
combustion in multi-burner system–effect of in-furnace blending method on NO emission.
Advanced Powder Technology, Vol. 30, pp. 3153-3162, 2019.
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Numerical study on the feedback control of fluid-structure-interaction
induced vibration
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ABSTRACT

Recently, unmanned airframes have been designed to allow for the high-altitude and longendurance flights, which require very efficient aerodynamic and structural designs. Because the
absence of the pilots, a lot of design constraints are relaxed. Many researchers have been
investigating the high-aspect-ratio slender and highly flexible wings with a low structural weight
fraction. However, the wing may undergo large deformations induced by fluid-structure
interaction (FSI) phenomenon under normal operation conditions, exhibiting geometrically
nonlinear characters, and the deformations leads to deterioration of aerodynamics performance.
Therefore, it is important to control the aeroelastic instability.
Although the above mentioned FSI problem has complicated nonlinearity, it is necessary to create
the simplified mathematical model for the design of the controller. For example, the nonlinearity
is neglected, and the modal decomposition is applied to obtain the surrogate model. Once the
controller is designed, it is verified by experiments such as wind tunnel tests or test flights.
However, it is not easy to conduct experiments due to the much cost and time.
The final goal of our work is to develop the detailed full-scale simulation as the alternation of the
experiments. As the fundamental work, we have developed FSI analysis for active control of
simple FSI-induced vibration [1][2]. These previous studies consider only simple output feedback
control. On the other hands, in the present study, we show FSI analysis with the state feedback
control.
References
[1] S.Kaneko, G.Hong, N.Mitsume, T.Yamada, S.Yoshimura, Patitioned-coupling FSI analysis
with active control, Computational Mechanics, Vol.60, Nos.4, pp.549-558, 2017.
[2] S.Kaneko, G.Hong, N.Mitsume, T.Yamada, S.Yoshimura, Numerical study of active control
by piezoelectric materials for fluid–structure interaction problems, Journal of Sound and
Vibration, Vol.435, Nos.24, pp.23-35, 2018.
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We have been developing the advanced parallel finite element analysis software known as
ADVENTURE system (https://adventure.sys.t.u-tokyo.ac.jp) since 1997. The system is very
unique open source CAE software that enables very precise analyses of practical structures and
machines using over 100 million to billions DOF mesh. Those analyses can be performed very
efficiently and easily not only on ordinary PC clusters, but also on latest massively parallel
computers such as the K computer. Since January 2015, we have been performing a national
HPC project, i.e. FLAGSHIP2020 Priority Issue 6 (https://postk6.t.u-tokyo.ac.jp/en/), to extend
the simulation system towards Exaflops computer such as “FUGAKU” to appear in 2020. In
addition, we have been developing a general-purpose platform of parallel partitioned coupling
techniques with nonlinear iterations, named ADVENTURE_Coupler and REVOCAP_Coupler,
which ensure accuracy, parallel-efficiency, robustness as well as flexibility.
The
ADVENTURE’s parallel solvers together with the coupling platform enable large-scale parallel
coupled analyses of very complicated structures including Fluid-Structure Interaction, Acoustic
Fluid-Structure Interaction, Magneto-Structure Interaction and Structure-Structure Interaction.
In the FLAGSHIP2020 Priority Issue 6 Project on “Accelerated Development of Innovative
Clean Energy Systems”, we have been developing Multiscale and Multiphysics Integrated
Simulators for Coal Gasification Combustion Plants as well as Large Scale Offshore Wind
Farms as Digital Twin of such large-scale and complex physical system, fully utilizing the
performance of Exaflops computer. In this presentation, we describe the basic algorithms and
implementation of the parallel coupler, and then explain the practical performance of the
parallel coupling analysis of coal gasification plant on K computer.
REFERENCES
[1] S. Kataoka, S. Minami, H. Kawai, T. Yamada, S. Yoshimura, A parallel iterative partitioned
coupling analysis system for large-scale acoustic fluid-structure interactions,
Computational Mechanics, Vol.53, No.6, pp.1299-1310, 2014.
[2] S. Yoshimura, T. Yamada, H. Kawai, T. Miyamura, M. Ogino, R. Shioya, Petascale coupled
simulations of real world’s complex structures, IACM Expression, No.37, pp.9-13, 2015.
[3] S. Yoshimura, T. Yamada, Parallel partitioned simulations of real world’s coupled problems,
Proceedings of Indian National Science Academy, Vol.82, No.2, pp.147-162, 2016.
[4] T. Yamada, G.-W. Hong, S. Kataoka, S. Yoshimura, Parallel partitioned coupling analysis
system for large-scale incompressible viscous fluid-structure interaction problems,
Computers and Fluids, Vol.141, pp. 259–268, 2016.
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At present, wind power sources as an alternative to the fossil fuels have gained increasing
attention all over the world so as to ease the conflicts between increasing energy demand and
growing environmental problems (e.g. global warming). The main purpose of this work is to
analyze the structural and fatigue behavior of a 5 MW wind turbine composite blade under
wind loads by means of numerical simulations. In order to achieve this end, a computational
system that involves FrontFlow/blue, ADVENTURE_Solid, and ADVENTURE_Fatigue is
established. A one-way partitioned fluid-structure interaction (FSI) coupling strategy is
considered to apply the aerodynamic effects calculated via FrontFlow/blue on the structural
analysis conducted using ADVENTURE_Solid. The fatigue damage rate distribution of the
whole blade can be estimated by recourse to the two fatigue models, i.e., the empirical and
damage models, implemented in ADVENTURE_Fatigue. Several numerical cases are carried
out to investigate the effects of wind loads, gravity force, and centrifugal force on the
structural and fatigue performance of the wind turbine blade.
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ABSTRACT
Advances in three-dimensional imaging techniques, including x-ray computed tomography and scanning
electron microscopy, have enabled insight into as-manufactured materials and components like never
before. This abundance of image data has inspired scientists and engineers to perform simulations on
computational domains derived directly from this image data, a foundational aspect of the increasingly
popular digital twin concept. However, the process converting greyscale three-dimensional image data
to a discretized domain suitable for simulation is often arduous and fraught with errors.
In this minisymposium, we explore techniques for improving this image-to-simulation process. Topics
of interest include, but are not limited to:
• Computed tomography reconstruction techniques to reduce artifacts
• Image segmentation, labeling, and part identification
• Computer vision and machine learning approaches
• Geometric feature identification and detection
• Domain discretization / mesh generation
• Data compression and model reduction

• Methods for incorporating residual stress and initial internal material state

• Algorithms and numerical methods for solving multi-physics problems on image data
• High performance computing applied to image datasets
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• Applications of the above techniques to real-world scientific and engineering applications
• Credibility assessments, including uncertainty quantification and validation
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CT segmentation of woven composite materials over shifted domains via
deep learning
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Accurate modeling of as-built parts often requires high resolution Computed Tomography (CT)
scans comprised of billions of voxels of data. Recent advances in deep learning have enabled
the automated segmentation of these scans wherein each voxel is labeled by material. The most
successful among these techniques are supervised learning methods that require human labels
for training and are sensitive to the scale, voxel intensity, contrast, and other machineintroduced artifacts of the scan data. Neural networks trained to segment scans from one CT
machine may be unable to generalize to handle scans from different sources that effectively
shift the subject domain away from the training set.
We present a method that extends the applicability of a trained neural network to segmentation
of domain-shifted CT scans of woven composite materials. We leverage uncertainty
measurements obtained by sampling the output of a trained 3D convolutional neural network
(CNN) [1] with dropout layers active during inference [2] to generate labels for domain-shifted
scans. We then re-train the CNN using our newly generated labels to segment new examples
from the shifted domain, improving the accuracy of the segmentation. Unlike previous deep
learning-based approaches used to address the issue of domain shift, our technique avoids the
need for a large number of human labelled examples by generating shifted domain labels in a
fully autonomous manner.
REFERENCES
[1] F. Milletari, N. Navab, and S.A. Ahmadi, V-net: Fully convolutional neural networks for
volumetric medical image segmentation. In 2016 Fourth International Conference on 3D
Vision (3DV) (pp. 565-571). IEEE.
[2] Y. Gal and Z. Ghahramani, Dropout as a bayesian approximation: Representing model
uncertainty in deep learning. In International Conference on Machine Learning (pp. 10501059).
*Sandia National Laboratories is a multimission laboratory managed and operated by
National Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of
Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-NA0003525.

2999

Janos Mate Logo, Vivien
Geometric-Topologic
Description
Poto, Nikol
of Krausz
a Complex
and Road
ArpadJunction
Barsi Considering the Requirements
of Highly Automated Driving
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
Virtual Congress: 11 – 15 January 2021
F. Chinesta, R. Abgrall, O. Allix and M. Kaliske (Eds)

Geometric-topologic description of a complex road junction considering the
requirements of highly automated driving
Janos Mate Logo¹, Vivien Poto², Nikol Krausz3 and Arpad Barsi4
1

BME Department of Photogrammetry and Geoinformatics, H-1111 Budapest, Muegyetem rkp. 3,
Hungary, logo.janosmate@epito.bme.hu

2

BME Department of Photogrammetry and Geoinformatics, H-1111 Budapest, Muegyetem rkp. 3,
Hungary, poto.vivien@epito.bme.hu

3

BME Department of Photogrammetry and Geoinformatics, H-1111 Budapest, Muegyetem rkp. 3,
Hungary, krausz.nikol@epito.bme.hu

4

BME Department of Photogrammetry and Geoinformatics, H-1111 Budapest, Muegyetem rkp. 3,
Hungary, barsi.arpad@epito.bme.hu

Key words: Highly Automated Driving, Map Standard, Complex Junction, Graph Building.
Abstract. The highly automated driving research is one of the most remarkable developments
in the automotive world. Still, ordinary people can also realize the milestones facing more
and more built-in vehicle assistant services brought by the new car manufacturers. The navigation system is also part of the "success story" because the maps are currently highresolution 3D databases, and permanently better visualization supports the drivers. The creation of these map databases relies on cutting-edge field data capture techniques, like aerial
surveys. The paper presents a technology based on aerial photographs' evaluation done by
human operators. The captured photographs were transformed into distortion-free orthophotos; then, skilled humans evaluated the expected database elements: road and lane segments.
The map creation procedure aimed to serve the content fully compatible with the standards of
the industry. This evaluation procedure resulted in a road and a lane-level graph, clearly in
harmony with the traffic rules. The CAD-drawings of each operator form an excellent starting
point to start new artificial intelligence developments.
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MODEL AND MESH SELECTION IN THE CONTEXT OF MODEL
IDENTIFICATION FROM FULL-FIELD MEASUREMENTS
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In this work, a new robust procedure is proposed to identify material parameters of mechanical models
from full-field measurements. The objective is to define a suitable numerical processing, in terms of
mesh discretization and model selection, with respect to data information and measurement noise associated with DIC or DVC techniques. To achieve this goal, a cost functional based on the Modified
Constitutive Relation Error concept, consisting of modeling and measurement terms, is introduced. An
admissible stress field, verifying balance equation in a full sense, is then constructed and used to estimate both discretization and modeling errors. These errors can thus be compared with measurement
noise in order to drive model enrichment and mesh adaptation. Besides, the procedure is coupled with
the Proper Generalized Decomposition technique to optimize computation costs. The overall approach
is implemented on several numerical experiments with linear or nonlinear material behaviors.
REFERENCES
[1] L. Chamoin, P. Diez (eds), Verifying calculations, forty years on: an overview of classical verification techniques for FEM simulations, SpringerBriefs (2015).
[2] P.E. Allier, L. Chamoin, P. Ladevèze, Towards simplified and optimized a posteriori error estimation using PGD reduced models. International Journal for Numerical Methods in Engineering 2018;
113:967-998.
[3] M. Ben Azzouna, P. Feissel, and P. Villon, Robust identification of elastic properties using the
Modified Constitutive Relation Error. Comput. Methods Appl. Mech. Eng., vol. 295, pp. 196-218,
2015.
[4] F. Hild, S. Roux, Digital image correlation: from displacement measurement to identification of
elastic properties - a review. Strain 2006; 42(2):69-80.
[5] P. Ladevèze, J.P. Pelle, Mastering Calculations in Linear and Nonlinear Mechanics, Mechanical
Engineering Series, Springer Science+Business Media, 2005.
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ON THE USE OF A RENDERING MODEL IN STEREO
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Increasing interest is being shown in Stereo Finite-Element Digital Image Correlation in the experimental solid mechanics community. This contact-free measurement method allows to retrieve a threedimensional surface displacement field, during structural tests for instance. Prior to these displacement
measurements, a calibration phase is required. First, the stereo rig position and optical systems parameters are identified. Then, the position of the rig with respect to the specimen (collected into vector pext )
and the specimen shape (correction shape field denoted S(X)) have to be determined. Usually, this last
step is performed via the minimisation of a functional based on the sum of the squared grey level difference (a) over all camera pairs integrated over the surface [3] or (b) alternatively between all camera to
one average grey level map [2]. Then the displacement measurement is performed via the minimisation
of another functional based on the sum of the squared grey level difference of a reference image and a
deformed image of each camera.
In the novel framework that we propose, we investigate the possibility to reconstruct the shape of
the specimen as well as its intrinsic texture, a scalar field T (X), in a first step. A rendering model
Rc (X, T (X)) [1] is used drawing inspiration from advancements in the computer vision community. It
predicts the grey level observed by a camera c depending on its orientation with respect to the surface,
the lighting conditions and T . In this manner, the same functional can be used in the extrinsic and shape
calibration problem as well as in the displacement one:

2
(1)
F(pext , T, S) = ∑ Vc (X) Rc (X, T (X)) − fc ◦ Pc (X + S(X)) dX
c

Ω

where Vc denotes a weighting function. In this case, S and U can be used indifferently depending only
on the measurement we want to perform (shape or displacement). Shape and texture errors appear to be
of the same order of magnitude as the camera calibration error and camera noise level respectively. Such
a new and breaking framework opens the door for large displacement measurements for instance.
REFERENCES
[1] N. Birkbeck, D. Cobzas, P. Sturm, and M. Jagersand. Variational shape and reflectance estimation
under changing light and viewpoints. In ECCV, pages 536–549. Springer, 2006.
[2] J.-E. Dufour, F. Hild, and S. Roux. Shape, displacement and mechanical properties from isogeometric multiview stereocorrelation. J Strain Anal Eng Des, 50(7):470–487, 2015.
[3] J.-E. Pierré, J.-C. Passieux, and J.-N. Périé. Finite element stereo digital image correlation: framework and mechanical regularization. Experimental Mechanics, 57(3):443–456, 2017.
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ICA, Université de Toulouse, UPS, INSA, ISAE-SUPAERO, MINES-ALBI, CNRS, 3 rue Caroline
Aigle, 31400 Toulouse, France
2
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Stereo Digital Image Correlation is a method that allows measuring a 3D displacement field on 3D
surfaces using cameras. Among other choices, the Finite Element (FE) discretization space seems to
constitute a convenient approximation space for the measured displacement, since it allows making a
direct link between the measured data and a FE software. In FE Stereo Digital Image Correlation, the
displacement along with the geometry are therefore defined by the FE mesh of the structure of interest.
Prior to any experimentation, a calibration phase is necessary to determine the parameters of the cameras
and the actual shape of the specimen. This phase uses a Gauss-Newton minimization. However, using a
fine FE mesh leads to an ill-posed problem when identifying the shape. A regularization is thus essential.
To address this issue, we propose to project the FE space onto a smaller, more regular space. As in [1],
we choose spline functions, which are the standard for Computer-Aided Design. They possess higher
regularity, and can be refined automatically without any modification in the geometry. Accordingly, a
multilevel approach is adopted, which lowers computational costs and improves the regularization [2].
Similarly to [3], an explicit link between the spline geometry and the FE mesh enables us to use a
FE software in a non-invasive way. An extension using the concept of Free-Form Deformation (FFD),
applied, e.g., in aerostructural optimization [4], will be finally discussed to adapt to any input FE mesh.
REFERENCES
[1] Dufour, J.E., Leclercq, S., Schneider, J., Roux, S., and Hild, F. 3D surface measurements with
isogeometric stereocorrelation – application to complex shapes. Optics and Lasers in Engineering
(2016) 87:146–155.
[2] Colantonio, G., Chapelier, M., Bouclier, R., Passieux, J.C. and Marenić, E. Noninvasive multilevel
geometric regularization of meshbased 3D shape measurement. Int. J. Num. Meth. Engng. doi:
10.1002/nme.6291.
[3] Tirvaudey, M., Bouclier, R., Passieux, J.C. and Chamoin, L. Non-invasive implementation of nonlinear isogeometric analysis in an industrial FE software. Engineering Computations (2019) doi:
10.1108/EC-03-2019-0108.
[4] Kenway, G.K. and Martins, J.R. Multipoint high-fidelity aerostructural optimization of a transport
aircraft configuration. Journal of Aircraft (2014) 51(1):144–160.
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ABSTRACT
Over the last two decades, a large variety of non-standard discretization schemes, aiming at improving
the classical finite element analysis, have emerged in the field of structural mechanics. Amongst them,
some are based on the isogoemetric concept [1] and/or fictitious domain approaches [2], that facilitate the
geometry modeling within analysis and provide higher robustness and accuracy with respect to the standard finite elements computations. If the fundamentals and interests have been proven in the academic
community, the true application of such advanced techniques to tackle realistic engineering problems is
currently undergoing important effort [3].
In this context, the proposed mini-symposium invites all contributions from the field of isogeometric and
non-standard discretization methods that successfully address large-scale, real world, and/or industry
applications. Typical topics are expected to be, but not restricted to: spline-based discretizations, isogeometric analysis and integration of CAD and CAE, collocation methods, fictitious domain approaches,
higher-order finite elements, X-FEM/partition of unity methods, domain coupling, multi-scale analysis,
non-linear static or dynamic analysis, shell modeling as well as design optimization.
REFERENCES
[1] T.J.R. Hughes, J.A. Cottrell and Y. Bazilevs. Isogeometric analysis: CAD, finite elements, NURBS,
exact geometry, and mesh refinement. Comput. Methods Appl. Mech. Engrg. (2005) 194:41354195.
[2] D. Schillinger and M.Ruess. The finite cell method: A review in the context of higher-order structural analysis of CAD and image-based geometric models. Arch. Comput. Methods Eng. (2015)
22:391-455.
[3] M. Occelli, T. Elguedj, S. Bouabdallah, and L. Morancay. LR B-Splines implementation in the
Altair Radioss solver for explicit dynamics isogeometric analysis. Adv. Engrg. Software (2019)
131:166-185.
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Shape optimization strategies constitute an attractive way to design structures with innovative shapes
and with great mechanical behaviors. In this work, we study how these numerical methods enable to
generate innovative stiffened structures for the future of aerospace industry [1]. A stiffened structure
is obtained through the assembly of a main part (the panel) and sub-structures as beam and rings (the
stiffeners). Due to their nature made of multiple parts, there are several challenges one has to tackle
in order to perform the shape optimization of stiffened structures. In fact, shape optimization requires
a model with a good shape representation and with interesting analysis capabilities. Furthermore, the
geometric model should offer a versatile shape manipulation such that the designer can explore a wide
range of designs [2]. In case of stiffened structures, it appears tedious to impose shape changes since
each sub-part should remain connected to the others. We present an embedded technique based on spline
compositions to deal with this issue [3]. Additionally, we equip these geometric models with advanced
numerical tools; namely an embedded isogeometric Kirchhoff–Love shell, a Mortar coupling to handle
non-conforming discretizations, and a dual Domain Decomposition solver. We present several examples
to highlight the potential of the developed framework. Especially, we design the internal sub-structure
of an aircraft wing in order to show how new alternative designs can be achieved with our approach.
REFERENCES
[1] D. Havens, S. Shiyekar, A. Norris, R.K. Bird, R.K. Kapania, and O. Robert, Design, Optimization,
and Evaluation of Integrally-Stiffened Al-2139 Panel with Curved Stiffeners. Tech. rep. 217308.
NASA, (2011).
[2] K.-U. Bletzinger, Shape Optimization. Encyclopedia of Computational Mechanics. (2017) 2:1–42.
[3] T. Hirschler, R. Bouclier, A. Duval, T. Elguedj, and J. Morlier, The embedded isogeometric
Kirchhoff–Love shell: From design to shape optimization of non-conforming stiffened multipatch
structures. Comput. Methods Appl. Mech. Engrg. (2019) 349:774–797.
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By allowing for refinements in both the element size h and the polynomial
degree p, the hp-version of the finite element method can achieve exponential
convergence rates on a wide variety of problems. However, despite its versatility
and efficiency, the hp-FEM has not become the standard in engineering simulations. This has to be partially attributed to the problem of hanging nodes,
which yields a high complexity of the method’s formulation and implementation.
The multi-level hp concept reduces this complexity by dropping the conventional refine-by-replacement idea in favour of a refine-by-superposition approach
[1]. The essential idea consists in refining a coarse base discretization by superposing a fine, high-order overlay mesh in domains of interest. This alternative
hp-formulation fully circumvents the problem of hanging nodes since the global
continuity can be ensured by applying homogeneous Dirichlet conditions on the
boundary of the overlay mesh. Different publications have demonstrated the
applicability of this approach in various domains. However, in its current form,
the method is only formulated for quadrilateral and hexahedral elements. This
in practice limits its use to problems of moderate geometrical complexity, as
the automated generation of block-structured meshes is still an open research
area. The current work aims at bridging this gap by extending the multi-level
hp-FEM idea to general unstructured meshes, which prevail in most real-life
engineering applications.
In addition, the current multilevel hp-approach only supports isotropic refinement. Directional refinement is essential in a number of applications, where
it allows to accommodate naturally for anisotropy in the physics of the problem (e.g. in the presence of boundary layers). To this end, the multilevel
hp-approach is conceptually reoriented to allow for different refinement directions and an extended refinement history while keeping the simplicity of hanging
nodes treatment.

References
[1] Nils Dietrich Zander. Multi-level hp-FEM: dynamically changing high-order
mesh refinement with arbitrary hanging nodes. PhD thesis, Technische Universität München, 2017.
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GEOMISO TNL: A SOFTWARE FOR NON-LINEAR STATIC
T-SPLINE-BASED ISOGEOMETRIC ANALYSIS OF COMPLEX
MULTI-PATCH STRUCTURES
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development
In this paper, we present Geomiso TNL, a new software for applications on isogeometric
analysis and 3D design with T-splines. The novel isogeometric method, in combination with
material non-linearity, has attracted increasing attention, as a result of the industrial need for
high product quality, coupled with increasingly stringent safety. Moreover, in geometry
modeling, parts of a product are modeled separately forbidding its representation using a single
watertight NURBS patch. Modern T-splines accurately design any geometry and make the
problematic and often impossible merging of patches feasible, as they overcome limitations
inherent to NURBS and exhibit local refinement properties, ensuring higher-order continuity
and smoothness across patches.
Geomiso TNL, which provides non-linear static T-spline-based isogeometric analysis with the
ability of analysing multipatch complex structures, satisfies the rising industrial need for
technical software of fully integrated CAD/CAE nature, while it appears to be more efficient
and preferable to classical finite element software packages, as it facilitates the geometry
modeling within analysis and offers superior quality numerical results in various applications.
It offers an innovative way to merge geometric design with mesh generation into a single
procedure by designing, with its hybrid graphical user interface, 3D models as tensor product
grids in contrast to commercial design programs.
Applications to plane strain/stress and 3D problems are demonstrated with a comparison
between Geomiso TNL and finite element programs. We compare, not only the accuracy of the
numerical results, but also the matrix assembly and solver costs, for typical situations of
academic and industrial interest arising in structural mechanics, while we conduct parametric
investigations on the effects of control point number, element number and polynomial order of
shape functions. This new software represents improvements over finite element software, as
higher accuracy, robustness and stability level is accomplished with considerably reduced
computational cost. This research has been co‐financed by the European Union and Greek
national funds through the Operational Program Competitiveness, Entrepreneurship and
Innovation, under the call «RESEARCH–CREATE–INNOVATE» (project code: T1EDK04288).
REFERENCES
[1]
A. Karatarakis, P. Karakitsios, M. Papadrakakis, GPU accelerated computation of the
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Component.
Currently, at the site of CAE (Computer Aided Engineering), an input model for analysis is
generally created by CAD (Computer Aided Design). In order to use a model created by CAD
to analyze, it needs to approximate by polygon meshing. However, polygon meshing reduces
the accuracy of accurate and continuous models created by CAD. Moreover, it requires a lot of
time to generate meshes. For example, the large-scale model and complex model require an
enormous cost. To solve this problem IGA (Isogeometric Analysis) method was proposed [1].
This method uses the NURBS (Non-Uniform Rational B-Spline) basis function generally used
to generate curves and surfaces in CAD, which is a shape drawing software, as the shape
function of FEM (Finite Element Method). The property of basis functions can maintain C1continuity at element boundaries. By using this basis function, it is possible to use an accurate
and continuous model without shape error created by CAD for analysis [2]. Furthermore, there
is no need to create a mesh for analysis. Therefore, it is not necessary to create a mesh that
occupies most of the time in the whole analysis, and it is possible to reduce the cost significantly.
The purpose of this research is to apply IGA to vehicle crash analysis. The aim is to reduce the
cost of model creation and improvement of analysis accuracy. First of all, we evaluate the
performance of the IGA with the dynamic explicit method. The analysis target is automobile
structural components. Carry out a structural analysis using automobile components created by
NURBS patches. By using NURBS patches, it is possible to use a model with an accurate shape
with lower elements compared to the conventional FEM for analysis. This analysis revealed
that the model created by NURBS showed lower mesh dependency than conventional FEM.
Secondly, a part of the vehicle FEM model is made into the IGA model and crash analysis is
performed. In this research, the buckling behavior and acceleration pulse of the model are
compared with experimental values and FEM results. In this research, we performed analysis
using automobile structural components to verify the accuracy of the dynamic explicit method
of IGA and clarified the effects and analysis accuracy of dynamic crash analysis using IGA, as
well as future prospects.
REFERENCES
[1] Hughes, T.J.R., Cottrell, J.A., Bazilevs, Y., Isogeometric analysis: CAD, finite elements,

NURBS, exact geometry and mesh refinement, Comput. Methods Appl. Mech. Engrg.
(2005) 194:4135-4195.
[2] Cottrell, J.A., Hughes, T.J.R., Bazilevs, Y., Isogeometric Analysis: Toward integration of
CAD and FEA, WILEY, (2009).
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Isogeometric analysis is known to bring together design and analysis, considering that it uses
a unique model for the geometric description and for the analysis [1]. The feasibility of such
method has mostly been demonstrated on academic examples, yet it still needs to go beyond to
be fully integrated in industry. This work deals with the development of numerical tools within
Safran Aircraft Engines’ Methods department in order to handle mechanical analysis and shape
optimisation of compressor blades.
To that end, fundamental steps have been drawn to carry out shape optimisation on a trivariate
B-Spline blade model. The first step consists in generating the model itself, starting from
actual industrial data. The input takes the form of a point cloud, representing the geometry
as a set of slices along the blade’s height. From this information a single-patch trivariate BSpline model is generated. This operation takes into account several requirements, among which
geometric accuracy and parametrisation regularity. The second step lies in determining the
relevant quantities for performing shape optimisation, such as semi- and analytical sensitivities
according to the chosen objective function [2].
Mechanical analyses of the volumetric blade model have been performed on industrial relevant
cases, including centrifugal force, temperature loading, and aerodynamic pressure. Industrial
cases of shape optimisation have also been studied, where compliance and natural frequency
have been chosen as optimisation criteria. Further developments include comparison with actual standard finite element method, code performance assessment, and benchmarking of the
optimisation procedure on more complex cases.
References
[1] J. A. Cottrell, T. J. R. Hughes, and Y. Bazilevs. Isogeometric Analysis. John Wiley & Sons,
Ltd, Chichester, UK, 2009.
[2] T. Hirschler, R. Bouclier, A. Duval, T. Elguedj, and J. Morlier. Isogeometric sizing and shape
optimization of thin structures with a solid-shell approach. Structural and Multidisciplinary
Optimization, 59(3):767–785, 2018.
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1

GeM Institute, UMR CNRS 6183, École Centrale de Nantes, Université de Nantes, France
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Fictitious domain methods enable to solve physical problems on unfitted grids, thereby avoiding time
consuming and error prone meshing phases. However, an accurate integration of the weak formulation
is still mandatory, leading to the need for efficient quadrature strategies in the elements that are partially
located in the physical domain. Various methodologies have been proposed to this end [1, 2, 3, 4, 5, 6].
Among them, the design of element-specific moment-fitting quadrature rules seems promising. However,
the resulting weights are usually negative and the points located out of the domain which may lead to
a lack of quadrature stability. In this contribution, we aim to construct quadrature rules whose weights
are all positive and points all located in the physical domain. Such rules can be constructed based
on a non-negative least square resolution of the moment-fitting equations. The resulting quadrature
formulas are compared to different variants of classical moment-fitting quadrature rules in both 1D and
2D. Benchmarks show that non-negative moment-fitting quadrature rules lead to robust and efficient
strategies. Finally, their application to linear elastic and small-strain elasto-plastic problems highlight
their robustness for engineering applications.
REFERENCES
[1] J. Parvizian, A. Düster, and E. Rank. Finite cell method. Computational Mechanics, 41(1):121–133,
2007.
[2] S. E. Mousavi and N. Sukumar. Numerical integration of polynomials and discontinuous functions
on irregular convex polygons and polyhedrons. Computational Mechanics, 47(5):535–554, 2010.
[3] S. Duczek and U. Gabbert. Efficient integration method for fictitious domain approaches. Computational Mechanics, 56(4):725–738, 2015.
[4] L. Kudela, N. Zander, S. Kollmannsberger, and E. Rank. Smart oc- trees: Accurately integrating discontinuous functions in 3D. Computer Methods in Applied Mechanics and Engineering,
306:406–426, 2016
[5] T.-P. Fries, S. Omerovic, D. Schoöllhammer, and J. Steidl. Higher-order meshing of implicit geometries—Part I: Integration and interpolation in cut elements. Computer Methods in Applied Mechanics and Engineering, 2016.
[6] G. Legrain and N. Moës. Adaptive anisotropic integration scheme for high-order fictitious domain
methods: Application to thin structures. International Journal for Numerical Methods in Engineering, 2018.
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In this talk we present our implementations of preconditioning of Krylov subspace solvers in context of
an eXtended Discontinuos Galerkin (XDG) discritization of a two phase Navier-Stokes problem. Our
approach combines p-multigrid, h-multigrid and Additive Schwarz block preconditioning in different
ways. The focus of this talk will be the generality and parallel scalability of the presented preconditioner
and solver combinations.
The XDG method adapts the approximation space to the position of the interface and provides separate
degrees of freedom for each fluid phase in cells, which are cut by the interface. Thus, the size of the
corresponding linear system tends to exceed the capability of direct solvers. Although the introduced
techniques in [1], manage to lower the condition number, solving the linear system remains a challenge
to Krylov subspace methods and demands proper preconditioning. In addition, to qualify the XDG
discretization for realistic three dimensional engineering problems parallel scalability is mandatory.
The presented preconditioned solver outperforms direct solvers such as PARDISO [2] at high number of
degrees of freedom. First tests showed grid independent convergence for single and multi phase flows
for DG and XDG discretizations. However, the combination of high order polynomials and many cut
cells still remains challenging.
REFERENCES
[1] Kummer, F., 2017. Extended discontinuous Galerkin methods for two-phase flows: the spatial discretization. Int. J. Numer. Meth. Engng, 109: 259– 289.
[2] O. Schenk, K. Gärtner and W. Fichtner, 1999, Scalable parallel sparse factorization with left-right
looking strategy on shared memory multiprocessors. High-Performance Computing and Networking, 1593: 221-230
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Approximately 1.6 million patients in the US are affected by tricuspid valve regurgitation, which occurs
when the tricuspid valve does not properly close to prevent backward blood flow into the right atrium.
Despite its critical role in proper cardiac function, the tricuspid valve has received limited research attention compared to the mitral and aortic heart valves on the left side of the heart. As a result, proper
valvular function and the pathologies that may cause dysfunction remain poorly understood. To promote further study of the tricuspid valve behavior and its biomechanical response, this work establishes
a parameter-based approach that provides a template for tricuspid valve modeling and simulation. The
proposed parameterization of the tricuspid valve presents a comprehensive description of the leaflet surface and the complex chordae tendineae that captures the structural deformation observed from medical
data. This simulation framework develops a practical procedure for modeling subject-specific valves and
offers a robust, flexible approach to analyze the performance and effectiveness of various valve configurations using isogeometric analysis. The proposed parametric valve model and simulation methods also
establish a baseline to optimize prosthetic valve designs with less intricate structures and equivalent or
better performance compared to native tricuspid valves.
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The optimization and therefore the efficient simulation of electric machines is becoming increasingly
important due to the rise in e-mobility. In this work the shape of a rotating electric machine is optimized,
requiring many evaluations of the machine model. Rotor and stator of the machine are discretized separately using Isogeometric Analysis and are then coupled by a mortaring approach with harmonic basis
functions [1], allowing for an efficient simulation of rotation. Using this approach for the freeform shape
optimization based on the shape derivative [2], the shape of the rotor is optimized in terms of the total
harmonic distortion (THD) of the electromotive force (EMF), minimizing the Fourier coefficients of the
higher harmonics. The THD is reduced by more than 75 %. The optimization results can be seen in fig. 1.
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Figure 1: Simulation results of the two dimensional model of a 6-pole permanent magnet synchronous machine.
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ABSTRACT
Japanese government has formulated Society 5.01) as a measure to balance economic
advancement with the resolution of the social issues such as declining population and aging
society. This is aimed at a human-centered society with systems that highly combine cyber
spaces and physical (real) spaces.
In the last WCCM XIII Mini-symposium MS1314, we have defined Extended CAE2) in order
to include not only the design synthesis and optimization but also the IoT and AI technology.
Also, in the last 15th USNCCM Mini-symposium MS704, we discuss on the real world
modeling3) (digital twin) on the Cyber Physical System for the realization of Society5.0.
Especially concerning to the Uncertainty Quantification of the CPS process, the targets of
Smart Services, that is, the human and the society, have quite wide range of uncertainty, and
require more rasearch work for the modeling of human behavior and social decision making.
We also define separately for Deep Learning capability on the platform, Reasoning capability
on the edge and the application of Transfer Learning for the intelligence sharing on the CPS
process.
Integrating Computational Science (FEM, FDM, MBD, UQ, HPC, etc.), Information Science
(IoT, AI, 5G, etc.), and Behavioral Economics (Bounded Rationality, Prospect Theory, Nudge
theory, etc.), which are the academic background to realize Society 5.0, the foundation of
"Computational Information Science" should be discussed in this mini-symposium in order to
incorporate human and society into the system models.
This mini-symposium covers those widespread modeling technologies, which will integrate
Computational Science, Information Science and Behavioral Economics with the help of
Extended CAE technology.
REFERENCES
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To realize a human-centered society such as Society 5.0 formulated by Japanese government,
it is important to understanding and modeling human perceptions and emotions. The author has
proposed affective (or Kansei in Japanese) design engineering [1, 2] that bridge the gap between
engineering physical world and user’s psychological world. Affective design is an expansion
of engineering design to include human perception and emotions in user experiences. The most
essential issue in the affective design is to formulate human perceptions and emotions so that
engineers can deal with such human psychological aspects in an early design stage.
In this talk, I will introduce a mathematical principle that explains and predicts human
perceptions and emotions. Our model assumed Bayes theorem as a decoding principle of human
brain, meaning that prior expectations (formed by past experience and knowledge) and
incoming sensory stimuli (or data) are integrated to estimate causes of neural activities (i.e.
perceptions). At the same time, our model considers efficient encoding hypothesis suggesting
that our brain encodes sensory data so as to maximize expected information content with limited
neural activities [3, 4]. Furthermore, we modeled two emotional dimensions, arousal and
valence(positivity-negativity) [5]. The model suggests that the information contents gained
from experiencing a novel event corresponds to emotional arousal. The optimal arousal level
may provide positive emotions. Some experimental evidences supporting our model will be
demonstrated.
REFERENCES
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In the field of design, innovative ideation of “what to create” at the upstream stage of design
process has been becoming more important for making people’s life and society better as well
as for being industrially competitive than “how to make” is. On the other hand, recent
researches toward the possibility of IT (information technology) and AI (artificial intelligence)
being able to perform tasks equivalent to or better than humans have attracted attention both
academically and practically.
On such background, the author has been studying method and technology to enhance design
ideation through collaboration between human intelligence and IT. In this research, we expand
human memory about past and present products with a database and search for innovative
ideation in the memory and the database in not only inspirational manner of human but also
systematic and comprehensive manner of IT.
For that purpose, ten sentence pattern model SV(A), SVC(A), SVO(A), SVOO(A) and
SVOC(A) where S, V, O, C, A are subject, verb, object, complement and adverbial, respectively,
is formulated by extending English sentence pattern [1] to describe structure (S), function (F)
[2][3]
and user experience (UX) [4] of products. To efficiently describe only S, F and UX of the
products which are informative and effective for design ideation and omit unnecessary details,
the author proposes delta design map in which differences of S’s, F’s and UX’s between two
products are described.
About sixty products in various fields are described in delta design map. By comparing
similarity of sentence descriptions of S’s, F’s and UX’s between products throughout the map
by Python software based on concept dictionaries [5][6], possibility of obtaining effective hints
for design ideations is confirmed.
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[1] S. Ando, English Sentence Pattern, Kaitakusha, Tokyo, Japan, 2008 (in Japanese).
[2] T. Tomiyama, Y. Umeda and H. Yoshikawa, A CAD for Functional Design, CIRP Annals

- Manufacturing Technology, Vol. 42, No. 1, pp. 143–146, 1993.

[3] J.S. Gero and U. Kannengiesser, A Function–Behavior–Structure Ontology of Processes,

AI EDAM, Vol. 21, No. 4, pp. 379-391, 2007.

[4] M. Hassenzahl, User Experience (UX): towards an Experiential Perspective on Product

Quality, Proc. 20th Conf. on Interaction Homme-Machine, pp. 11-15, 2008.

[5] T. Yokoi, The EDR Electronic Dictionary, Communications of the ACM, Vol. 38, No. 11,

pp. 42-44, 1995.

[6] H. Isahara, F. Bond, K. Uchimoto, M. Utiyama and K. Kanzaki, Development of Japanese

WordNet, Proc. 6th Language Resources and Evaluation Conf. (LREC-2008), 2008.

3021

Modeling
T.
Hirano and Simulation of Human/Society and System/Service With Uncertainty
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Modelling and Simulation of Human/Society and System/Service
with Uncertainty
Tohru Hirano
Daikin Information Systems Co., Ltd.,

1304 Kanaoka-cho, Sakai-city, Osaka, Japan,
tohru.hirano@daikin.co.jp

Key Words: CAE, IoT, AI, CPS, Digital Twin, UQ, Prospect Theory, Society5.0.
ABSTRACT
At first, the computational information science foundation for human and society, artifact
systems and services supporting “Society5.0” will be introduced. The Society5.01) is aimed at
a human-centered society with systems that highly combine cyber spaces and physical (real)
spaces. Then, the real world modeling2) (Digital Twin) on the Cyber Physical System will be
discussed for the realization of the Society5.0.
Especially concerning to the Uncertainty Quantification of the CPS process, the targets of
smart services, that is, the human and the society, have quite wide range of uncertainty, and
require more rasearch work for the modeling of human behavior and social decision making.
We will define Uncertainty of Things as the uncertainty related to IoT, that is, uncertainty in
data from devices and uncertainty in Digital Twin models. Furthermore, we will define
Uncertainty of Subject as the uncertainty of the human and the society, which are the
beneficiaries receiving those services and have bounded rationality described in Behavioral
Economics. Then, we will introduce several mathematical models of probability weighting
functions for the bounded rationality of human based upon Prospect Theory3).
We will also consider the intelligence sharing on the CPS process and define separately for
Deep Learning capability on the platform and Reasoning capability on the edge, which can be
implemented by Transfer Learning application.
Integrating Computational Science (FEM, FDM, MBD, UQ, etc.), Information Science (IoT,
AI, 5G, etc.), and Behavioral Economics (Bounded Rationality, Prospect Theory, etc.), which
are the academic background to realize Society5.0, the foundation of "Computational
Information Science" will be introduced in order to incorporate the human and the society into
the Digital Twin models for the implementation of the smart services in Society5.0.
REFERENCES
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Micro grid.
The introduction of a distributed power system that takes into account various energy sources
such as renewable energy is realizing in place of the conventional large-scale centralized power
generation system. The importance of the micro grid, which is a mechanism for providing
electricity in a small regional area, is also increasing. These are some of the key technologies
as the basis of Society 5.0. In a distributed power system, residents who used to be energy
consumers will become energy suppliers, and power can be exchanged complexly in their small
region. To build a power system that meets the characteristics of each region, although it is
necessary to predict the power consumption in the region, the conventional power prediction
models cannot take into account the power demand structure in such a small area.
The goal of this study is to build a power demand prediction model focusing on the residential
sector in a small regional area. The model is developed based on a mesoscopic household agent
simulation approach and is coupled with a household transition model [1] and a residential
location choice model [2]. It is possible to predict mid-term fluctuations in power demand due
to the urban dynamics and to support the design of power systems.
In this paper, the main factors that affect power consumption are household type, house type,
power generation type, PV panel, storage battery, season, and day of the week. The power
consumption was determined based on the measured data. Our target area is Yokohama city in
Japan. First, we turned hyper-parameters based on Bayesian optimization algorithm for the
household transition model and the residence selection model, and build an urban model that
reproduced the dynamics in Yokohama for the past 20 years. Next, the power consumption of
each region was predicted using this model. In the proposed model, we considered the house
type, power generation, and electrical facilities that are not handled by conventional urban
simulation. As a result, various scenarios can be analysed for the power consumption associated
with urban dynamics.
REFERENCES
[1] Paul M. Torrens et al., "Polyspatial agents for multi-Scale urban simulation and regional

policy analysis," Regional Science Policy & Practice, Vol. 4, No. 4, pp. 419-445. 2012.

[2] Paul Waddell, "UrbanSim: Modeling Urban Development for Land Use, Transportation,

and Environmental Planning," Journal of the American Planning Association, Vol. 68, No.
3, pp. 297-314. 2002.
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Computational mechanics is the primary discipline required for advanced manufacturing
industries. Currently, design is performed in computers where the performance is simulated by
using computational mechanics. Such a design process is more and more important for
advanced manufacturing. Actually, various new technologies are supported by new software of
computational mechanics.
Verification and validation (V&V) is a methodology to enhance the credibility of computer
simulation. Verification is applied to the deductive processes, while validation is applied to the
inductive processes. V&V is necessary to match the digital world to the real world.
To date, technical standards and guides have been published for V&V. There are two categories:
V&V for modelling and simulation (V&V for M&S) [1, 2] and V&V for quality management
(V&V for QM) [3, 4]. V&V for M&S is a scientific methodology to simulate the real world for
the intended use. Verification is to check the quantitative agreement between the calculation
result and the analytical solution. Debugging of the software in involved in the verification as
well. Validation is to check the quantitative agreement between the calculation result and the
real world. Credibility of the simulation can be progressed by the accumulation of validation
experiments. Agreement between the simulation and the experiment is the main requirement
for the practical use of computational mechanics in industries.
V&V for QM is a human methodology to do simulation trustworthy. Verification is to confirm
the correctness of the simulation as the specification. Validation is to evaluate the
appropriateness of the simulation as customer's request. V&V for QM is usually consistent with
ISO-9001 which is a more general technical standard for quality management. Both V&V
activities for M&S and QM are necessary for computational mechanics to be used in
manufacturing industries.
REFERENCES
[1] ASME, Guide for Verification and Validation in Computational Solid Mechanics, V&V
10-2006 (2006).
[2] AESJ, Guideline for Credibility Assessment of Nuclear Simulations, AESJ-SCA008:2015 (2015).
[3] NAFEMS, Engineering Simulation - Quality Management Systems - Requirements,
NAFEMS QSS:2008 (2014).
[4] JSCES, Quality Management of Engineering Simulation, JSCES S-HQC001:2017
(2017).
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ABSTRACT
Mathematical models and computational methods have gained an increasing importance in the
simulation of real world and industrial problems. The employment of such methodologies
deeply changed the standard ways of conceiving daily industrial production and strategies for
sustainable exploitation of modern cities.
The goal of this session is twofold. On the one hand, cases of successful interaction between
mathematics and industry will be presented. Special emphasis will be devoted to the benefits
provided by the transfer of knowledge in different fields of applications, including the social
challenges of sustainable development. On the other hand, groundbreaking ideas and
emerging technologies in computational science will be discussed to foster cross-fertilization
of academic solutions and real-world problems.
Math 2 Product is meant as a seed idea to establish a platform for proposal, discussion and
promotion of current and new trends in industry, sustainability and innovation, with the goal
of supporting creative and interdisciplinary thoughts.
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Computational simulations for industrial applications in additive manufacturing
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Additive manufacturing (AM) is evolving as one of the most promising manufacturing process for
creating solid structures of virtually any shape. Several specific technologies are already available,
able to 3D print a very wide class of materials. This makes AM products ranging across many fields
in engineering, from design models to lightweight components for automotive or aerospace industry,
from patient-specific medical implants to civil engineering components.
AM processes are complex multi-physics and multi-scale phenomena, governed by many different
parameters (e.g., printing velocities, temperature fields, etc…), which may drastically affect the
produced component. In this context, numerical simulations can play a crucial “predictive” role for
optimizing the final 3D printing result.
The proposed work is principally focused on the simulation of 3D printed products and aims at
collecting simulation results of 3D printed components obtained either using commercial software or
in-house developed ones. An overview of the current activity carried on in this field at the University
of Pavia will be given, trying to highlight the possible impact of computer simulations on industrial
applications.
In particular, on the one hand, an efficient framework to predict and compensate distortions of metal
components produced via Selective Laser Melting will be shown (see Figure 1). The method is based
on experimental calibrations of a so-called “inherent strain” model 1,2 and will be validated with 3D
scan reconstructions. On the other hand, recent developments for the simulation of the Direct Energy
Deposition technology through a dedicated (in-house developed) C++ code will be also presented.

Figure 1. Comparison between a 3D printed “corrected” (through distortion compensation) bridge (left) and a
“non-corrected” one (right).

1 Setien, I., Chiumenti, M., van der Veen, S., Sebastian, M.S., Garciandìa, F., Echeverrìa, A., Empirical method- ology to determine
inherent strains in additive manu- facturing. Computers & Mathematics with Applications. 78(7), 2282–2295 (2019)
2 Ueda, Y., Fukuda, K., Kim, Y.: New measuring method of axisymmetric three-dimensional residual stresses using inherent strains as
parameters. Journal of Engineering Materials and Technology. 108(4), 328–334 (1986)
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foot orthotics.
Topology optimisation allows for increasingly efficient designs. Because of the complexity of the geometries obtained, topology optimisation is often constrained to theoretical studies. Additive manufacturing,
a rapidly evolving production technology, fills the gap between topology optimisation and application
and it makes design-driven production a reality [1].
In this study, a design method for production through additive manufacturing is proposed coupling computational mechanics and topology optimization [2]. In particular, as the first application, the methodology developed is validated in the design of customised orthotics for patients suffering of diabetic ulcers,
that is a common and serious pathology for diabetic patients. In particular, since numerous studies have
shown that reducing the contact pressure can effectively lower the incidence of diabetic foot [3], the
developed design method has been proposed for optimising the stress distribution of the contact surfaces
between the foot and the insoles. Accordingly, the geometry and infill pattern are optimised, appropriate
materials are selected, and the final model of foot orthotics is 3D-printed. As the matter of fact, the
presented designing method will be used to produce prototypes demonstrating its effectiveness.
REFERENCES
[1] Zegard, T., Paulino, G. H. (2016). Bridging topology optimization and additive manufacturing.
Structural and Multidisciplinary Optimization, 53(1), 175-192.
[2] Micheletti, S., Perotto, S., and Soli, L. (2019). Topology optimization driven by anisotropic mesh
adaptation: Towards a free-form design. Computers & Structures, 214, 60-72.
[3] Tang, L., Wang, L., Bao, W., Zhu, S., Li, D., and Liu, C. (2019). Functional gradient structural
design of customized diabetic insoles. Journal of the Mechanical Behavior of Biomedical Materials,
94, 279-287.

3029

Design
A.
Clarich,
Optimization,
Z. Wen andCost
G. Fratti
and Risk Analysis of Cng Vessels Transportation
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

DESIGN OPTIMIZATION, COST AND RISK ANALYSIS OF CNG
VESSELS TRANSPORTATION

A. Clarich¹, Z. Wen¹ and G. Fratti2
1

ESTECO Spa, Padriciano 99 Trieste (Italy), italy.eng@esteco.com, http://www.esteco.com
2
CNGV, Veliki trg 17 Izola (Slovenia), info@cng-v.eu, http://www.cng-v.eu/

Key Words: Optimization, compressed natural gas, transportation.
The GASVESSEL Project, financed by the EU under H2020, aims to prove the technoeconomic feasibility of a new CNG (Compressed Natural Gas) transport concept, enabled by
a novel patented Pressure Vessel manufacturing technology based on lightweight composite
overwrapped vessels which are 70% lighter than steel alternatives [1], and a new conceptual
ship design including safe on- and off-loading solution.
The outcome of the project will allow European countries to ensure secure and affordable
supplies of energy diversifying supply routes, enabling new CNG ship designs with much
higher payloads and as a consequence dramatically lower transportation cost per m3 of gas.
In this paper we illustrate how the process automation and web-based collaboration software
from ESTECO have been used by the partners in the different phases of the Project for the
design optimization of the system.
In function of each different geographical scenarios (which includes at the moment East
Mediterranean, Barents Sea and Black Sea) and gas demand, parameters such as ship size and
number, storage and facilities units at the ports are optimized in order to reduce the
transportation costs and therefore gas tariff.
Pressure vessels are manufactured combining internal thin metal liner with several wrapping
layers of fiber-reinforced composite materials (filament winding). Material and geometry of
the liner, number and orientation angle of the winding layers have been optimized automating
the numerical simulations, in order to minimize weights while respecting high value of safety
factors and guaranteeing an uniform coverage of the vessels.
Finally, the risks related to possible gas dispersions from valves, piping and flanges inside the
ship hold (interted) and compressor room are analyzed in detail by a series of CFD analysis.
These take in account Joule-Thompson effect (reduction of temperature due to sudden
expansion from orifice), and critical overpressures to the ship structures.

REFERENCES
[1] G. Fratti, Improved method to produce high-resistance composite vessels with inner metal
liner and vessels made by said method, January 2015.
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DIGITAL TWINS FOR THE SUSTAINABLE DIGITAL MINE OF THE
FUTURE
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The need to extract raw materials in a profitable, environmentally sound, and safe way for
both mining workforce and communities is driving the mining industry towards innovative
approaches to transform operations. Even though Industry 4.0 is offering a wide spectrum of
connectivity solutions, data acquisition, and intelligent technologies to address respective
challenges, the mining industry is hesitantly moving towards adopting innovative approaches
when compared to downstream industries. According to Inmarsat research, improving health
and safety (68 %) and resource efficiency (48%) are among key drivers for adopting IIoT
technologies [1]. The European mining industry, however, can spare the cost to be more
daring: according to the World Economic Forum the economic impact from digital
transformation for the mining sector globally could be estimated at €390 billion to $715
billion for the period 2016-2025 [2].
Within this framework, an strategy for building Digital Twins based on reduced order models
is introduced. This strategy is thought to allow transforming complex, computationally
expensive simulation models or datasets into significantly less complex mathematical
parametric functions that can be solved in real-time using simple platforms (i.e. as those used
for edge computing within IIoT platforms, laptops or cell phones). This Digital Twins are
able to run in real time to boost their contribution towards a more efficient mine management.
Real-time simulation models used for building the DTs, when running on the edge, allow the
generation of advanced virtual sensors. These virtual sensors will use data collected from real
sensors of the mine, eg. temperature or dust concentration, and, based on fluid dynamics
principles, new valuable information will be generated and added to the platform for mine
management. A methodology for real-time digital-twin building is provided in this respect,
based on ITAINNOVA’s Twinkle library [3] for sparse and unstructured tensor factorization.
In addition, a deployment strategy of Digital Twins into mine operation is described.
REFERENCES

[1] Inmarsat research (2018) Industrial IoT on land and at sea
[2] WEF (2017) DTI Mining and Metal Industry -White paper in collaboration with Accenture
[3] https://github.com/caeliaITAINNOVA/Twinkle
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The latest monitoring technologies, such as wireless sensor systems enable continuous and effortless
monitoring of large infrastructure, like earthfill dams. This type of technologies are being used increasingly in the mining industry, for monitoring tailings dams. Tailings dams failures are frequent and
hazardous incidents that cause extensive damage to life, natural surroundings, and property.
The scope of this work is to create a model to support the sensor monitoring system by receiving sensor
data of local pressure and/or displacement measurements in real time, and evaluating the full stress and
deformation fields in the body of the structure, as well as predicting the location of the phreatic surface.
Such model can be used for the detection hazardous pressure-stress states, for gaining insights in the
most critical potential failure mechanisms, but also for the optimal design of the sensor network and the
overall optimization of the monitoring system.
In this context, a numerical model of the Hydro-Mechanical coupling that governs the problem is developed and validated. An initial FEM model of the groundwater flow through a porous material is
presented. It is developed in FEniCS computing platform, an open-source platform that automates the
solution of Partial Differential Equations with FEM [1]. The model is used in data assimilation applications [2], such as parameter identification (soil mechanical characteristics, initial conditions) and
optimal sensor placement. The bottleneck for data assimilation is a numerical model providing real-time
responses. A model, the response of which can be obtained faster than the physical evolution of the
phenomenon to be analyzed. In that sense, ROMs are required to guarantee accurate and fast queries. In
this work, the Reduced Basis method is applied to increase computational efficiency and enable solving
many queries on the hydro-mechanically coupled flow problem.
REFERENCES
[1] M. S. Alnaes, J. Blechta, J. Hake, A. Johansson, B. Kehlet, A. Logg, C. Richardson, J. Ring, M. E.
Rognes and G. N. Wells The FEniCS Project Version 1.5. Archive of Numerical Software (2015)
Vol. 3, No. 100.
[2] A. Quarteroni, A. Manzoni, F. Negri Reduced Basis Methods for Partial Differential Equations. An
introduction. Springer (2015) Vol. 92.
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Real-time reconfiguration of manufacturing lines based on model order
reduction
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Reconfiguration.
In the last decade, Model Order Reduction methods consolidated as a key tool in simulationbased engineering sciences, providing a scientific and mathematical basis for fast simulation
(sometimes even in real-time) of engineered systems. Today, MOR technology is starting to
have significant impact in real-world problems and helping to expand the use of simulation.
In this work, we explore the application of reduced-order models for real-time reconfiguration
of manufacturing lines. Although many choices are possible, here we choose a non-intrusive
model reduction method to ensure compatibility with preexisting simulation models of the
manufacturing line. We also discuss how sparse representations can be leveraged to encode
parametric models using very little data and limited computational power. Then, we propose
the integration of real-time models at two different levels: first, at the level of the line control,
in order to adjust the setpoint of the line to counteract process variability; and second, as a
part of a cloud recalibration system, which continuously improves model predictions based on
actual (measured) data. To illustrate these ideas, we present a successful implementation and
testing with a rubber extrusion line, for which scrap production was drastically reduced.
ACKNOWLEDGEMENTS
This work has received funding from the European Union’s Horizon 2020 research and
innovation program under grant agreement No. 723082.
REFERENCES
[1] A. Quarteroni, G. Rozza and A. Manzoni, Certified reduced basis approximation for

parametrized partial differential equations and applications. J. Math. Indus., Vol. 1, pp. 3,
2011.
[2] D. Borzacchiello, J.V. Aguado and F. Chinesta, Non-intrusive sparse subspace learning
for parametrized problems. Arch. Comput. Methods Eng., Vol. 26, pp. 303--326, 2019.
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In this talk we will present some cases of successful interactions between mathematics and industry,
where the construction of a digital twin implemented in an embedded computing device, running a realtime model of the physical plant/machine, has given a practical advantage in the design of the controlled
system, mainly in the design of the control software. With the increasing widespread use of electronic
controllers and the systematic efforts in data collection within industry operations, the development of
mathematical models and computational methods is becoming more and more important in industry
applications. In particular, we will present three real cases that involve data analysis and process control.
The first concerns the design of large-scale refrigeration plants; the second case concerns an industry
4.0 application in automated food processing machines, and the third the design of access automation
systems. For each case study, we will describe the practical benefits that a parameterized mathematical
model, based on differential equations and implemented as the digital twin of a future product, can make
in a real industrial facility.
Real-time simulation algorithms have been implemented in C and Python on low-cost embedded systems,
like Raspberry Pi computers and ARM-based microcontrollers. Moreover, specific electronic hardware
interfaces have been designed to couple these embedded systems with the low-voltage, analog and digital
I/O ports of the electronic controllers, through their standard I/O peripherals.
We will put also some emphasis on optimization issues arising from the limited computing resources
offered by low-cost embedded systems when non-trivial I/O operations are required.
REFERENCES
[1] A. Beghi, F. Marcuzzi, P. Martin, F. Tinazzi and M. Zigliotto, Virtual prototyping of embedded
control software in mechatronic systems: A case study. Mechatronics (2017) 43:99–111.
[2] A. Beghi and F. Marcuzzi and M. Rampazzo, A Virtual Laboratory for the Prototyping of CyberPhysical Systems, IFAC-PapersOnLine (2016) 49 n.6:63–68.
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In order to design and control of the filling machines used to assemble liquid food packages, simulation
tools are commonly adopted for analyzing different physical aspects of the process, including the fluiddynamics of the liquid interacting with the moving structures and the structural response of the forming
package.
State-of-the-art numerical solvers for computational fluid dynamics and computational mechanics can
be used to simulate high-fidelity three-dimensional models even for strongly coupled fluid-structure interaction problems. However, high fidelity models are not always the best option to pursue, in particular
in the preliminary design phase or whenever fast evaluations are required (e.g. in multi-query problems,
such as parametric, optimization or Uncertanty Quantification studies).
In this talk, we will present the results of an industrial collaboration with the company Tetra Pak, world
leader in food processing and packaging solutions, where different model reduction strategies have been
adopted to improve the efficiency of the simulation pipeline for the analysis of fluid-dynamics and fluidstructure interaction problems in the filling and forming processes. We will discuss the successful implementation of a set of model reduction techniques [1] to address parametrized problems in this context,
with particular emphasis on recent results obtained adopting reduced order models built through the Reduced Basis Method and Proper Orthogonal Decomposition [2]. Both an efficient implementation of the
RB method involving suitable hyper-reduction techniques to deal with nonlinearities and complex parameter dependencies, as well as a non-intrusive version of the RB method avoiding the full assembling
of parameter-dependent reduced-order operators, are considered.
REFERENCES
[1] Parolini, N. and Riccobene, C. and Schenone, E. Reduced models for liquid food packaging systems,
to appear in Springer for Innovation series, 2020.
[2] Dal Santo, N. and Manzoni, A. Hyper-reduced order models for parametrized unsteady NavierStokes equations on domains with variable shape. Adv. Comput. Math, 45(5), 2463-2501, 2019.
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SHAPE PARAMETERIZATION AND MODEL REDUCTION
APPLICATIONS FOR NAVAL HYDRODYNAMICS PROBLEMS
Andrea Mola∗1 , Marco Tezzele2 , Saddam Hijazi3 , Nicola Demo4 , Giovanni Stabile5
and Gianluigi Rozza6


Mathematics Area, mathLab, SISSA, International School of Advanced Studies, 34136 Trieste, Italy
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Key Words: Ship Hydrodynamics, Shape Parameterization, Dynamic Modes Decomposition, Proper
Orthogonal Decomposition
Several fluid dynamic problems arising from engineering design in the marine field are governed by parameterized systems of Partial Differential Equations (PDEs). Constant increase in computing power and
improvements in PDEs discretization algorithms, have nowadays made Computational Fluid Dynamics
(CFD) simulations a reliable and accurate tool for virtual prototyping in ship design. Yet, in such multiquery contest further reduction of computational cost associated with each CFD simulation might result
in major benefits. In fact, it would allow for considering more design parameters and test more configurations among which possible non conventional solutions can be identified. In this contribution, we present
the results of ongoing work aimed at the reduction of the computational cost of CFD simulations carried
out at mathLab, the applied mathematics laboratory of the International School for Advanced Studies
at Trieste, Italy. In particular, we discuss the application of Dynamic Mode Decomposition (DMD) to
accelerate ship hydrodynamics simulations for hulls resistance evaluations based on fully nonlinear potential or Reynolds Averaged Navier–Stokes (RANS) models. We then consider the application of a
Proper Orthogonal Decomposition (POD) based reduced model to assess vortex shedding frequencies
of crossflow cylinders, and the application of both POD and DMD to propeller flow simulations in the
context of hydroacoustic design simulations based on Large Eddy Simulation (LES). Finally, we discuss
several shape parameterization techniques for complex industrial geometries, as they are key ingredient
in engineering design and optimization pipelines. The results highlight how efforts to adapt academic
methodologies to fulfill industrial requirements not only benefit engineering design processes, but also
results in significant improvement of model order reduction techniques at the academic level.
REFERENCES
[1] M. Tezzele, N. Demo, A. Mola, G. Rozza, An integrated data-driven computational pipeline with
model order reduction for industrial and applied mathematics, in press, Special Volume ECMI,
arXiv:1810.12364, 2020.
[2] S. Hijazi, G. Stabile, A. Mola, G. Rozza, Data-Driven POD-Galerkin Reduced Order Model for
Turbulent Flows, Submitted, arXiv:1907.09909, 2019.
[3] M. Tezzele, N. Demo, G. Stabile, A. Mola, G. Rozza, Enhancing CFD predictions in shape design
problems by model and parameter space reduction, submitted, 2019.
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Methodical Advances in the Industrial Application of Numerical Methods in Computational
Mechanics
Though numerical methods have since long been established as an essential part of industrial
research and development, new approaches are necessary to meet new challenges, like the design
and applications of innovative materials, the exploration of alternative energy resources, new forms
of urban mobility, and other. Talks from industrial research and cooperative research projects with
the industry are invited to reflect the broad scale of such challenges, the methodical advancement
and novel applications of numerical methods in computational mechanics.
Organisers:
Prof. Dr.-Ing. Frank Ihlenburg, University of Applied Sciences, Hamburg, Germany
Dr.-Ing. Uwe Schramm, Altair Engineering, Detroit, MI, USA
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A MULTI-LEVEL APPROACH FOR THE NUMERICAL SIMULATION
OF MECHANICAL NOISE IN WIND TURBINES
Marc Zarnekow1 , Thomas Grätsch1 and Frank Ihlenburg1
1

Hamburg University of Applied Science, Berliner Tor 21, 20099 Hamburg, Germany,
marc.zarnekow@haw-hamburg.de

Key Words: vibroacoustic simulation, wind turbines, finite element method, gear dynamics
Audible tonal components from mechanical noise in wind turbines (WT) are strictly regulated in the
certification process. Therefore, the investigation of mechanical noise is of particular interest to WT
manufacturers and operators, which we want to address with a multi-level approach.
The first step of our approach involves a series of static FE simulations to determine the varying mesh
stiffness of the considered gear stages. With this, an analytical model of the gear dynamics is solved
numerically to determine the dynamic transmission error, which is considered to be the main cause of
gear noise. The transmission of the mechanical sound via the structure-borne sound path is calculated
using dynamic FE simulations of the structures involved. The airborne sound path is investigated by calculating the acoustic radiation of dominant radiating surfaces. The various levels of model development
are verified or validated, respectively, using results from the literature or physical measurements. The
validated procedure is then applied in vibroacoustic simulations for a 2.5 MW wind turbine.

Figure 1: Structural FE model of the drive train (left) and acoustic FE model of gear box radiation (right)

REFERENCES
[1] Th. Grätsch, M. Zarnekow, F. Ihlenburg, Simulation of gear-excited vibrations in wind turbine drive
trains with a hybrid numerical-analytical approach, WCCM 2018
[2] F. Ihlenburg, M. Zarnekow, Th. Grätsch, Simulation of vibrational sources and vibroacoustic transfer in wind turbine drivetrains, PAMM, published 11/2019, DOI:10.1002/pamm.201900101
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EFFICIENT CHARACTERIZATION AND MODELLING OF THE
NONLINEAR BEHAVIOUR OF LFT FOR CRASH SIMULATIONS
Hannes Grimm-Strele1 , Matthias Kabel1 , Heiko Andrä1 , Jörg Lienhard2 , Timo
Schweiger2
1

Fraunhofer Institute for Industrial Mathematics (ITWM), Department Flow and Material Simulation,
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2
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damage
Modeling the nonlinear material behaviour of long fiber reinforced thermoplastics (LFT) presents a challenging task since local inhomogeneities and nonlinear effects must be taken into account also on the
microscale. We present a computational method with which we can predict the nonlinear material response of a composite material using only standard DMA measurements on the pure polymer matrix
material.
The material models considered include plasticity, damage, viscoelasticity, and viscoplasticity as described in [1]. These models can be combined similar to the model from [2] and extended to the composite by assigning linear elastic properties to the fibers. The mechanical response of the composite is
computed using an FFT-based technique [3].
The geometry of the composite, in particular the fiber orientation, can be characterized using injection
molding simulations or micro CT scans. We create virtual models of the composite using the algorithm
of [4]. We show that with this method, the material behaviour of the composite can be predicted while
the experimental complexity needed for the material characterization is low.
REFERENCES
[1] G. Alfano, F. De Angelis, and L. Rosati. General solution procedures in elasto/viscoplasticity. Computer Methods in Applied Mechanics and Engineering, 190(39):5123–5147, July 2001.
[2] P. Zerbe, B. Schneider, E. Moosbrugger, and M. Kaliske. A viscoelastic-viscoplastic-damage model
for creep and recovery of a semicrystalline thermoplastic. International Journal of Solids and Structures, 110-111:340–350, April 2017.
[3] M. Kabel, A. Fink, and M. Schneider. The composite voxel technique for inelastic problems. Computer Methods in Applied Mechanics and Engineering, 322:396–418, August 2017.
[4] M. Schneider. The sequential addition and migration method to generate representative volume
elements for the homogenization of short fiber reinforced plastics. Computational Mechanics,
59(2):247–263, February 2017.
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INDUSTRIAL NON-PARAMETRIC SENSITIVITY BASED SHAPE AND
BEAD OPTIMIZATION FOR LARGE AND PLASTIC DEFORMATIONS
Sinan Gezgin*1 , Kingshuk Bose2 , Rong Fan3 and Claus B.W. Pedersen4
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3
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Finite element simulation of misuse load cases for chassis parts is an effective and validated tool for
ensuring the mechanical quality of many automotive applications. One critical measure is to restrict
plastic strain to below 3% for misuse load cases. To this point, it is possible to minimize plastic strain
using non-parametric shape optimization based on optimality criteria methods [1]. However, it is not
possible to constrain the plastic strain to below a certain value.
We propose a gradient based optimization method using semi-analytical sensitivities to overcome this
limitation. The solution we present calculates adjoint sensitivities of models with rate independent nonlinear elasto-plastic material using von-Mises yield criterion with isotropic hardening under large deformations. This enables us to do industrial non-parametric shape and bead optimizations, which to our
knowledge have not been done before using any commercial or academic software.
We present some industrial automotive models of chassis parts where plastic strain plays an important
role in driving the design optimization. To calculate plastic strain adequately, industrial finite element
models often contain many special simulation features such as displacement driven loading, contacts,
multipoint constraints, couplings and various types of finite elements such as finite strain shell elements
or surface stress integrated solid elements. Optimizations presented also include other commonly industrial applied constraints such as volume, stiffness and eigenfrequency constraints. We present results for
a single part as well as assemblies consisting of many parts.
REFERENCES
[1] SIMULIA Tosca Structure Manual, Version r2020x
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New scheme to overcome local optima in the Voxel-Based Topology
Optimization of Sheet Metal Structures
*P. Clemens, A. Schumacher
University of Wuppertal, Faculty 7, Gaußstr. 20, 42119 Wuppertal, Germany, pclemens@uniwuppertal.de
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Results from topology optimization will only be used in industry if manufacturing
considerations have been taken into account. Ideally, the manufacturing processes are already
integrated in the optimization process. Dienemann et. al [1] developed a scheme to optimize
sheet metal structures by using the deep drawing manufacturing constraints. To do so a surface
is calculated that represents the current sheet design and used to penalize the sensitivities of the
voxel finite elements depending on their distance to it. This manufacturing constraint can cause
the optimization to become stuck in a local optimum far off the global optimum. To prevent
this, new methods that change the optimization process have been developed.


Method A: The topology optimization for sheet metal parts aims for a specific sheet
thickness. This works as a tool for the engineer, enabling him to specify the desired
sheet thickness for the part he wants to optimize. Usually, the engineer will select a
sheet thickness below the thickness of the design space. Therefore, only a tiny sector of
the design space will not be punished by the manufacturing constraint from the
beginning. To prevent this, the presented method changes the sheet thickness aimed for
during the optimization or changes the penalty on elements far away from the sheet
structure. This can improve the quality of the results and decrease the number of
iterations needed during the optimization.



Method B: The sheet metal optimization in [1] is not able to find designs in which larger
parts of the sheet metal are orientated in the exact same direction of the deep draw
direction. The surface used for the manufacturing constraint and the way it is calculated
is the reason for this. As soon as there are larger parts of material orientated in the deep
draw direction, the constraint surface will begin to change shape in these regions and
the element sensitivities will be punished. This can be a problem for many load cases,
the maybe most simple one being a cantilever. Method B addresses the problem by
excluding elements at the edge of the design space on one side of the penalty surface
from being penalized. By doing so just on one side of the penalty surface, the design
will still be capable of being deep drawn.

Topology optimizations of sheet metal applications will be presented.
REFERENCES
[1] Dienemann, R.; Schumacher, A.; Fiebig, S. 2017: Topology optimization for finding shell

structures manufactured by deep drawing, Struct Multidisc Optim (2017) 56:473–485
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MULTIPHYSICS AND MULTISCALE MODELLING FOR
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1200 – MODELLING AND ANALYSIS OF REAL WORLD AND INDUSTRY
APPLICATIONS
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applications.
ABSTRACT
This minisymposium is dedicated to a wide field of scientists who work on multiphysics and
multiscale analysis. Techniques and applications used in the modelling of complex problems
help researchers in the understanding of several physical behaviour and phenomenon that
appear in industrial applications where mechanics, thermal, chemistry and many other science
take place.
The proposed minisymposium is meant to provide an opportunity to exchange on the methods
used to treat such analysis. Dialogue between experts in numerical simulation techniques and
industrial applications communities should be profitable for the understanding of complex
coupled simulations and the emergence of their application in the industrial field.
With these aims in mind, contributions from all aspects of engineering applications, with
particular attention to structural engineering applications, will be considered. Topics of
applications will include (but not be limited to) :


Recent advances in thermo-chemo-mechanical modelling for refractory materials for steel
making.



Recent advances in thermo-metallic-mechanical modelling for stir welding, friction stir spot
welding and welding process.



Heterogeneous materials with coupled multiphysics behaviour (phase change, chemomechanics, nonlinear thermo-mechanics…) including extended homogeneization schemes.



Multiscale Modeling in Solids and Structures: Coupling Methods from Micro to Macro
scales.
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A Multiscale Model for Numerical Modelling of Homogenized ElasticViscoplastic Behavior of Mortarless Refractory Masonry Structures
Mahmoud Ali 1, *, Thomas Sayet 1, Alain Gasser 1, Eric Blond 1
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Modelling.
Mortarless refractory masonry is widely used in the steelmaking industry for the linings of hightemperature components including steel ladle [1]. The design and optimization of these linings
require accurate numerical models that consider the presence of joints, joints closure and
reopening and the nonlinear elastic-viscoplastic behavior (creep) of refractories at high
temperature. The present study reports on the formulation, numerical implementation, and
application of a homogenized elastic-viscoplastic model for simulation of refractory masonry
structures with mortarless joints. Refractory bricks are considered to exhibit linear elasticity as
well as rate-dependent plasticity (creep). Four joint patterns have been predefined based on the
state of bed and head joints. The homogenized elastic-viscoplastic behavior of each joint pattern
has been determined using finite element based nonlinear homogenization approach [2]. The
transition criterion between the four patterns is defined as function of macroscopic stresses and
strains. Verifications of the developed homogenized constitutive laws have been carried out by
comparing the numerical results of detailed micro models (brick and joints are considered) with
the homogeneous equivalent material models. Then, the verified models have been used to
simulate refractory masonry walls subjected to different loading conditions. The present
numerical model is able to simulate the orthotropic, compressible, rate-dependent homogenized
behavior of mortarless refractory masonry structures, and accounts for joints closure and
reopening.
REFERENCES
[1] Gasser A, Chen L, Genty F, Daniel JL, Blond E, Andreev K, et al. Influence of different
masonry designs of bottom linings. Unified International Technical Conference of
Refractories, Victoria, Canada: 2013.
[2] Tsuda M, Takemura E, Asada T, Ohno N, Igari T. Homogenized elastic–viscoplastic
behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic
constitutive modeling. International Journal of Mechanical Sciences 2010;52:648–56.
https://doi.org/10.1016/j.ijmecsci.2009.06.007.
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Haulotte Group is a french company that produces steel structured manlifts. Manlifts
have to be validated on several points to be admitted to the market and be guaranteed to comply
with current standards in particular on fatigue resistance. Steel structures most often undergo
uniaxial loadings, but the most sensitive areas to fatigue phenomenom are the ones which
undergo multiaxial and ramdom loadings. Theses stress concentration zones are very often
located near weld beads on the structures of manlifts, more precisely at weld toe.
Level and distribution of residual stresses induced by welding process in the Heat
Affected Zone can have a beneficial or a harmful effect on fatigue life duration. The same
applies to the metallurgy close to the weld bead that is modified by the welding process, and
involves appearance of new metallurgical phases distributed heterogeneously in HAZ. The
significantly difference of mecanical properties between phases in HAZ induces different
reactions to loading cycles and can have an important impact on life duration too.
This work will permit to highlight theses welding impacts on a fatigue life determination
process taking account plasticity induced by multiaxial loadings. By a new algorithm, the work
will try to identify the plastic strain amplitude, which is the value recognized by the literature
as being directly linked with the low cycle fatigue life duration. [1] [2]
REFERENCES
[1] Morrow, J. D. (1965) Cyclic plastic strain energy and fatigue of metals. Internal Friction,

Damping and Cyclic Plasticity, ASTM STP 378, American Society for Testing and
Materials, Philadelphia, PA, 45–84
[2] Wang, Y., & Susmel, L. (2016). The Modified Manson-Coffin Curve Method to estimate
fatigue lifetime under complex constant and variable amplitude multiaxial fatigue loading.
International Journal of Fatigue, 83, 135–149.
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NUMERICAL MODEL OF OPTICAL-FIBER GYROSCOPE COIL
UNDER HOMOGENEOUS THERMAL FIELD
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analysis, Optical Frequency Domain Reflectometry (OFDR)
Since the work of D.M Shupe [1], and more recently of F. Mohr [2] on the fiber-optic gyroscopes biais
origins, it is well known that a thermal field induces non-reciprocal effects [3] between both counterpropagating waves in the Sagnac interferometers. This induces bias drift in the fiber-optic gyroscope
measure. Phenomenologically, the Shupe effect can be explained by the fact that both counterpropagating waves do not experience the same thermal perturbation at the same time in case of a transient
temperature variation. Additionally, F. Mohr, in [2], underlines that even if the temperature variation
is spatially homogenous inside the coil, the strain are not. This also causes a bias drift. Therefore, to
determine the temperature bias drift, it is necessary to calculate the strain along the optical fiber.
First, the geometry of optical fiber coil is determined using Computerized Tomography scan. Thanks
to this measure, we confirm that the geometry of the coil is mostly axisymmetric. Hence the numerical model we developed is an axisymmetric model configured with coil parameters and optical fiber
parameters using C AST 3 M software. Applying a homogeneous thermal field, the strain along the fiber
is computed and then compared with strain measures based on OFDR (Optical Frequency Domain Reflectometry). This comparison highlights a lot of similarities; in particular, the model is sufficient to
reproduce the general feature of the distributed strain. Strain is almost constant within one layer, and
varies by step between each adjacent layer. However, discrepancies remain. The strain level between
numerical model and OFDR measures presents an overall shift deviation. We attribute this mismatch to
insufficient characterization of thermomechanical properties of the fiber coatings. ThermoMechanical
Analysis (TMA) measures are currently under progress to improve the modelling.
REFERENCES
[1] Shupe, David M, ”Thermally induced nonreciprocity in the fiber-optic interferometer.” Applied
optics 19.5 (1980): 654–655.
[2] Mohr, F and Schadt, F. ”Error signal formation in FOGs through thermal and elastooptical environmental influences on the sensing coil.” Symposium Gyro Technology. Vol. 13. No. 20. Institute of
Systems Optimization, 2011.
[3] Lefevre, H. C. The fiber-optic gyroscope. Artech house, 2014.
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Instituto de Matemáticas (IMAT), Universidade de Santiago de Compostela, 15782 Santiago de
Compostela, Spain
Key Words: Steelmaking, Blast Furnace Trough, Heat Transfer, Non-local Radiation
The blast furnace main trough is a refractory concrete structure used in the integrated iron and steelmaking process, designed to separate and transport the slag and pig iron produced at the blast furnace (BF). It
has to withstand harsh operation conditions, which include extreme temperatures (up to 1500o C), corrosion and erosion. These conditions explain the high degree of wear suffered by the BF trough refractory
linings, which motivates the industrial interest in their evaluation and minimisation.
The scope of this work is to present and numerically solve a mathematical model for the transient thermal
response of the BF main trough during its complete campaign life. The effect of the casting process stops
on the temperature field at the trough is investigated. Typically, each cast lasts for 90 minutes, followed
by a short stop. However, these stops frequently have a longer duration, reaching up to several days.
Nonetheless, since the time scales of the BF trough campaign are very long (around two months), in the
literature it is usual to assume steady thermal problems (see [3] for a 2D simulation) or steady thermohydrodynamic problems (see [1] for 3D).
In this talk, the considered thermal model is defined in a 2D cross section of a trough operated by
ArcelorMittal Spain. It consists of the transient heat equation, considering mixed radiation-convection
boundary conditions. In addition, a non-local radiation condition is used to model the radiative heat
exchange with a refractory cover placed over the main trough, which avoids excessive cast iron cooling.
To this end, an integral equation is solved on the boundary to obtain the corresponding radiative heat flux
(see e.g. [2]).
The numerical results are obtained using the FEniCS library and they are compared with temperature
measurements in the trough, made with three thermocouples embedded in the refractories. The proposed
methodology shows promising results, being able to capture the casting cycle regime influence on the
BF main trough.
Acknowledgements. This work was partially supported by FEDER and Xunta de Galicia funds under
the ED431C 2017/60 grant, by the Ministerio de Ciencia, Innovación y Universidades through the Plan
Nacional de I+D+i (MTM2015-68275-R) and the grant BES-2016-077228, and by the Agencia Estatal
de Investigación through project PID2019-105615RB-I00.
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[3] S. Vázquez-Fernández, A. G.-L. Pieiga, C. Lausı́n-González, and P. Quintela, Mathematical modelling and numerical simulation of the heat transfer in a trough of a blast furnace, Int. J. Therm.
Sci. (2019) 137:364–374.

3052

MS Organizer(s):
Nonlocal
models Marta
in computational
D’Elia, Ugo mechanics:
Galvanetto, challenges
Mirco Zaccariotto
and applicaand
tions Seleson
Pablo

Nonlocal models in computational mechanics: challenges
and applications
MS Organizer(s): Marta D’Elia, Ugo Galvanetto, Mirco Zaccariotto and
Pablo Seleson

3053

3054

MS103D’Elia,
Marta
- Nonlocal
Ugo Models
Galvanetto,
in Computational
Mirco Zaccariotto
Mechanics:
and Pablo
Challenges
Seleson and Applications

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19- 24, 2019, Paris, France
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Key words: Nonlocal Models, Discretization, Numerical Analysis, Multiscale Modeling,
Local-Nonlocal Coupling Methods, Inverse Problems, Nonlocal Industrial applications.
ABSTRACT
The use of nonlocal models in scientific and engineering applications has been steadily
increasing over the past decades. The ability of nonlocal theories to accurately capture
phenomena that are difficult or impossible to represent by (local) partial differential equations
motivates and drives the interest in nonlocal models. As an example, nonlocal continuum
mechanics models can describe microstructure-dependent mechanical response, due to the
incorporation of length scales in governing equations, as well as represent material
discontinuity, such as evolving cracks leading to material failure, through the use of spatial
integration rather than differential operators. However, these models present several
computational and modeling challenges that are still subject of open research. These
challenges include computational expense of numerical solution of nonlocal problems;
prescription of nonlocal boundary conditions; accurate and higher-order discretization of
nonlocal models; formulation of physically-consistent nonlocal interface problems; and
estimation of nonlocal model parameters from experimental data. Advances in these topics
would unlock the full potential of nonlocal models for their application in computational
mechanics and several other fields. The goal of this minisymposium is to bring together
experts on the mathematical, computational, and engineering aspects of nonlocal models to
discuss the state-of-the-art in nonlocal modeling, establish new research guidelines, identify
promising research advances, and create synergies between participants.
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Topics of interest include but are not limited to:
1. Mathematical and numerical analysis of nonlocal models.
2. Mesh-based and mesh-free discretizations of nonlocal models.
3. Efficient solvers for nonlocal problems.
4. Multi-scale modeling of nonlocal problems, such as local/nonlocal coupling.
5. Multi-physics modeling of nonlocal problems, such as thermo-mechanical coupling.
6. Inverse nonlocal problems under sparsity or uncertainty.
7. Scientific, engineering, and industrial applications of nonlocal models, such as subsurface
flow, material failure and damage, image denoising, wave propagation, and stochastic
processes.
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A HYBRID FEM-PERIDYNAMIC APPROACH FOR THE SIMULATION
OF MULTI-PHYSICS PHENOMENA INVOLVING FRACTURE
Ugo Galvanetto*1 , Tao Ni1,2 , Francesco Pesavento3 , Mirco Zaccariotto1 ,
Quzhi Zhu2 , Francesco Scabbia1 and Bernhard A. Schrefler3
1

Industrial Engineering Department, University of Padova, Padova, 35131, Italy
College of Civil and Transportation Engineering, Hohai University, Nanjing, 210098, China
3
Department of Civil, Environmental and Architectural Engineering, University of Padova, Padova,
35131, Italy
2

Key Words: Fracture, Crack propagation, Peridynamic, Multi-physics problem
In purely mechanical simulations involving crack initiation and propagation, numerical coupling between
Peridynamics and Finite Element Method has been widely studied in order to improve computational efficiency [1]. The present contribution is about the solution of physically coupled problems: Peridynamics
is used to describe solid deformation and fracture, while classical FEM modelling reproduces another
field (fluid, thermal, electrical, chemical, etc.). Based on [2], the innovative computational approach is
implemented for hydraulic fracture propagation in saturated porous media adopting classical Biot poroelasticity theory. The deformation of the peridynamic grid affects the overlapping fluid FEM mesh and
the pore pressure is applied as an internal force to the solid phase. Furthermore, solid structure may
crack under increasing pore pressure and consequently material porosity changes, as well as the volume
in which the fluid is free to move. Data is continuously shared between solid and fluid fields to solve the
coupled system.
The comparison with two exact analytical solutions demonstrates the excellent accuracy of the proposed
method. Subsequently, several examples are carried out to prove the remarkable capabilities of the
suggested multi-physics model in solving pressure- and fluid-driven crack propagation problems [3].
In the latter ones, stepwise crack advancement with pore pressure fluctuations is observed, which is
consistent with previous experimental and numerical evidences.
U. Galvanetto and M. Zaccariotto would like to acknowledge the support they received from MIUR
under the research project PRIN2017-DEVISU and from University of Padua under the research projects
BIRD2018 NR.183703/18 and BIRD2017 NR.175705/17.
REFERENCES
[1] Ni, T., Zaccariotto, M., Zhu, Q.-Z. and Galvanetto, U.. Coupling of FEM and ordinary state-based
peridynamics for brittle failure analysis in 3D. Mech. Adv. Mater. Struc. (2019):1–16.
[2] Lewis, R.W. and Schrefler, B.A.. The Finite element method in the static and dynamic deformation
and consolidation of porous media. John Wiley, (1998).
[3] Ni, T., Pesavento, F., Zaccariotto, M., Galvanetto, U., Zhu, Q.-Z. and Schrefler, B.A.. Hybrid FEM
and Peridynamic simulation of hydraulic fracture propagation in saturated porous media. Comput.
Method Appl. M. (2019) submitted.
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AN ASYMPTOTICALLY COMPATIBLE FORMULATION FOR
LOCAL-TO-NONLOCAL COUPLING PROBLEMS WITHOUT
OVERLAPPING REGIONS
Yue Yu1 , Huaiqian You2 and David Kamensky3
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3
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92093, USA, dmkamensky@eng.ucsd.edu
2

Key Words: Robin condition, explicit coupling strategy, heterogeneous system
In this work we design and analyze an explicit partitioned procedure for a dynamic local-to-nonlocal
(LtN) coupling problem, based on a new nonlocal Robin-type transmission condition. The nonlocal
subproblem is modeled by a nonlocal model with a finite horizon parameter δ characterizing the range
of nonlocal interactions, and the local subproblem is described by a classical PDE. We consider a heterogeneous system where the local and nonlocal subproblems present different physical properties, and
employ no overlapping region between the two subdomains. We first propose a new generalization of
classical local Neumann-type condition by converting the local flux to a correction term in the nonlocal model, and show that the proposed Neumann-type boundary formulation recovers the local case as
O(δ2 ) in the L∞ norm. We then extend the nonlocal Neumann-type boundary condition to a Robin-type
boundary condition, and develop a local-to-nonlocal coupling formulation with Robin-Dirichlet transmission conditions. To stabilize the explicit coupling procedure and to achieve asymptotic compatibility,
the choice of the coefficient in the Robin condition is obtained via amplification factor analysis for the
discretized system with coarse grids. Employing a high-order meshfree discretization method in the
nonlocal solver and a linear finite element method in the local solver, the selection of optimal Robin coefficients are verified with numerical experiments on heterogeneous and complicated domains. With the
developed optimal coupling strategy, we numerically demonstrate the coupling framework’s asymptotic
convergence to the local limit with an O(δ) = O(h) rate, when there is a fixed ratio between the horizon
size δ and the spatial discretization size h.
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Challenges in nonlocal modeling: nonlocal boundary conditions and
interfaces.
Marta D'Elia1*
1

Sandia National Laboratories, 1450 Innovation Parkway SE, Albuquerque, NM, 87123,
mdelia@sandia.gov

Key Words: Nonlocal models, nonlocal boundary conditions, nonlocal interfaces.
Nonlocal models such as peridynamics and fractional equations can capture effects that
classical Partial Differential Equations fail to capture. These effects include multiscale
behavior, discontinuities in the solutions such as cracks, and anomalous behavior such as
super- and sub-diffusion. For this reason, they provide an improved predictive capability for a
large class of engineering and scientific applications including fracture mechanics, subsurface
flow, turbulence, plasma dynamics, and image processing, to mention a few.
However, the improved accuracy of nonlocal formulations comes at the price of modeling and
computational challenges that may hinder the usability of these models. Challenges include
the prescription of nonlocal boundary conditions, the treatment of nonlocal interfaces, the
identification of model parameters and the incredibly high computational cost.
In this talk I will discuss these challenges and describe in detail how we are addressing some
of them at Sandia National Laboratories. Specifically, I will describe a new flexible and
physically consistent strategy for the prescription of nonlocal boundary conditions, where the
challenge comes from the fact that available data are not enough for the well-posedness of the
nonlocal model. Then, I will present foundations of a nonlocal interface theory that yields
well-posed interface problems and recovers the classical interface problem at the limit of
vanishing nonlocality.
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CONVERGENCE STUDIES IN MESHFREE PERIDYNAMIC WAVE
AND CRACK PROPAGATION
Pablo Seleson1 , Marco Pasetto2,∗ and Yohan John3
1
2
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Key Words: Peridynamics, Nonlocal, Meshfree, Convergence
Peridynamics is a nonlocal reformulation of classical continuum mechanics suitable for material failure
and damage simulation. Governing equations in peridynamics are based on spatial integration rather
than spatial differentiation, allowing natural representation of material discontinuities such as cracks. A
meshfree approach proposed in [1] has been demonstrated to be an effective discretization method for
large-scale engineering simulations, particularly those involving large deformation and complex fractures. However, a robust quantitative assessment of the performance of this meshfree method, particularly in fracture scenarios, is lacking. In [2], the convergence of meshfree numerical solutions of
static peridynamic problems has been investigated. Related convergence studies for peridynamic wave
propagation problems appeared in [3]. In this talk, we will discuss recent convergence studies of wave
propagation and extensions to dynamic crack propagation in meshfree peridynamic simulations, under
different choices of influence functions and integration weights.
REFERENCES
[1] Silling, S.A. and Askari, E. A meshfree method based on the peridynamic model of solid mechanics. Comput. Struct. (2005) 83:1526–1535.
[2] Seleson, P. and Littlewood, D. J. Convergence studies in meshfree peridynamic simulations. Comput. Math. with Appl. (2016) 71:2432–2448.
[3] Seleson, P. and Littlewood, D. J. Numerical tools for improved convergence of meshfree peridynamic discretizations, in Handbook of Nonlocal Continuum Mechanics for Materials and Structures. G. Voyiadjis (ed.), Springer, (2018).
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FINITE ELEMENT METHODS FOR NONLOCAL MODELS
M. D’Elia1 , M. Gunzburger2 , M. Klar3 , V. Schulz3 and C. Vollmann∗3
1
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2
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3
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Key Words: Nonlocal convection-diffusion, ﬁnite element method, shape optimization
We consider nonlocal steady-state convection-diffusion equations with Dirichlet-type volume constraints
as they are considered, e.g., in [1, 3]. The operator of interest is a linear integral operator accounting for
nonlocal interactions which we assume to occur within a bounded interaction set, e.g., an Euclidean ball
of ﬁnite radius. Such operators can capture singular and anomalous behavior and are used, e.g., in the
peridynamics model [5]. Here, we will talk about their discretization via the ﬁnite element method and
discuss related challenges.
The gain of accuracy comes at the prize of an increase in computational complexity. The evaluation of
nonlocal interaction is particularly challenging within a ﬁnite element implementation. We will address
certain ways to ease these difﬁculties: exploiting structures in special cases [6], using rectangular interaction sets and using ball approximations [2].
As an application of the ﬁnite element code we shortly discuss a shape optimization problem for identifying interfaces in a coupled nonlocal convection-diffusion model [4].
REFERENCES
[1] M. D’Elia, Q. Du, M. Gunzburger and R.B. Lehoucq. Nonlocal Convection-Diffusion Problems on Bounded Domains
and Finite-Range Jump Processes. Vol. 17. Computational Methods in Applied Mathematics, 2017.
[2] M. D’Elia, M. Gunzburger and C. Vollmann. A cookbook for ﬁnite element methods for nonlocal problems, including
quadrature rule choices and the use of approximate balls. arXiv:2005:10775.
[3] Q. Du, M. Gunzburger, R.B. Lehoucq and K. Zhou. Analysis and Approximation of Nonlocal Diffusion Problems with
Volume Constraints. SIAM Review, 2012.
[4] V. Schulz and C. Vollmann, Shape Optimization for identifying interfaces in nonlocal models. arXiv:1909.08884, 2019.
[5] S.A. Silling. Reformulation of elasticity theory for discontinuities and long-range forces. Vol. 48. Journal of the Mechanics and Physics of Solids, 2000.
[6] C. Vollmann and V. Schulz, Exploiting multilevel Toeplitz structures in high dimensional nonlocal diffusion. Computing
and Visualization in Science, 2019.
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FINITE ELEMENT METHODS FOR NONLOCAL MODELS
M. Klar∗1 , V. Schulz1 and C. Vollmann1
1
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Key Words: Finite element method, nonlocal diffusion
Nonlocal models allow to describe natural phenomena which exhibit discontinuous behavior. An important special case is given by integral operators with finite interaction horizon, which occur for example in
the peridynamics model [3]. We consider finite element methods for such integral operators. Numerical
implementations of particle-type methods for peridynamics are already available [1]. However, finite
element methods contain some fundamental advantages, as they naturally allow to deal with complicated
domains and provide robust schemes which inherit the asymptotic behavior of nonlocal models with
vanishing interaction horizon to the discrete systems [2].
The finite element discretization of integral operators in general leads to dense systems, as the kernels
specify interactions between remote points. This means that in contrast to the local case assembly and
solving of the discrete systems is rather expensive. Truncated interaction horizons in particular offer further challenges and opportunities. A delicate challenge is given by the truncated, hence discontinuous,
integration kernel which necessitates retriangulations of the finite element mesh in order to approximate
the bilinear form sufficiently well. On the other hand, finite interaction horizons can be exploited to speed
up the assembly process. We present some details about a parallel 2D implementation which exploits the
finite interaction horizon, as well as ideas towards nonlocal modeling in 3D.
REFERENCES
[1] M. L. Parks, D. J. Littlewood, J. A. Mitchell, and S. A. Silling. Peridigm users guide v1. 0.0. Technical Report
SAND2012-7800, Sandia National Laboratories, 2012.
[2] X. Tian, and Q. Du. Asymptotically compatible schemes and applications to robust discretization of nonlocal models.
Vol. 52. SIAM Journal on Numerical Analysis, 2014.
[3] S. A. Silling. Reformulation of elasticity theory for discontinuities and long-range forces. Vol. 48. Journal of the Mechanics and Physics of Solids, 2000.
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MATERIAL STABILITY IN ANISOTROPIC BOND-BASED
PERIDYNAMICS
Jeremy Trageser1∗ and Pablo Seleson2
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Key Words: Peridynamics, Stability
Many materials will become unstable and exhibit phase transformations in response to certain changes
in applied load. In this work we explore material stability with respect to potential energy minimization
within the nonlocal framework of linear bond-based peridynamics. It was shown in [2] that positivity of
the micromodulus function is a sufficient but not necessary condition for material stability. This work
presents necessary and sufficient conditions for positivity of the micromodulus function for a general
class of anisotropic peridynamic models. We expand upon these results by exploring necessary and
sufficient conditions for material symmetry for a few select symmetry classes. The resulting conditions
are then compared with the well-known Born stability criteria [1] in classical linear elasticity.
REFERENCES
[1] Born, Max. On the Stability of Crystal Lattices. Mathematical Proceedings of the Cambridge Philosophical Society. (1940) 36:160-172.
[2] Silling, Stewart. Reformulation of Elasticity Theory for Discontinuities and Long-Range Forces.
Journal of the Mechanics and Physics of Solids. (2000) 48:175-209.

Sandia National Laboratories is a multi-mission laboratory managed and operated by National Technology and Engineering Solutions of
Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-NA0003525.
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MODELING AND SIMULATION OF A VARIABLE-ORDER
SPACE-TIME FRACTIONAL PARTIAL DIFFERENTIAL EQUATION
Xiangcheng Zheng1 and Hong Wang2
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Key Words: Modeling, numerical simulation, fast computation
Fractional partial differential equations (FPDEs) [2] have shown to present a competitive means for modeling challenging phenomena of nonlocal nature of long-range time memory or spatial interactions, especially for phenomena that take place in heterogeneous materials. The fractional order may be a function
of space, time or even the unknown solution, opening up great opportunities for modeling multiphysics
phenomena, e.g., seamless transition from local to non-local dynamics. The traditional approach of
tweaking free parameters (or even their nonlinear forms) that multiply pre-set integer-order PDEs, as a
potential misspecification of physical models using integer-order PDEs to problems of nonlocal natures
may lead to a variable coefficient (or even nonlinear) fit that may lead to less accurate predictions (e.g.,
struggling to fit the data at each training location). In contrast, the correct FPDEs naturally provides
a correct physical model to phenomena of nonlocal nature, which may fit all the data with a constant
coefficient model as shown in the literature [1].
However, the main reasons why FPDE modeling has not been used extensively for nonlocal phenomena
is that FPDEs present modeling, mathematical and numerical issues that are not common in the context
of integer-order PDEs, including but not limited to the dense coefficient matrices of the corresponding
numerical discretization, and requirement of storing the numerical solutions at all the previous time steps,
and potentially significantly less regularity which the solutions to FPDEs exhibit. In this presentation we
will report the recent progress we have made towards the solution of these problems.
REFERENCES
[1] D. Benson, R. Schumer, M.M. Meerschaert and S.W. Wheatcraft, Fractional dispersion, Lévy motions, and the MADE tracer tests, Transport in Porous Media 42 (2001), 211-240.
[2] I. Podlubny, Fractional Differential Equations, Academic Press, 1999.
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NONLOCAL BRITTLE FRACTURE MODELING WITH APPLIED
TRACTION FORCES
Robert Lipton∗1 , Prashant Jha2
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Key Words: Brittle Fracture, Nonlocal Models, Linear Elastic Fracture Mechanics, Computing Methods
The dynamic fracture of brittle solids is a particularly interesting collective interaction connecting both
large and small length scales. Apply enough stress or strain to a sample of brittle material and one
eventually snaps bonds at the atomistic scale leading to fracture of the macroscopic specimen. We
introduce a state based peridynamic model for calculating dynamic fracture. The force interaction is
derived from a double well strain energy density function, resulting in a non-monotonic material model.
The material properties change in response to evolving internal forces eliminating the need for a separate
phase field to model the fracture set. The model can be viewed as a regularized fracture model. In the
limit of zero nonlocal interaction, the model recovers a sharp crack evolution characterized by the classic
Griffith free energy of brittle fracture with elastic deformation satisfying the linear elastic wave equation
off the crack set. It is seen both theoretically and numerically that a thin layer of concentrated force
applied adjacent to the boundary converges to traction force in the limit of vanishing nonlocality. We
conclude with a numerical analysis of the model and several computational examples.
REFERENCES
[1] Lipton R. Cohesive dynamics and brittle fracture, Journal of Elasticity, 2016;124:143-191.
[2] Jha PK, Lipton R. Numerical analysis of nonlocal fracture models in Hölder space, SIAM J. Numer.
Anal., 2018;56:906-941.
[3] Jha PK, Lipton R. Numerical convergence of finite difference approximations for state based
peridynamic fracture models, Computer Methods in Applied Mechanics and Engineering,
2019;351:184-225.
[4] Lipton R., Jha, P.K. Plane elastodynamic solutions for running cracks as the limit of double well
nonlocal dynamics, ArXive for math ArXiv:2001.00313v2 [math.AP] 12 Jan 2020.
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Key Words: Nonlocal, Hyperelasticity, Polyconvexity, Fractional gradient
We present a nonlocal variational model in nonlinear elasticity, based on the concept of fractional gradient. We explain how the theory of polyconvexity applies in this context. We also prove the Γ-convergence
to the local (classical) hyperelasticity model as the nonlocality vanishes.
REFERENCES
[1] Bellido, J.C., Cueto, J., and Mora-Corral, C. Fractional Piola identity and polyconvexity in fractional
spaces. Preprint.
[2] Bellido, J.C., Cueto, J., and Mora-Corral, C. Localization of the s-fractional gradient and Γconvergence of fractional vector variational problems. Preprint.
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NUMERICAL SIMULATION OF HYDRAULIC FRACTURING IN
TURBULENT FLOWS VIA PERIDYNAMICS AND NAVIER-STOKES
EQUATIONS
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Key Words: Peridynamics, Navier-Stokes, Immersed Boundary Method, Fluid-Induced Fracturing
Fluid-induced fracturing is a non-linear and multi-physics problem dealing with the break-up of solid
media due to the action of hydrodynamic forces. Fluid mechanics, solid mechanics and fracture mechanics are involved at the same time. Due to its intrinsic complexity, the modeling of fluid-induced fracturing
is still a challenging matter. The main issue encountered in the numerical modeling of this problem, consists in the low-reliability of the local theories of solid mechanics in predicting the behavior of materials
when crack formation is taken into account. Despite its complexity, this class of problems is of crucial
importance in a large variety of scientific fields and engineering applications, e.g. the fracking process.
In this context, we aim to address the 3D, Direct Numerical Simulation of the fluid-induced fracturing of
a linear-elastic and brittle layer of solid material confining a turbulent channel flow (fig. 1). The problem
is addressed within an innovative numerical framework based on the Navier-Stokes (NS) equations coupled with the governing equations of peridynamics [1] via an Immersed Boundary Method [2]. We have
developed and validated a massive parallel, MPI-based code implementing the methodology in object.
We report the preliminary results of the aforementioned simulation. We believe that the present study
could provide a valuable contribution to the numerical modeling of fluid-induced fracturing, improving
our knowledge about the fundamental mechanisms driving this process.

Figure 1: Direct numerical simulation of the hydraulic fracturing of the solid soil of a turbulent channel flow.

REFERENCES
[1] Silling S. A. Reformulation of elasticity theory for discontinuities and long-range forces. J. Mech.
Phys. Solids 48.1: 175-209, 2000.
[2] Breugem W.-P. A second-order accurate immersed boundary method for fully resolved simulations
of particle-laden flows. J. Comput. Phys. 231.13: 4469-4498, 2012.
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OUT OF BALANCE FORCES IN COMPUTATIONAL METHODS
COUPLING PERIDYNAMICS WITH CLASSICAL MECHANICS
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Key Words: Out of balance forces, FEM-PD coupling, Peridynamics.
Structural engineers should be able to describe all stages of the structural life even those
involving crack propagation and branching. However, the description of the fracture
phenomena in structural materials is still an open problem.
Computational methods based on Classical Continuum Mechanics (CCM) have not been
naturally developed to simulate problems involving discontinuities in the displacement field.
Therefore, these computational tools have to be equipped with ad hoc extensions to deal with
crack propagation problems. Peridynamics (PD) [1-2], was proposed with the aim of including
cracks as a natural part of the solution. However, PD is not computationally efficient, due to
the non-local nature of the approach and that is a limitation to its practical use.
Several researchers are trying to couple computational methods based on CCM with those based
on PD to obtain a numerical method having the advantages of both computational techniques
and avoids their pitfalls [3, chap.14].
Our proposed coupling approach [4] is realized at the discrete level between the standard
displacement version of the Finite Element Method and a meshless version of PD. We observed
that even if the coupling method satisfies the usual numerical tests: rigid body motion, uniform
and linear strain distribution, under more complex load conditions some out of balance forces
could be generated. The paper evaluates the magnitude of the out of balance forces and
discusses methods to reduce them.
U. Galvanetto and M. Zaccariotto would like to acknowledge the support they received from
MIUR under the research project PRIN2017-DEVISU and from University of Padua under the
research projects BIRD2018 NR.183703/18 and BIRD2017 NR.175705/17.
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TOWARD VALIDATION OF PERIDYNAMIC FAILURE MODELS OF
FIBER-REINFORCED COMPOSITE LAMINATES
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In a recent paper, we presented bond-based peridynamic models to predict the damage of fiber-reinforced
composite laminates [1]. To represent the anisotropy of the laminate, a lamina was simplified as a transversely isotropic medium under a plane stress condition, and a laminate was modeled by stacking surface
mesh layers along the thickness direction according to the laminate sequence. A spherical harmonic expansion was employed to represent the micromodulus dependence on the bond-fiber angle. The laminate
material was decomposed into an isotropic matrix material part and a transversely isotropic fiber material part. Numerical results demonstrated that the model can capture the dynamic process of the complex
coupling of the inner-layer and delamination damage modes of composite laminates. In this presentation,
we will review the proposed models and report follow-on efforts toward validation of those models.
REFERENCES
[1] Ren, B., Wu, C.T., Seleson, P. , Zeng, D., and Lyu, D. A peridynamic failure analysis of fiberreinforced composite laminates using finite element discontinuous Galerkin approximations, Int. J.
Fract. (2018) 214: 49–68.
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ABSTRACT
Renewable Energy is a promising way to reduce the carbon emissions due to fossil energies.
The first implementation of a renewable energy system was in 1966 in France with the La Rance
dam that converts the variation in water level into electricity, and which is currently still
operating. Many systems have been subsequently developed to convert solar, wind, current,
waves energy in electric one. For example, the first offshore wind farm was installed in North
Sea in 1991 by Danish colleagues to transform the wind power. As converters and their
implementations are very expensive, numerical simulations become necessary steps for their
design and the estimation of their expected lifetime. Many computational codes are considered
for this purpose, based on various mathematical approaches such as classical CFD
(Computational Fluid Method), which rely on finite-difference/finite-volume and finiteelement methods, LBM (Lattice Boltzmann Method), Vortex method, SPH (Smooth Particle
Hydrodynamics), BEM (Boundary Element Method), actuator methods including ADM
(Actuator Disk Method) or ALM (Actuator Line Method). All contributions related to these
methods are encouraged, and especially from students and young scientists.
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COMPARISON STUDY BETWEEN USING AIR DATA AND SOIL
DATA IN PREDICTING SOIL TEMPERATURE
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Predicting soil temperature is important study in proceed of installing geosystems as Earth Air
Heat Exchanger system (EAHE) and Ground Heat Pomp system (GHP). Mathematical models
that used in predicting soil temperature are usually using amplitude and average values of
ambient air temperature of reference year in certain place as alternative parameters of soil
surface amplitude temperature and soil undisturbed temperature for year, respectively (Larwa
and Krzysztof, 2019, Cho and Ihm, 2018, Larwa, 2018).
In present work, authors compare the results of using soil data and air data with soil temperature
records to show the preciseness of using each of them in predicting soil temperature. For soil
data, it has been utilized the records of soil temperature in three sites (A, B & C) in Covilha
(Portugal) for three years in calculating soil surface amplitude temperature and soil undisturbed
temperature (soil undisturbed temperatures is define as averages values of soil temperatures for
certain year in each depth from 1 to 5 (m)). For air data, it has been utilized a reference year of
ambient air temperature in the same city (Aguiar and Carvalho, 2012).
The results show the differences of using average soil temperatures from different depths as
undisturbed soil temperature, as compared with using air data in mathematical model to predict
soil temperature in the depth five meter. It is showing that using air data gives better agreements
with less relative errors as compared with the results of using average soil temperatures of the
1st and 2nd meters, where 24.86 (%) and 21.89 (%) are the relative errors of using soil data and
air data, respectively. However, using average soil temperatures of the 3rd, 4th and 5th meters
depths, as undisturbed soil temperatures, give better agreements as compared with using air
data in mathematical model to predict soil temperature, where 7.86 (%) and 17.97 (%) are the
relative errors of using soil data and air data, respectively
Using soil temperature records, authors create soils temperature reference years under 1 to 5
(m), where the average temperature differences in each depth were 2 (°C) in all sites.
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As conclusion, it can be saying that air data (annual air temperature) can be used to calculate
the needed parameters in analytical model to predict soil temperature. This procedure avoids
having to measure the soil temperature however the error is higher.
It is better to use air data if authors need to predict soil temperature in depth equal or less than
2 (m), while if they want to predict soil temperature for higher depth it is better to use soil data.
This study shows that B and C sites are suitable for installing EAHE system as pre-cooler,
while site A is suitable for installing GHP system and EAHE system as pre-heater
The created soils temperature reference years are helpful to guess how the soil thermal
behaviour is act during any year.
REFERENCES
Aguiar, R. & Carvalho, M. J. 2012. Performance analysis of solar thermal and photovoltaic
systems,. Lisbon, Portugal,: Solterm software, National Laboratory of Energy and
Geology
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and Process Engineering, 40, 123-137.
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The links between physical and biological processes in areas with very strong currents are very poorly
documented. Currently it is hard to generate experimentally currents of similar intensity over sufficiently
long periods to reproduce realistic conditions. Thus, the use of numerical modelling becomes essential to improve our understanding of the interactions between physical and biological processes, their
consequences on the energy production of tidal turbines and the wake modification. In a majority of
studied cases up to now, biofouling is a source of degradation of the tidal turbine performances. The
colonizing species tend to cause the fluid to drop sharply from the blade. However, there are numerous
anti-biofouling solutions that could be applied to surfaces, but they have negative effects to the environment. It is therefore essential to better understand the functioning and effects of biofouling to limit their
use. In a preview works, inertial effects of biofouling have been studied and showed a delay induced by
the additional mass brought by colonizing species in the start-up phases. In this work, the rotor rotation
speed is fixed but the model still 3D to take tridimensional effects into account. Moreover, the hydrodynamic stall generated by biofouling prevents the use of many models that aim to simplify the calculation
of the forces on the blades of energy recovery units such as the BEM (Blade Element Momentum) or
the LLT (Lifting Line Theory). An approach using Navier-Stokes equations (RANS and LES) is therefore chosen. Previous calculations used to compute these quantities are costly because they used an
Eulerian code (Openfoam) without any remeshing. Lagrangian approaches are less expensive but today
unable to properly manage fluid/structure interactions and, by extension, to calculate forces on surfaces
(such as turbines blades), particularly when stall occurs. Thus, in order to combine the strengths of each
model, a weak coupling between OpenFoam (Eulerian) and Dorothy code (Lagrangian) is performed.
The fluid/structure interactions and stress calculation is solved by Openfoam which sends vorticity data
to the Dorothy code (Vortex approach of Navier-Stokes equations using a Particle Strength Exchange
model) which calculates wake more efficiently. The method has been applied to a horizontal tidal turbine
in order to evaluate its performances.
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Renewable energy production units, such as wind turbines, involve geometrically complex bodies (rigid
or flexible) in contact with fluids. State of the art computations in wind energy are based on Large-Eddy
simulations (LES) coupled with actuator line methods (ALM). This framework requires the geometry
and the airfoil aerodynamic coefficients of the turbine’s blades to model the influence of the structure to
the fluid. Although valid in a wide range of configurations, its specific assumptions render it irrelevant
in some cases like with yaw misalignment. Therefore we propose the use of another numerical tool,
namely the immersed boundary methods (IBM). These methods allow to avoid body-fitted meshes by
representing the geometry of the immersed body in the mesh via ‘solid nodes’ with imposed velocity.
Due to the lack of body conforming nodes, the computation of forces acting on the body is not trivial.
This work aims to compare two force computation approaches for IB methods. The first one is based on
the pressure integral over a locally reconstructed fictive body surface (local approach). The second one
is based on the formulation of Noca et al. [1], where, thanks to the velocity and vorticity fields in a finite
region enclosing the body, we are able to compute the instantaneous forces acting on it (global approach).
These methods will be evaluated for two types of penalization IB methods for unstructured grids: i) a
sharp-interface IBM where the penalization terms are located in a narrow band around the solid/gas
interface, ii) a smoothed-interface IBM where the added forces are regularized in the vicinity of the
interface. [2]. Both methods will be examined and validated against resolved body-fitted simulations of
well-documented academic cases with stationary and moving bodies. Mesh-dependancy of the methods
will also be investigated. The simulations will be performed by the low Mach-number massively-parallel
finite-volume unstructured LES flow solver YALES2 [3, 4].
REFERENCES
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only velocity fields and their derivatives. J. Fluids Struct. 11, 345 – 350 (1997).
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PIEZOELECTRIC ENERGY HARVESTING FROM
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Piezoelectric energy harvesting driven by fluid is a strong coupled multiphysics problem that involves
interaction between the fluid, the structure, the electromechanical effect of piezoelectric structure and
the external circuit attached to the electrodes mounted on the piezoelectric structure. A heirarchically
decomposed finite element method is employed to analyze the coupled effect [1]. The piezoelectricstructure-fluid interaction system is decomposed into subsystems of fluid-structure interaction (FSI) and
piezoelectric field, then the piezoelectric field and the FSI are coupled using the block Gauss-Seidel
method, the fluid-structure interaction is split into the fluid-structure velocity field and the pressure field
using an algebraic splitting [2], and the fluid-structure velocity field is partitioned into fluid velocity field
and structure velocity field. The inverse piezoelectric-direct piezoelectric-circuit interaction is analyzed
using the partitioned and transformation method [3, 4]. A thin flexible piezoelectric energy harvesting
device operating in air and water tank under base excitation is illustrated. The numerical results are in
consistent with the experimental results [5]
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Thermal winds appear in mountainous areas and valleys due to temperature gradients caused
by the buoyancy effects associated with the diurnal heating-cooling cycle of the lower
atmosphere. These winds develop over complex topographies of multiple scales, and reverse
their direction twice a day, driven by formation and dissipation of temperature inversions.
Winds may flow up-slope (anabatic winds), up-valley, or from the plain to the mountain massif
during day-time. Conversely, during night-time, winds may flow down-slope (katabatic winds),
down-valley, or from the mountain massif to the plain. Previous investigations have shown that
such winds can reach relatively high speeds [1], which can be interesting for wind energy
applications. Moreover, thermal winds showing higher regularity and periodicity than synoptic
winds [1], can thus be more predictable, which is of special interest to the current energy market,
aiming to match the energy demand with the renewable energy production, given the fact that
wind energy and solar energy production cannot be controlled at will.
In this work, thermal wind generation is analysed using OpenFOAM, which is an open source
computational fluid dynamics software. For this analysis, an idealized numerical model of a
mountain-valley system with a mountain slope angle of 20º is used. Anabatic and katabatic
winds are generated imposing altitude-dependent temperature boundary conditions on the
slope. OpenFOAM’s solver buoyantBoussinesqPimpleFoam is used, and validation of different
turbulence models and initial conditions is done by comparing OpenFOAM simulations with
results from the literature. The effects of the fluid domain height and of the valley width on the
flow behaviour are also discussed. Conclusion on anabatic and katabatic wind formation and
on their possible application to wind energy generation is finally drawn.
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The control of noise emission from wind turbines is an issue of growing public attention and
strict regulation. Tonalities in the noise spectrum from far-field measurements are of
particular importance. The peak amplitudes in the far-field spectrum can be traced back to
mechanical sources within the drivetrain, like the gear box and the generator. The structural
vibrations are radiated into the far field either directly from the drive train, through openings
in the nacelle of the turbine, or from large vibrating parts like the nacelle, the rotor blades or
the tower.
In our talk we will present results from a case study on the transfer of gear box vibrations via
the acoustic sound path through the interior cavity of the nacelle. Furthermore, we propose a
new efficient approach to the simulation of far-field sound radiation from wind turbines with
the finite element method (FEM).

Figure: Scaled models of wind turbine gear box and nacelle cavity
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The vibration transmission to the cooled goods within a refrigerator is a usually neglected field of interest.
Previous studies [1] however show that biochemical properties can be affected by continuous exposure
to vibration. Optimal storage conditions necessitate [2] protection against UV light and vibration to
prevent the cooled good’s quality being degraded by outside factors. Using operational transfer path
analysis [3], we investigate different excitation sources that affect a commercial refrigerator and quantify
the spectral input-distributions for all potential sources. Environmental influences, operational conditions
and human interactions with both the refrigerator directly as well as indirectly via the environment were
considered. Based on previous works [4], we developed a robust algorithm [5] for the estimation of the
varying transmission paths within the refrigerator and the close environment. Utilizing the measured
and calculated data we investigate optimizations in design. We identified and charactarized the impact
of different vibration-sources and used deflection shapes of the system and the results from the TPA to
identify areas of interest. Finally, we investigate measures to shift resonance frequencies into spectral
ranges with less excitation and to introduce additional damping.
REFERENCES
[1] Chung, H.J., Son, J.H., Park, E.Y., Kim, E.J. and Lim, S.T. Effect of vibration and storage on some
physico-chemical properties of a commercial red wine. Journal of Food Composition and Analysis.
(2008). 21:8. 655-659.
[2] Tao, Y., Garca, J.F., Sun, D.W. Advances in Wine Aging Technologies for Enhancing Wine Quality
and Accelerating Wine Aging Process. Critical Reviews in Food Science and Nutrition. (2014).
54:6. 817-835.
[3] Gajdatsy, P., Janssen, K., Desmet, W. and der Auwaraer, H.V. Application of the transmissibility
concept in transfer path analysis. Mechanical Systems and Signal Processing. (2010). 24
[4] Kühlert, H., Markert, R., Witfeld, H. Identifikation von Übertragungsfunktionen durch Mehrpunkterregung mit breitbandigen korrelierten Signalen. Schwingungen in der Fahrzeugdynamik.
Vieweg+Teubner Verlag. (1991). (in German)
[5] Hörtnagel, W.A., Plagg, S. and Dohnal, F. Harmonic Transfer Path Analysis of a Wine Refrigerator.
DSTA 2019, December 2-5, Łódź, Poland. Springer Proceedings. (2020). (in press)
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ABSTRACT
The last decades have seen a significant increase of extreme natural events. According to
climate change prediction, this trend is likely to accelerate in the coming years. Large part of
these hazards are driven by hydrological processes, such as floods, mudslides, landslides, and
tsunamis. The huge costs associated to these natural disasters, in terms of casualties and
damages, call for the enhancement of the current forecasting and mitigation capabilities.
The recent improvements of both computer technology and numerical methods encourage the
application of numerical techniques to the simulation of natural hazards. The objective of this
minisymposium is to present and discuss the last advances in the numerical simulation of
natural hazards. The event aims to bring together experts to communicate the latest
advancements in the field and to feed the debate on this urgent topic.
Although this thematic session is mainly focused on hydrological hazards, the application to
other type of natural events, such as geological and meteorological phenomena, will be also
welcome. In particular, all those numerical methods analyzing the interaction among different
natural hazards (e.g. landslides triggered by earthquakes) will be appreciated.
To account for the impact of natural hazards against civil constructions, contributions in the
framework of coupling techniques, like fluid-structure or fluid-soil-structure interactions will
be also appreciated.
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Landslides are one of the most dangerous natural hazards. Each year, landslides are responsible for
hundreds of casualties and millions of euros in damages worldwide. The dangerousness of landslides is
increased by their difficult forecasting. Indeed, the prediction of landslides runout dynamics, deposition
pattern, and impact force is still a complex task. Predicting landslides effects is even more critical when
they can eventually trigger other natural hazards, such as tsunami waves in water reservoirs.
In this field, numerical methods can give substantial help to improve the current forecasting capabilities
against this major natural hazard. In particular, this talk aims to present the last advancements on the
application of the Particle Finite Element Method (PFEM) [1] to the numerical simulation of this complex
multi-hazard scenario. Specifically, the computational method will be used to predict landslide runout,
impact on water reservoir, generation and propagation of waves in the water basin, and final runup.
Thanks to the Lagrangian nature of the method, the PFEM is capable to track accurately the highly
deforming shape of the landslide and water surface [2]. Depending on the nature of the triggered material,
different constitutive models will be used for landslides flow [3].
The accuracy of the numerical predictions will be tested against large-scale laboratory tests and other
numerical results in the literature. Particular attention will be devoted to analyze the case study of Vajont
disaster [4], which has been analyzed with a three-dimensional model.
REFERENCES
[1] S. Idelsohn, E. Oñate, F. Del Pin, The Particle Finite Element Method: a powerful tool to solve
incompressible flows with free-surface and breaking waves, International Journal for Numerical
Methods in Engineering (2004) 58(6):893–912.
[2] M. Cremonesi, A. Frangi, U. Perego, A Lagrangian Finite Element approach for the simulation of
water-waves induced by landslides, Computers and Structures (2011) 89:1086–1093.
[3] A. Franci, X. Zhang, 3D Numerical Simulation of free-surface Bingham fluids interacting with
structures using the PFEM, International Journal of Non Newtonian Fluid Mechanics (2018)
259:1–15.
[4] G. Crosta, S. Imposimato, D. Roddeman, Landslide Spreading, Impulse Water Waves and Modelling of the Vajont Rockslide, Rock Mechanics and Rock Engineering (2016) 49:2413–2436.
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simulation
Gas production in the Groningen field (northeast Netherlands) - the seventh largest in the world
- is causing induced earthquakes. The largest induced earthquake to date, i.e., the August 2012
Huizinge event of local magnitude ML=3.6, triggered a series of extensive studies to carry out
seismic hazard and risk evaluations [1]. An essential component of these studies is a Ground
Motion Model (GMM), providing estimates of the expected ground motion at a site, given an
earthquake of known magnitude, distance, site conditions, etc.
In the framework of a project funded by the Ministry of Economic Affairs and Climate Policy
of Netherlands, a study was conducted by team of Politecnico di Milano on the use of 3D
physics-based numerical approaches to characterize the earthquake ground motion in the
Groningen area. The main objective of this study was the construction and validation of a 3D
seismic wave propagation model for the Groningen area, based on the bulk of existing
geological, geophysical, geotechnical and seismological data. The model covers a large area of
20x20 km2, including the heterogeneous subsoil structure down to a depth of 5 km, and is
designed to propagate frequencies up to 10 Hz.
As a first step of the work, numerical simulations of a real event, namely, the MW 3.4 2018
January 8 Zeerijp earthquake, were carried out to validate both the source and velocity models
by comparison with the available set of recordings. Numerical simulations of seismic wave
propagation were performed using the open-source SPEED based on the Discontinuous
Galerkin Spectral Element Method [2]. The numerical simulations turn out to reproduce
accurately the observed features of ground motions in a broad frequency range, up to 10 Hz.
After validation of the model, sensitivity analyses with respect to key features of the wave
propagation model, such as the 3D subsurface soil structure, the presence of high-velocity
Zechstein salt domes in depth, stochastic velocity fluctuations of the shallow layers, are
presented and discussed. Results points out the potential of 3D numerical simulations and
crucial aspects in deriving GMMs for induced seismicity in Groningen.
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REFERENCES
[1] J. van Elk, D. Doornhof, J. J. Bommer, S. J. Bourne, S. J. Oates, R. Pinho, H. Crowley,

Hazard and risk assessments for induced seismicity in Groningen. Netherlands Journal of
Geosciences, Vol. 96 (5), pp. 259–s269, 2017.
[2] I. Mazzieri, M. Stupazzini, R. Guidotti, C. Smerzini. SPEED: SPectral Elements in
Elastodynamics with Discontinuous Galerkin: a non-conforming approach for 3D multiscale problems. Int. J. Numer. Methods Eng, Vol. 95 (12), pp. 991–1010,. 2013.
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Three-dimensional physics-based simulations (PBS) represent one of the most powerful techniques for
the prediction of seismic wave propagation phenomena. Indeed, based on a high-fidelity level of inputs,
they can provide a complete and reliable picture of the seismic wave propagation phenomenon. Here, we
are interested to employ PBS to predict seismic response of structures by interfacing ground motion at a
site with specific vulnerability model.
In this talk we introduce the mathematical and numerical models for the coupling of the ground motion
induced by earthquakes with the induced structural damages of buildings. In order to simulate seismic
wave propagation we employ the discontinuous Galerkin spectral element method [1,2] implemented in
the open-source code SPEED (http://speed.mox.polimi.it), whereas prediction models of structural damages are based either on empirical laws (fragility curves) or deterministic approaches (linear
and non-linear differential models).
The first proposed coupled approach based on fragility curves is then tested considering 3D synthetic
physics-based scenarios with earthquake magnitude in the range 6.5 − 7.3Mw in the Beijing metropolitan
area (China) focusing on the class of high-rise buildings [3].
In the second proposed approach, 3D physics-based scenarios of the 1999 Mw 6 Athens earthquake are
carried out to study the seismic response of the Acropolis hill and of a simplified model of the Parthenon.
REFERENCES
[1] Antonietti, P.F., Mazzieri, I., Quarteroni, A. and Rapetti, F. Non-conforming high order approximations of the elastodynamics equation. Comput. Methods Appl. Mech. Engrg. (2012) 209:212–238.
[2] Mazzieri, I., Stupazzini, M., Guidotti, R. and Smerzini, C. SPEED: SPectral Elements in Elastodynamics with Discontinuous Galerkin: a non-conforming approach for 3D multi-scale problems.
Internat. J. Numer. Methods Engrg. (2013) 95(12):991–1010.
[3] Melas, L., Antonietti, P.F., Mazzieri, I., Paolucci, R., Quarteroni, A., Smerzini, C. and Stupazzini, M. Three-dimensional physics-based earthquake ground motion simulations for seismic risk
assessment in densely populated urban areas. Mathematics in Engineering (2021) 3(2):1–31.
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The objective of this work is to show some improvements on highly viscous fluid simulation
using the Smoothed Particle Hydrodynamics (SPH). The SPH is one of the Lagrangian
particle methods, and it is used on fluid dynamics problems. It is already well recognized for
dealing with problems of low viscosity fluids (eg., water). However, the SPH needs some
modifications in order to accurately simulate for landslide problems, which need to model
with a Non-Newtonian fluid flow including wide-ranged viscosity.
The main improvement is related to the fully implicit time integration in consideration of the
boundary conditions and the angler momentum conservation. In the original SPH method,
Validation of these improvements includes the pipe flow simulation, hydrostatic problem for
pressure distribution calculation and free-surface verification. Combining these
improvements, we are able to calculate accurately both the particle movement and the
pressure distribution throughout the fluid domain. To demonstrate it, we will present the
viscous fluid coiling effect validation problem, which requires highly accurate modelling in
the viscous term. Results of this problem agree with some of the experiments on Ribe et al. At
last, we will show some examples of landslide simulations using the proposed solution with
the aim of improving disaster prevention measures and some numerical experiments on nonNewtonian fluid flows.
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In recent years, natural hazards involving large mass movements such as landslides, debris
ﬂows, and mud flows have been increasing their frequency and intensity as a consequence of
climate change and other related factors. These phenomena often carry huge rocks and heavy
materials that may, directly or indirectly, cause damage to structures and the landscape. They
are, therefore, extremely dangerous and often bring a huge loss of lives and properties, resulting
in a great economic loss. Even if nothing can be done in a short time to avoid the disasters,
protection structures should be designed, or improved to minimize the damage induced by the
dynamic soil forces.
For this reason, we present a numerical approach to deal with the interaction of the moving
mass with the installed protective structures. We present an implicit formulation of the Material
Point Method (MPM) able to model the landslides considering ﬁnite strain assumption [1,2].
Furthermore, a staggered coupling scheme with the Finite Element Method is proposed to
simulate accurately and robustly the dynamic force and displacement coupling of soil-structure
interaction. The possibility to impose non-conforming boundary conditions is also included.
While this feature is not essential in small deformation regime, it is extremely important when
large deformation occurs. In this latter case boundary conditions need to follow the material
points in the deformation process. In the current work, a penalty approach is used to impose the
Dirichlet boundary conditions in two nonconforming discretization. These features of MPM
makes the method more complete for simulations of large deformation granular and geomaterials, which often inseparable from moving boundaries, e.g. in cone penetration tests.
2 a 3 dimensional validation examples have been performed to assess the current approaches.
All algorithms are implemented within the Kratos-Multiphysics open-source framework
(https://github.com/KratosMultiphysics/Kratos) and available under the BSD license.
REFERENCES
[1] Iaconeta, I. et al. A stabilized, mixed, implicit Material Point Method for non-linear
incompressible solid mechanics problems Computational mechanics 175, 226-232,(2019);.
[2] Iaconeta, I., et al. Comparison of a Material Point Method and a Meshfree Galerkin
Method for the simulation of cohesive-frictional materials, Materials, 10,1150, (2017)
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ABSTRACT
Numerous open source software (OSS) packages have been developed and enhanced in recent
years and the range of practical use has been significantly extended throughout academia and
industry. The goal of this minisymposium is to confirm recent trends in scientific OSS
(arising in multiple disciplines such as Engineering, GeoScience, Life Sciences, Materials
Research, Climate/Weather Prediction) and discuss the directions for future development and
their deployment for production applications in both scientific research and in an industrial
context.
Topics of this minisymposium include, but are not limited to :
- Open source solvers, such as FEM, FVM, particle methods, molecular/quantum methods
- Pre-/post-processors
- Examples of real-world modelling and simulation with OSS (so focusing on the use of the
software for a range of applications such as fluid analysis, structural analysis, electromagnetic
analysis, etc.)
- Execution environments for supporting OSS users
- Maintenance or management of OSS
- Challenges in developing OSS for large-scale HPC systems
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Many companies whose research and development is focused on mechanical problems develop or use
software based on Open Source Software (OSS) for dedicated simulations. But there is no available
OSS established in this specific domain neither by scientific research nor by industry. For durability and
reliability methods we developed an in-house python based advanced library in recent years. Extended
with the most relevant and important basic calculation methods addressed to material, strength and stress
calculation applications (e. g. [1], [2]) we are further developing the pyLife open source library free to
use for everyone who works in that field with a scientific, industrial or software background. Based on
python state of the art libraries like Pandas, SciPy, NumPy we launched a function library as backbone
for user or task specific software implementations, easy to understand and easy to write. In this talk
we will highlighting some features of pyLife, our industrialization strategy and explaining the way how
everybody can integrate and contribute to the OSS library.
REFERENCES
[1] Maurizio Guida and Francesco Penta A Bayesian analysis of fatigue data: Structural Safety ,32, 64
– 76, 2010
[2] Norman Fenton and Martin Neil Risk Assessment and Decision Analysis with Bayesian Networks:
Chapman and Hal, 2018
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Skin burn is a severe health hazard of the human being. Temperature profile during and after
the burn will help both patients and physicians for proper treatment. This research represents a
3D Finite Element Model of human skin subject to alternative heating (burn) and cooling (burn
treatment) condition. Multilayers skin model is developed. Contact with a hot disk is considered
the burn cause. Burned tissue response to cooling i.e., natural convection to ambient air, cold
running water, steady water and direct contact with ice is demonstrated as cooling strategy. The
well-known Penne’s bio-heat equation is used to calculate the transient temperature during
heating and cooling of skin. The Henrique’s burn integral method is used to determine the
amount of skin cell damage, and hence to evaluate the intensity of burn injury. The temperature
and damage profile inside the different layers is briefly described. Burn severity at different
locations of the skin is calculated.
The ADVENTURE system [1,2] is a general-purpose computational mechanics system based
on Fnite element method (FEM), and is distributed as open-source software. Since this system
has taken the module-based architecture, it consists of a number of modules which were
developed individually.
In this paper, simulation of the human skin burns using ADVENTURE is performed and it will be
useful for researchers and physicians to accurately measure the thermal injury during burn and
post-burn cooling process.
REFERENCES
[1] ADVENTURE system: https://adventure.sys.t.u-tokyo.ac.jp/

[2] S. Yoshimura, R. Shioya, H. Noguchi, T. Miyamura. Advanced general-purpose computational
mechanics system for large-scale analysis and design, Theoretical and Applied Mechanics Japan. 57
(2009) 377–383.
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Coupled analysis using finite volume method is carried out to clarify the behaviour of
hydrothermal destruction reactor of polychlorinated biphenyl (PCB) [1] in Tokyo PCB Waste
Treatment Facility, Japan Environmental Storage & Safety Corporation (JESCO). In this study,
inner fluid in the reactor is assumed by single-phase hot water without chemical reaction.
Compressible Navier-Stokes equation with gravity term, and energy equation are staggeringly
solved for thermal fluid coupled analysis. The Reynolds-averaged Navier-Stokes equations
based on the standard k-ε model are used for turbulent flow analysis. Temperature dependent
thermo-physical properties of the hot water such as specific heat, thermal conductivity and
viscosity, and equation of state of density, are employed using polynomial equation of
temperature for the thermal fluid analysis because of high temperature difference more than
300°C and high pressure 26.5MPa in the reactor.
In order to consider conjugate heat transfer between inner fluid and the reactor, two-region
coupled analysis of thermal fluid flow and heat conduction of the reactor was executed by
chtMultiRegionFoam solver in OpenFOAM [2]. A three-dimensional realistic finite volume
mesh which is more than 20 million cells for the multi-region coupled analysis was constrtucted
by reproducing real reactor based on blueprints provided by JESCO. Two reactor models with
and without a bottom patition wall for corrosion prevention were constructed and compared.
To verify coupling effect, these multi-region coupled analyses results compared with thermal
fluid flow analysis of inner fluid or heat conduction analysis of the reactor.
REFERENCES
[1] T. Maeda, K. Ueda, T. Fukusumi, K. Shinoda and M. Tateishi, Treatment of PCB by

Hydrothermal Decomposition. Mitsubishi Heavy Industries Technical Review, Vol. 38, No.
1, pp. 32−35, 2001 (in Japanese).
[2] OpenFOAM (Free CFD Software) The OpenFOAM Foundation, https://openfoam.org/
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ABSTRACT
This minisymposium is concerned with computational methods for solids and structures
subjected to extreme loads, such as high-speed impact and explosive detonation, which induce
highly nonlinear material response, such as shock, large deformations, fracture and
fragmentation. Application of computational methods to problems of extreme loading in
various industries has been enabled in three dimensions at unprecedented length and time
scales by advances in computing technology. Typical applications of these methods include
the defense, construction, mining, space, counterterrorism and law-enforcement industries.
The use of numerical simulation for weapon-structure interactions has seen significant growth
in recent years, due to improved computational methods, the expense of testing, and the
aforementioned advances in computing technology. Improvements in the structural-damage
evaluation of protective structures, vehicles, and body armor rely more heavily on modeling
impact, penetration, and the explosive effects of weapons. New isogeometric and meshfree
methodologies enable engineers to analyze old problems more easily and accurately, while the
use of air-blast, explosive-detonation, and other Eulerian codes also contributes to the analysis
of weapon-structure interactions. In addition, the assessment of force protection and terrorist
threats to government facilities and civilian infrastructure has seen greatly increased
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utilization of computational mechanics for blast-structure modeling. This is particularly true
for those structures, such as large buildings, dams, or bridges, for which full-scale testing of
the threat is not feasible. Mining operations and construction procedures, such as excavation,
demolition, and explosive anchor driving, can also utilize these computational tools.
Modeling of impact has become increasingly important in aircraft and spacecraft design.
These applications typically involve some of the most challenging aspects in structural and
solid mechanics, such as nonlinear material behavior under large strains and/or high strain
rates, failure and dynamic fracture, burning and detonation of energetic materials, phase
change and transition, and high-velocity and high-frequency contact.
The purpose of this mini-symposium is to provide a forum for technical presentation and
exchange, and to establish communication and collaboration between academic, government
and industrial developers of computational-mechanics software for applications to extreme
loading. Papers dealing with all aspects of extreme loading are welcome, including
theoretical developments, coupling of multi-spectral physics, new higher-order, isogeometric,
and meshfree discretizations, numerical algorithms, implementation and parallel
computational issues, exploitation of GPU programming, constitutive modeling, experimental
validation, and practical applications.
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A second-order 19-node pyramid has recently been developed [1] that is compatible with
existing second-order elements suitable for use in nonlinear solid dynamics with explicit time
integration. Recent studies have demonstrated the benefits of higher order hexahedral (hex),
tetrahedral (tet), and wedge (i.e., an extruded triangle) elements within explicit dynamic solid
mechanics [2–4]. Pyramid elements composed of four triangular faces and one quadrilateral
face provide analysts with increased options for meshing complex geometries by serving as a
highly adaptable transition element for hex-dominant meshing. Together with this new pyramid
element, the 27-node hex, 15-node tet, and 21-node wedge elements provide a reliable suite of
second-order elements for explicit dynamic applications. This will allow analysts to take
advantage of the accuracy of second-order elements for explicit dynamic problems as well as
the economy of hex-dominant meshing for complex geometries. The pyramid has been
implemented and evaluated using the in-house code ParaAble, and is currently being
implemented into the U.S. Department of Defense code EPIC [5]. An 18-node version is
currently available in the meshing software Cubit, with the 19-node version soon to follow. The
behavior and performance of the new pyramid element will be discussed for several different
problems, which will also highlight its advantages for hex-dominant meshing. Permission to
publish was granted by Director, Geotechnical & Structures Laboratory.
REFERENCES
[1] R. Browning, K. Danielson, M. Adley, Higher-order finite elements for lumped-mass
explicit modeling of high-speed impacts, International Journal of Impact Engineering.
(2019) 103458. https://doi.org/10.1016/j.ijimpeng.2019.103458.
[2] K.T. Danielson, J.L. O’Daniel, Reliable second-order hexahedral elements for explicit
methods in nonlinear solid dynamics, International Journal for Numerical Methods in
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[3] K.T. Danielson, Fifteen node tetrahedral elements for explicit methods in nonlinear solid
dynamics, Computer Methods in Applied Mechanics and Engineering. 272 (2014) 160–
180. https://doi.org/10.1016/j.cma.2014.01.012.
[4] K.T. Danielson, M.D. Adley, T.N. Williams, Second-order finite elements for hexdominant explicit methods in nonlinear solid dynamics, Finite Elements in Analysis and
Design. 119 (2016) 63–77. https://doi.org/10.1016/j.finel.2016.02.008.
[5] G.R. Johnson, C.A. Gerlach, T.J. Holmquist, User instruction for the 2019 version of the
EPIC code, Southwest Research Institute, Minneapolis, MN, 2019.
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Development and validation of new and enhanced computational capabilities to
accurately model highly localized deformations due to ballistic loading are discussed. A
method for modelling the nucleation and three dimensional progression of localizations within
an Eulerian hydrocode is described. The localization method applies to both adiabatic shear
bands and fractures. To demonstrate the method, the impact of a blunt-nosed steel projectile
against a Ti-6Al-4V plate that fails via plugging is simulated. The method is also demonstrated
in predicting material failures in long rods during oblique impact and semi-infinite target
penetration. The simulation results closely replicate the experimental observations. The mesh
dependency that can occur in the hydrocode modelling of a stretching shaped charge jet is
discussed. Mesh selection affects the estimation of tip speed and jet particulation time. An
approach to remedy this mesh dependency and other difficulties is presented. A new approach
that combines hydrocode and peridynamic simulation methods is developed. It is demonstrated
to be effective in modelling the detonation and fragmentation of warheads.
REFERENCES
[1] Silling, S. A., “Shear Band Formation and Self-Shaping Penetrators”, SAND92-2692. UC-

405. 1993

[2] Fermen-Coker, M., 2004: Implementation of Schoenfeld-Wright Criterion into a 3D
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[3] Fermen-Coker, M., “Numerical Simulation of Adiabatic Shear Bands in Ti-6Al-4V Alloy
Due to Fragment Impact”, 24th Army Science Conference Proceedings, CS-14, November
29-December 2, 2004. Also published as ARL reprint report ARL-RP-91, March 2005.
[4] Kmetyk, L.N.; Yarrington, P.; Vigil, M.G. CTH Analyses of Viper Conical Shaped
Charges with Comparisons to Experimental Data; SAND90-2604, Sandia National
Laboratories: Albuquerque, NM, January, 1991.
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The shock response of Fe microstructures results in an 𝛼𝛼 (BCC) → 𝜀𝜀 (HCP) phase
transformation behind the shock front and results in a three-wave structure of the shock wave.
The phenomenon of dynamic failure (spallation), however, involves the propagation of release
waves that result in a reverse 𝜀𝜀 → 𝛼𝛼 phase transformation. The interaction of the release waves
results in the creation of triaxial tensile pressures that result in nucleation and growth of voids
to initiate spall failure. While classical molecular dynamics (MD) simulations are able to
reproduce the 𝛼𝛼 → 𝜀𝜀 phase transformation in iron, the role of the fraction of the 𝜀𝜀 phase and
the reverse phase transformation on the spall failure is not clear. In this work, large-scale
molecular dynamics simulations are performed to study the spall failure induced by shock
deformation of single-crystal Fe microstructures. The goal is to understand the role of shock
pressures on the spall strengths of single-crystal Fe systems for various loading orientations.
The observed shock structures and phase transformed fractions are observed to vary with
loading orientations, and the reverse transformation results in the generation of twins for the
[110] orientations. The results suggest that phase transformation and deformation twinning
behavior at the spall plane that experiences triaxial tensile waves vary with loading orientations
and shock pressures, and hence has an influence on the predicted spall strengths. A higher spall
strength value is observed for systems with larger fraction of the phase transformed region and
for higher loading strain rates. The interplay between dislocation slip, deformation twinning
and phase transformation on the spall response will be presented.

REFERENCES
[1]
Kadau, K., Germann, T. C., Lomdahl, P. S. & Holian, B. L. Microscopic View of
Structural Phase Transitions Induced by Shock Waves. Science 296, 1681,
doi:10.1126/science.1070375, 2002.
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This presentation discusses some of the latest developments with second-order finite elements
for lumped-mass explicit time integration methods in nonlinear solid dynamics. Various recent
efforts demonstrated the benefits of second-order, as well as higher orders, for intricate lumpedmass explicit simulations. The U.S. Army Engineer Research and Development Center
(ERDC) developments are included in ERDC Geotechnical and Structures Laboratory’s inhouse meshing tools (ProMesher), parallel FEA code (ParaAble), and visualization software
(PenView), as well as implemented into popular production meshing (Cubit), parallel analysis
(EPIC), and visualization (ParaView) software; similar capabilities have also appeared in
commercial finite element software for various classes of applications. This presentation
discusses subtle but important details for a range of applications from linear wave propagation
to complex highly nonlinear problems including inelasticity and contact. Topics include mass
lumping, numerical quadrature, nearly incompressible materials, critical time increment
prediction, and varying element formulations. The discussion describes the benefits of HexDominant modeling in exploiting effective combinations of hexahedral, tetrahedral, wedge, and
pyramid elements and compares serendipity elements using the Hinton-Rock-Zienkiewicz
(HRZ) mass lumping method and Lagrange elements using row-summation lumping.
ACKNOWLEDGMENTS
Permission to publish was granted by Director, Geotechnical and Structures Laboratory.
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Since its inception in the 1970’s, explicit time integration of finite elements has been the
preferred combination of methods for modeling the impact of solids. Explicit integration finds
most efficiently the solution to the equations of motion at each of the many small time steps
required to resolve wave motion, and finite elements provide a systematic means of representing
arbitrarily shaped spatial domains. While this combination may be the best available, it
nevertheless suffers from errors resulting from the lack of smoothness inherent to dynamics,
such as the generation of artificial oscillations at an inadequately refined wave front.
Higher-order finite elements have recently been shown to provide significantly greater accuracy
in simulations of wave motion than the industry-standard first-order elements at equal mesh
refinement, equal computing time, and equal memory allocation. Since a great many of the
practical problems in dynamics involve impact, exploiting this accuracy requires contact
algorithms of commensurate accuracy. To this end, a contact algorithm has been developed to
account explicitly for element order and curved element surfaces. In the first part of this
presentation, the formulations of the higher-order elements and their contact algorithms are
briefly introduced. In the second part, a suite of impact tests to validate the algorithms is
presented. A primary goal in the design of the tests is ensuring that the boundary conditions of
the simulations accurately characterize the tests. As a result, multiple wave reflections can be
simulated without introducing errors from inaccurate boundary conditions, and the errors from
the element and contact algorithms are isolated. Simulations of the tests with first- and higherorder elements demonstrate that the superior accuracy of the higher-order elements can be
extended to impact problems
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ABSTRACT
Design optimization is a powerful tool that enables an automatic design process with the help of sophisticated computational models. It is widely used in industries, academia, national laboratories for various
applications, mainly including aerospace, structural, mechanical engineering, but expanding to fluids,
acoustics, electromagnetics, and optics.
Both shape and topology optimization procedures are driven by the minimization/maximization of a certain quantity of interest (e.g., the static compliance of an elastic system, the dissipated energy in a fluid,
the fundamental vibration frequency of a body) so that specific requirements are fulfilled. These latter
usually involve design specifications (e.g., the volume fraction, a local control over the displacement
or stress) and are mathematically expressed as equalities or inequalities, whereas a Partial Differential
Equation (PDE) models the underlying physical system (i.e., PDE-constrained optimization).
Several numerical methods are currently available in the literature to efficiently deal with both shape and
topology optimization in disparate settings. However, this process is computationally expensive mainly
because of the requirement of solving a large system of equations at every optimization iteration. Goal
of this Minisymposium is to provide the state of the art on advanced techniques for accelerating the
desing optimization process. We welcome contributions on the following potential topics within design
optimization, but not limited to:
•
•
•
•
•

Model order reduction
Surrogate modeling
Accelerating the solution process of linear system equations
Parameter space approximation
Adjoint space approximation
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This study performs a moving morphable components (MMC) -based[1] topology
optimization for structures loaded by moving excitations[2]. Different from the existing
topology optimization research work, the dynamic load in the present study is assumed to be
moving along a specific path rather than acting on some designated locations consistently.
Under this circumstance, the dynamic structural response would be time-dependent and very
complicated. Hence, topology optimization for such a structure would be a most challenging
problem that has not been previously reported. It is of great theoretical and realistic significance
for some practical engineering, such as the designs of long-span bridges, mobile gantry cranes,
hard disk actuators and so forth. Like the existing MMC-based approaches, the structural layout
is assumed to be composed of a set of MMCs. Two- and three-dimensional topology description
functions are adopted to describe them explicitly, and their geometrical parameters are naturally
chosen as the topological design variables. Accordingly, the mass, damping and stiffness
matrices of the design domain can be easily established adopting a standard finite element (FE)
program. A mode reduction technique is further applied to mitigate the computational burden
required for structural transient response analysis. In consideration of the compatibility and
practicality of the proposed strategy, the most popular Newmark algorithm is employed to
calculate the structural transient response, for which the moving load is discretized in the time
domain and an interpolation scheme is performed when the moving load doesn’t act on the FE
nodes. In view of that the structural dynamic response are time-depend, the maximum absolute
value of the structural dynamic compliance over the entire time interval is taken as the objective
function. It is further converted into a differentiable form via the Kreisselmeier-Steinhauser
(KS) formulation to facilitate sensitivity analysis. Leading by the sensitivities with respected to
the geometrical parameters, the MMCs move, rotate and deform. As a consequence, the
structural optimal layout is finally formed applying the method of moving asymptotes.
Benefitting from the MMC-base framework, the boundaries of the optimized structure are
geometrical explicit. Hence, the proposed strategy will not be affected by the widespread
numerical instabilities such as grey elements and checkerboard patterns. This considerably
increases the chance of obtaining a usable design. The effectiveness of the proposed approach
is demonstrated by some two- and three-dimensional numerical examples, through which the
effects of some important parameters on the optimal results are fully discussed.
REFERENCES
[1] X. Guo, W. Zhang, W. Zhong. Doing Topology Optimization Explicitly and

Geometrically—A New Moving Morphable Components Based Framework. Journal of
Applied Mechanics, 2014. 81(8): 081009.
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ABSTRACT
Input variable selection methods are often used to solve challenges arising from the high-dimensionality.
However, the methods are mainly aiming to reduce the problem size not considering the constrained
optimization problems (COPs). To consider the two things, we have been studying a criterion that can
obtain a subset of the minimum number of significant input variables with an expected improvement of
the objective function and satisfying the constraint boundary. However, a selection strategy to obtain
the optimum significant input variables (OSIVs) that meet the criterion has not been studied. Therefore,
this study proposes a significant input variable selection (SIVS) strategy. The major process of the
proposed SIVS strategy are significance analysis (SA), constraint-boundary-based weight allocation
(CBBWA), calculating selection measure based on the SA and the CBBWA, and surrogate-model-based
optimization. The significance of the input variables to the responses within the design space is analyzed
by using the SA. Additionally, because obtaining the optimum design that meets the criterion is the
purpose, the significant input variables to the constraints with violation and proximity to the constraint
boundary should be selected. To allocate the weights to the significance of the constraints for selecting
the significant input variables, the CBBWA is proposed. Then, the significant input variables are
selected based on the calculated selection measure. Finally, by using the significant input variables,
surrogate-model-based optimization is performed to find the optimum design that meets the criterion
and to deal with the computationally expensive black-box problems. The process is iteratively performed
until the criterion is met. The proposed SIVS strategy is applied to the benchmark problem and real
engineering design problem [1]. Through this study, it is expected that the designer will obtain the
OSIVs that meet the criterion at a low cost.
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The current state-of-the-art high-fidelity aerodynamic optimization framework use a reduced sequential quadratic programming approach. State variables are fully solved using existing partial differential
equation (PDE) solvers, followed by the adjoint linear system, and concluded by a quasi-Newton design update. The optimization problem’s complexity increases proportionally to the number of design
variables and becomes intractable for complex designs. The proposed work presents a full-space approach [1], where state, adjoint, and design variables are updated through an inexact Newton step of the
optimizer.
Each Karush–Kuhn–Tucker (KKT) iteration of the full-space approach requires the solution to a linear
system at least twice the size of the forward problem. The KKT system is preconditioned by using the
forward and adjoint preconditioners developed for the reduced-space approach and the design space is
preconditioned using an approximation of the reduced Hessian based on inexact solves [2] and BroydenFletcher-Goldfarb-Shanno updates. The tedious second-order sensitivities required for the full-space
approach are obtained through automatic differentiation of the PDE discretization.
The method is applied to the inverse design of a two dimensional channel flow and on the drag minimization of an airfoil. The resulting work establishes a framework towards a convergence independent
of the optimization problem size.
REFERENCES
[1] G. Biros and O. Ghattas, “Parallel Lagrange-Newton-Krylov-Schur methods for PDE-constrained
optimization. part I: The Krylov-Schur solver,” SIAM Journal on Scientific Computing, vol. 27,
pp. 687–713, jan 2005.
[2] D. Shi-Dong and S. Nadarajah, “Approximate Hessian for accelerated convergence of aerodynamic
shape optimization problems in an adjoint-based framework,” Computers & Fluids, Apr. 2018.
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When designing acoustically small devices, such as hearing aids or micro speakers, visco–thermal
boundary-layer losses need to be taken into account. To model these effects, the linearized, compressible
Navier–Stokes equations have to be employed, in general. However, even for small devices, numerical
solutions of these equations are extremely computationally costly to compute, due to the thinness of the
boundary layers; in air, they are around 20–400 µm at audio frequencies. Extreme mesh refinements
close to solid boundaries are needed for such computations to be feasible. The difficulty of handling such
meshes in a shape-optimization context together with the computational cost have made it impossible to
carry out shape optimization taking acoustic visco–thermal losses into account, particularly in 3D.
It is thus necessary to employ approximations of these losses for shape optimization. Unfortunately,
classical methods only apply for special geometries such as tubes and slits and not for the geometries
that can be expected in shape optimization. However, a recent breakthrough in the modeling of boundary
layers has changed all of this [1]. With this model, visco–thermal boundary-layer losses are accounted
for by a so-called Wentzell boundary condition to the Helmholtz equation. The computational cost is
essentially the same as for the loss-less case, and no special boundary-layer meshes are needed.
We demonstrate the effectiveness of this boundary-layer model for shape optimization by designing,
in full 3D, the so-called phase plug of a compression driver, the standard sound source for mid-range
acoustic horns. The optimization was carried out using the BFGS quasi-Newton optimization algorithm,
and the CutFEM method [2], implemented in the Fenics computing platform (www.fenicsproject.org),
solved the governing and adjoint equations. The final frequency response of the optimized driver very
closely matches an ideal response, that is, the one that would be obtained if resonance and interference
phenomena could be ignored.
REFERENCES
[1] M. Berggren, A. Bernland, and D. Noreland. Acoustic boundary layers as boundary conditions. J.
Comput. Phys., 371:633–650, 2018.
[2] E. Burman, S. Claus, P. Hansbo, M. G. Larson, and A. Massing. CutFEM: Discretizing geometry and
partial differential equations. Internat. J. Numer. Methods Engrg., 104:472–501, 2015.
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The most accurate way of modeling a lattice structure is to use continuum solid finite
elements, which provide detailed physics information. However, the method introduces a
large number of degrees of freedom which hinder the computational solution process, even in
high-performance computing facilities. In particular, the design optimization process requires
many high-fidelity simulations as it explores a parameter space, which is even more
formidable than running a single simulation. Therefore, most 3D CAD software companies
adopt approximation schemes, such as homogenization or beam element-based approaches,
in their lattice design tools. Both the homogenization and beam/shell element-based methods
accelerate the lattice design procedure by approximating high fidelity continuum finite
element models for unit cells or struts, respectively. However, it is well known that both fail
to achieve the accuracy and reliability that are crucial for a robust design, such as designs with
stress constraints.
The Component-wise Reduced Order Model (CWROM) lattice design approach overcomes
these limitations by delivering a large speed-up in the computational process (relative to
continuum finite elements) and arbitrary, tunable accuracy in the analysis. The CWROM [1]
differs from the classical model order reduction in that computational training is done at the
component rather than the system level; thus, training is very inexpensive compared to that for
system level training. In large systems with many repeated components, such as a lattice
structure, the trained components can be assembled together similar to LEGO blocks to form
any system that can be made out of the trained components. If the system configuration changes,
there is no need to re-train the existing components. Similar to beam-based approach, the nonuniform initial lattice design domain can be directly formed with CWROMs.
The capability of CWROM lattice design approach has been successfully demonstrated in a
lattice design optimization problem. Results showed that our algorithm achieves 660x speedup
with a less than 1% error rate compared to the continuum solid finite element model of the
same lattice system.
REFERENCES
[1] Huynh, D.B.P., Knezevic, D.J., and Patera, A.T., “A static condensation reduced basis

element method: approximation and a posteriori error estimation,” ESAIM: M2AN, pages
213-251, 2013
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Many applications deal with the investigation of the behavior due to given design modifications, e.g.
the shape, the topology, material properties etc. Classical applications are for instance structural optimization, reliability analysis or structural damage analysis. In many cases hundreds of different design
configurations are investigated and the state equation has to be solved for each design step. The repeated
structural analysis of large problems involve significant computational effort. An efficient reanalysis
method can be used in order to reduce the overall computational cost. In particular, Kirsch’s combined
approximation (CA) method is mentioned, see e.g. [2]. Within the CA method, the changed stiffness
matrix has to be computed, which require for large scale problems a significant computational effort. A
different approach for global nonlinear reanalysis based on residual increment approximations (RIA) has
been presented in [3]. In contrast to the above mentioned CA approach, only residual vectors have to
be evaluated, which is much faster than the computation of changed stiffness matrices. Furthermore, the
proposed method is very efficient and easily to implement in existing finite element programs, because
no derivatives with respect to the design variables are necessary.
Very often we are interested only in certain quantities of interest J(·) and so-called goal-oriented or
duality techniques or adjoint state methods can be used to compute J(·). In structural mechanics this
is known as the concept of influence functions, see e.g. [1]. The quantities of interest could be point
values, e.g. a displacement component ui (X) or a stress component σi j (X) at a point X, or some integral
value. In order to compute an approximation of the change in a quantity of interest due to design changes
so-called adjoint sensitivity analysis can be used. In contrast, within this contribution a method for the
prediction of the change in a quantity of interest due to design modifications by using the changes in
the primal and dual solutions is investigated. The approach uses the RIA reanalysis method and no
derivatives with respect to the design variables are necessary.
REFERENCES
[1] Hartmann, F. and Jahn, P. Statics and Influence Functions - from a Modern Perspective. Springer
International Publishing, (2017).
[2] Kirsch, U. Combined approximations - a general reanalysis approach for structural optimization,
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[3] Materna, D. and Kalpakides, V. K. Nonlinear reanalysis for structural modifications based on residual increment approximations, Computational Mechanics (2016) 57(1): 1–18.
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A novel optimization framework for the design of multifunctional structures with active
materials is developed. Shape Memory Polymers (SMPs) are a class of active materials that
are capable of undergoing significant shape change in response to non-mechanical loading
[1]. The structural deformations and the temperature-dependent memory characteristics of
SMPs are analyzed with a multi-phase finite element model based on the additive
decomposition of small-strains [2]. The finite element model consists of a viscoelastic
material model combined with a temperature-dependent strain storage mechanism, providing
the SMPs their characteristic shape-memory property. The thermomechanical characteristics
of SMPs are utilized to actuate structural deflection towards a target shape, which is implicitly
programmed into the material distribution via topology optimization. A time-dependent
adjoint sensitivity formulation implemented through a recursive algorithm is used to calculate
the gradients required for the topology optimization framework. A novel SMP thermomechanical programming cycle is implemented to reduce the computational cost while
preserving the essential SMP characteristics. Multimaterial topology optimization combined
with the novel thermo-mechanical programming cycle is used to optimally distribute
active and passive SMP materials within the design domain to achieve specific target
displacements, by exploiting the difference in the glass-transition temperatures of the two
SMP materials. Forward analysis and sensitivity calculations are implemented through a
PETSc-based HPC framework to enable efficient structural design. Numerical results
demonstrating the application of the current framework are provided. Topology optimization
was implemented to design a morphing beam capable of deforming in a non-axial direction
with simple axial loading applied during the thermomechanical programming cycle. Design of
a self-actuating gripper was also implemented. The results show that topology optimization
can be successfully implemented to tailor the temporary shape of SMP structures to exhibit
different morphing shapes.
REFERENCES
[1] Ge, Q., Sakhaei, A.H., Lee, H., Dunn, C.K., Fang, N.X. and Dunn, M.L., 2016.

Multimaterial 4D printing with tailorable shape memory polymers. Scientific reports, 6,
p.31110.
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thermodynamically-consistent 3 D constitutive model for shape memory polymers.
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Electrochemical systems such as fuel cells, flow batteries, and electrochemical reactors are
prevalent in industry, but few tools for their numerical design and optimization exist.
Simulation of these systems spans length-scales from sub-micron to meter and often requires
the solution of multiple coupled partial differential equations (e.g. mass transport, momentum
transport, and electrostatics). Appropriate resolution of the typically porous, electroactive
component domain is often computationally expensive, making shape and topology
optimization at this scale especially difficult if not prohibitive. To accelerate and enable the
design optimization of these systems, we employ physics-based homogenization of the
governing microscopic, continuum transport equations. In this presentation, we briefly review
the homogenization formulation for porous electrochemical systems and our numerical
methodology for extracting effective properties. We then apply these techniques to develop an
up-scaled representation for a flow battery electrode composed of an architected porous
medium consisting of an iso-truss lattice. Through resolved computations on the
microstructural unit cell, we parameterize its macroscopic response as a function of the unit cell
porosity to generate the homogenized model. By applying the adjoint method, we calculate
model sensitivities with respect to the spatially varying of unit cell porosities, enabling design
optimization at the device scale. We conclude by applying our methodology to generate
optimized architectures for industrial scale flow-through electrodes.
This work was performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-07NA27344.
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Standard topology optimization tools have the objective of distributing a certain quantity of material in
a given domain in order to minimize an objective function (i.e. sound intensity, compliance, etc.) under
certain constraints (i.e. total mass, maximum stresses, etc.). Common implementations are based on the
SIMP [1] approach or the Level-Set approach [2], where the number of parameters is roughly equal to
the number of elements (a density is defined at each element) or the number of nodes (a distance to the
boundary is defined at each node), respectively. Therefore the number of parameters to be optimized
is high. On the other hand, shape optimization implementations starts with a given topology of the
component and adjust a reduced number of parameters, such as thickness, radii, etc., that define the
boundary. However, these tools are unable to modify the topology.
In this work we propose a method to combine both methodologies. The proposed methodology starts
with few iterations of a topology optimization tool to define the topology of the component. Once the
topology is defined, a marching cubes algorithm is used to reconstruct the surface of the component.
Thanks to the use of a Machine Learning tool at this point, it is possible to infer a reduced number of
variables on which the surfaces depends on. Then, standard shape optimization tools can be used, thus
reducing the number of variables and the overall computational cost of the optimization process.
Acknowledgements: The authors gratefully acknowledge the financial support of Conselleria d’Educació, Investigació, Cultura i Esport (Generalitat Valenciana, project Prometeo/2016/007), Ministerio de
Economı́a, Industria y Competitividad (project DPI2017-89816-R) and Ministerio de Educación (FPU16
/07121).
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This work presents a strategy to build reduced order models suitable for aerodynamic shape optimization.
A surrogate model is proposed in lieu of computational-fluid-dynamics solvers, for fast nonlinear aerodynamic modeling. A nonlinear function is identified on selected interpolation points obtained using a
discrete empirical interpolation method. The flowfield is then reconstructed using a least-square approximation of the flow modes extracted by proper orthogonal decomposition. The aerodynamic reducedorder model is completed by introducing a nonlinear mapping function between surface deformation and
the discrete empirical interpolation method points. The problems of interest are solved using a gradient
based algorithm suitable for constrained optimisation cases, in this case the fmincon function in MatLab,
employing a SQP algorithm[3] is chosen. The design space is initially restricted; as the optimisation
trajectory evolves, new samples enrich the ROM. The resulting multi-fidelity optimisation problem is
managed by a trust-region algorithm.
The proposed methodology is evaluated using a series of transonic and subsonic test cases, including the
Onera M6 wing[1], and the CRM aircraft[2]. Preliminary results for the Onera M6 wing are shown in
figures 1 and 2. The wing is parameterised using 32 control points that define the wing section shape at
four distinct locations along the span. In figure 1, the symbols represent a new high-fidelity analysis and
trust-region update.
The final paper will demonstrate savings of about 50% in wall clock time with respect to adjoint methods
using SU2 framework[4] for problems with a moderate number of design variables.
REFERENCES
[1] Schmitt, V. and F. Charpin, Pressure Distributions on the ONERA-M6-Wing at Transonic Mach
Numbers, Experimental Data Base for Computer Program Assessment, Report of the Fluid Dynamics Panel Working Group 04, AGARD AR 138, (1979)
[2] Vassberg, J.C., DeHaan, M.A., Rivers, S.M. and Wahls, R.A., Development of a common research
model for applied CFD validation studies (2008). AIAA Paper No. AIAA-2008-6919.
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Figure 1: Onera M6 Optimisation convergence history.

Figure 2: Optimised wing shape (left) comparison with original Onera M6 wing (right).
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In Structural Optimization the most computational expensive procedure is the solution of the
FE equations and design of the structural model. This comes from the fact that the structural
model changes in every iteration, thus the assembly of the stiffness matrix, the FE analysis and
the design checks for the whole model have to be performed multiple times. Therefore, there is
a need for the implementation of technics that can reduce the computational cost of each
iteration and thus manage to achieve the same optimized result with a considerable reduction
in the optimization time.
High Performance Optimization Computing Platform (HP-OCP) is an optimization software
developed in C# programming language by ISAAR-NTUA which provides a holistic
optimization approach for civil engineering structures. It combines powerful derivative-based
and derivative-free optimization algorithms like the Projected Quasi-Newton (PQN), Constrained
Optimization by Linear Approximation (COBYLA), Latin Hypercube (LH), Differential Evolution
etc. [1] with different structural analysis software’s like SAP2000, ETABS & SCIA Engineer
utilizing their abilities in finite element analysis and most importantly different design codes
into the optimization procedure.
To deal with the computational demand deriving from this coupling of optimization
algorithms and commercial structural analysis software’s parallel computational procedures
have been implemented to HP-OCP. This procedures were tested in real world civil engineering
problems and produced very good results.
ACKNOWLEDGEMENT
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the Operational Program Competitiveness, Entrepreneurship and Innovation, under the call
RESEARCH – CREATE – INNOVATE (project code: T1EDK-05603-"HP-OCP" - Holistic,
High Performance Optimization Computing Platform»
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Sensitivity analysis of the eigenvectors corresponding to multiple eigenvalues is a complex and difficult
problem. The main difficulty is that for given multiple eigenvalues, the eigenvector derivatives can only
be computed for a specific eigenvector basis, the so-called adjacent eigenvector basis. These adjacent
eigenvectors depend on individual variables, which makes the eigenvector derivative calculation very
elaborate and expensive from a computational perspective for problems with a moderately large number
of variables. If one needs to compute the Jacobian matrix, with respect to a vector variables, of a certain
mode shape corresponding to multiple eigenvalues, then each partial derivative can be obtained as a linear
combination of the partial derivatives of the adjacent eigenvectors corresponding to such a variable. In
this paper, we present a method that avoids passing through adjacent eigenvectors in the calculation
of the partial derivatives of any prescribed eigenvector basis. Furthermore, as our method fits into the
adjoint sensitivity analysis framework, it is very efficient for computing the complete Jacobian matrix
because the adjoint variables are independent of each variable. In view of these two points, our method
clarifies and unifies existing alternatives on eigenvector sensitivity analysis. Moreover, it provides a
highly efficient computational method with a significant saving of the computational cost as compared
to those of the existing methods. Additional benefits of our approach are that one does not have to solve
a deficient linear system and that the method is independent of the existence of repeated eigenvalue
derivatives of the multiple eigenvalues. Our method also covers the case of eigenvectors associated to a
single eigenvalue. Some examples, including one in the topology optimization context, are provided to
validate the present approach. We focus on the real symmetric case, but we will also comment on this
talk on the extension of our method to the non-symmetric and complex case.
REFERENCES
[1] Ruiz, D., Bellido, J.C. and Donoso, A. Eigenvector sensitivity when tracking modes with repeated
eigenvalues. Comput. Methods Appl. Mech. Engrg. (2017) 326:338–357.
[2] Yoon, G.H., Donoso, A., Bellido, J.C. and Ruiz, D. Highly efficient general method for sensitivity
analysis of eigenvectors with repeated eigenvalues and application to topology optimization. (2019).
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Laboratoire J.L. Lions (UMR CNRS 7598), Université de Paris, Paris, France, jouve@ljll.univ-paris-diderot.fr
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Fracture mechanics plays a crucial role in the design of concrete structures. The laws governing brittle
fracture, proposed by A.A. Griffith have been reformulated as minimization of the total mechanical energy [1]. The reformulation renders the fracture problem in a variational form. A damage gradient model
governs the progressive degradation in solids. Such a model can be effectively used to approximate the
total mechanical energy and thus the variational form [2]. The variational form is however an inequation.
Shape or topology optimization of structures using level-sets is a well-known technique where a scalar
function describing a shape implicitly is advected along a shape derivative [3]. The shape derivative
can be easily computed using the Céa’s technique [4]. However this technique demands a variational
equation.
In order to apply Céa’s technique to the fracture model, we propose a penalization model approximating
the variational inequation by a variational equation. The resulting shape derivative demands the resolution of an adjoint problem that is shown to be well posed. The shape derivative paves the way for an
iterative algorithm devoted to minimize the fracture or the elastic energy. In our numerical implementation, the shape evolution is driven by a body-fitted discretization strategy [5]. Numerical examples in 2D
and 3D will be proposed to show that the algorithm results in a shape that does not crack.
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[5] G. Allaire, C. Dapogny, and P. Frey. Shape optimization with a level set based mesh evolution method.
Computer Methods in Applied Mechanics and Engineering, 282:22–53, 2014.

3128

You-wei Zhang,
Topology
Optimization
Jia-lin Liofand
Continuum
Xu Guo Structures Subjected to Random Excitations Via Mmc
Approach and Pem
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Topology Optimization of Continuum Structures Subjected to Random
Excitations via MMC Approach and PEM
Youwei Zhang¹, Jialin Li¹ and Xu Guo¹*
1

State Key Laboratory of Structural Analysis for Industrial Equipment, Department of Engineering
Mechanics, International Research Center for Computational Mechanics, Dalian University of
Technology, Dalian, 116023, P. R. China
*
Corresponding author: guoxu@dlut.edu.cn

Key Words: Topology optimization, Random Excitation, Moving morphable components,
Pseudo-Excitation Method.
Base on moving morphable components (MMC) [1] and the pseudo-extraction method (PEM)
[2]
, a topology optimization strategy is proposed in this study to find the optimal layouts of
continuum structures subjected to random excitations. Topology optimization considering
structural dynamic behaviour has received much attention in recent years. One most challenging
branch is to optimize structures under random loads caused by earthquake, wind, road
roughness and so forth. To date, only a few researches on this problem have been performed
[3,4]
limited by mainly three aspects of difficulties: One is the common issues brought by
traditional pixel- or node point-based topology optimization methods, including the
“dimensional curse” and numerical instabilities, such as grey elements and checkerboard
patterns; Another aspect is the issues only surface when solving dynamic problems, like
localized eigenmodes and repeated eigenmodes; The third aspects is the large computational
cost required for random vibration analysis, using either time-domain or frequency-domain
method. To overcome these difficulties, PEM is firstly employed in this study to transform a
complex random exciation into a deterministic steady-state or transient pseudo-exciation. An
MMC-based finite element model subjected to such pseudo-exciation is then established, which
is govened by dozens or hundreds of the components’ geometrical parameters. In consideration
of the compatibility and efficiency of the proposed approach, the govening equation of the
structure is built with a mode reduction technique and then solved via the popular Newmark
algorithm. The sensitivities of structural pseudo-response with respected to the geometrical
parameters are then obtained accordingly. By taking the variance of structural random response
as objective function, the structural optimal layout is finally formed due to the method of
moving asymptotes. Like the other MMC-base framework, the boundaries of the structure are
geometrical explicit during the entire optimization process. As a consequence, most of the
above-mentioned issues are solved without paying any extra effort and the likelihood of getting
usable designs is remarkably increased.
REFERENCES
[1] X. Guo, W. Zhang, W. Zhong. Doing Topology Optimization Explicitly and Geometrically

— A New Moving Morphable Components Based Framework. Journal of Applied
Mechanics, 2014. 81(8): 081009.
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ABSTRACT
The proposed symposium is dedicated to the development, validation and applications of
multidisciplinary adjoint-based optimization methods. Until today, adjoint-based methods
were mainly used in industry for pure aerodynamic design. In order to meet in a near future,
the industrial objectives in terms of competitiveness and environmental impact, multidisciplinary aspects and couplings will become key design drivers, among other, for aircraft
and engine manufacturers.
The aim of this symposium is to present the progresses made on multi-disciplinary adjoint
based optimization ranging from academic developments up to industrial and complex
applications. In this symposium, several partners of the European MADELEINE project [1]
will present their most relevant results after 2 years of work but the objective is also to have
other contributions from European or international universities, research centres, SMEs and
industrial companies among the ‘adjoint community’ .
Due to the multi-disciplinary nature of the subject, contributions from sectors other than
aeronautics are also expected (car, and energy industries for instance).
REFERENCES
[1] https://www.madeleine-project.eu/
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The past decades have seen vast developments in computing capability, establishing computational fluid dynamics as an ever more present tool for describing and predicting complex reactive flows. However, existing computational
resources provide limited insight towards existing sensitivities/uncertainties in
model parameters as far as technological applications are concerned. This is, to
a large extent, due to the challenges faced when applying state-of-the-art techniques to such complex systems. For example, in the problem of interest to this
project (pulverized coal combustion), simulations rely on various assumptions
that are necessary in order to model the flow, chemical mechanisms, solid particles etc. These models, in turn, rely on multiple model parameters, which are
determined by experiments or small scale simulations and contain a certain level
of uncertainty. It is therefore, essential to correctly determine the sensitivities
of measured quantities extracted using such simulations, with respect to the
existing parameters. In this study, we concentrate on the unsteady combustion
of a single coal particle, and using adjoint-based analysis, extract sensitivities
of various quantities of interest with respect to physical and modal parameters.
Using this methodology, we are also able to determine the point within the time
history, which leads to highest sensitivities in the domain, and also examine the
influence of particle size on the extracted sensitivities.
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The growing interest in propeller propulsion covers a wide range of applications, from
turboprop passenger aircraft and new high-speed helicopters, to electrical aircraft with
distributed propulsion and drone applications. The demand for reduced power consumption is
obvious for reasons of fuel burned, carbon and NOx emissions, while perceived noise of the
propeller is both a societal concern and potentially a limiting factor for economic growth.
This paper presents a design optimization method to tackle both efficiency and noise of the
propeller in a multidisciplinary aeroacoustic fashion. It is particularly challenging because the
multidiscplinary goals are usually conflicting. It is highly desirable to have as large number of
design variables as possible to cope with the conflicting requirements.
In the method presented, the aerodynamic efficiency is determined by means of the NLR’s
RANS CFD simulation tool ENFLOW [1], while the loading noise is quantified using the
Ffowcs-Williams-Hawkins (FWH) acoustic analogy [2]. The design problem is casted as a
constrained multi-objective optimization problem, which is solved using a gradient method.
To deal with a large number of design variables efficiently, the adjoint method is used with
linearization of a Lagrangian involving both the FWH analogy and RANS equations for the
acoustic functional. A hybrid continuous-discrete adjoint formulation is chosen where the
adjoint equations for the flow equations are derived in a continuous framework [3] with
boundary conditions derived from the FWH analogy in a discrete way. Viability of the
method will be demonstrated by means of a 3-bladed ONERA’s HAD-1 propeller as a test
case for an aeroacoustic optimization with a fixed thrust.
REFERENCES
[1] J.C. Kok, A high-order low-dispersion symmetry-preserving finite-volume method for

compressible flow on curvilinear grids, Journal of Computational Physics, 228 (2009)
6811-6832.
[2] D. Casalino, An advanced time approach for acoustic analogy predictions, Journal of
Sound and Vibration, 261 (2003) 583-612.
[3] B.I. Soemarwoto, O.J. Boelens and A. Kanakis (2016), "Aerodynamic design of gas
turbine engine intake duct", Aircraft Engineering and Aerospace Technology, Vol. 88
No. 5, pp. 605-612.
This work has been carried out within the MADELEINE project which has received funding from the European
Union’s Horizon 2020 research and innovation programme under grant agreement N 769025.
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We present the Multi-disciplinary Optimization (MDO) of a business jet wing when static aeroelastic
effects are included in the performance analysis and the sensitivity derivative computation, based on the
adjoint of the coupled flow and structural solvers. Two different Computational Fluid Dynamics (CFD)
solvers are considered: the GPU-enabled finite volume CFD solver PUMA, developed by NTUA, and
the finite element CFD solver AETHER, developed by Dassault Aviation. Both solvers are coupled to
the industrial structural solver VPS, developed by ESI, via a Radial Basis Function interface, which provides a simple solution for coupling the non-matching computational domain boundaries on the wing.
The methods presented concern the optimization workflow used, including different parameterizations
of the wing’s aerodynamic shape as well as the aeroelastic coupling of the CFD flow and adjoint solvers
via the fluid-structure interface provided by ESI. At first, the aerodynamic analysis results obtained by
the two CFD solvers are compared. Then, the sensitivity derivatives obtained using a continuous adjoint
approach, in PUMA, and a discrete adjoint approach, in AETHER are presented and compared. The effect of common assumptions/simplifications in the adjoint formulation (such as neglecting the variations
in turbulence quantities) on the accuracy of the sensitivity derivatives computed is also investigated and
discussed. Finally, the computed sensitivity derivatives are used for the optimization of a flexible generic
business jet wing.
REFERENCES
[1] Kampolis, I.C., Trompoukis, X.S, Asouti, V.G. and Giannakoglou, K.C. CFD-based analysis and
two-level aerodynamic optimization on Graphics Processing Units. Computer Methods in Applied
Mechanics and Engineering (2010) 199, 9-12:712–722.
[2] Rogé, G. and Loyatho, X. Application of Robust Design Methodologies to Falcon. Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Uncertainty Management for Robust Industrial
Design in Aeronautics (2019) 140:663-675.
[3] Jakobsson, S. and Amoignon, O. Mesh deformation using Radial Basis Functions for gradientbased aerodynamic shape optimization. Computers & Fluids (2007) 36, 6:1119-1136.
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The aim of this research is to evaluate and compare various state of the art mesh deformation methods to
assess their suitability to be used in industrial aerospace optimisation. The key features of a successful
mesh deformation approach are accuracy, robustness and the quality of the resulting mesh.
To carry out this comparison, a suitable test case (Common Research Model wing) has been selected.
This represents a realistic industrial aerospace application for optimisation.
Two baseline structured multi-block meshes have been selected with cell counts of 3M and 28M. Each
of the mesh deformation approaches has been used to deform these two meshes for various deformation
types (including upwards/downwards, bending and twisting). An additional set of deformations has been
studied where a blended flap is added to the wing with angles up to ±45o . This is a more localised and
severe deformation which is used to test the robustness of the methods.
The accuracy, mesh quality and computational cost of the mesh deformation methods for each of the
deformation cases is assessed, allowing conclusions to be drawn on which methods perform best. The
computational cost of the various methods, and the increase in cost going from the 3M to 28M meshes is
also used to assess the efficiency of the methods. Finally, it is checked whether each of the methods can
cope with the large blended flap cases, without suffering a severe drop in mesh quality.
The mesh deformation approaches being compared include RBF [3] and two-step RBF [1], Delaunay
graph mapping [2], Spring analogy model, Finite Transformation Mesh Morphing and the Quarternion
approach. The paper draws conclusions on the advantages and disadvantages of each of the mesh deformation methods, and recommends the most suitable for industrial aerospace applications.
REFERENCES
[1] Flavio Gagliardi and Kyriakos C Giannakoglou. A two–step radial basis function-based cfd mesh
displacement tool. Advances in Engineering Software, 128:86–97, 2019.
[2] Xueqiang Liu, Ning Qin, and Hao Xia. Fast dynamic grid deformation based on delaunay graph
mapping. Journal of Computational Physics, 211(2):405–423, 2006.
[3] Yibin Wang, Ning Qin, and Ning Zhao. Delaunay graph and radial basis function for fast quality
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Adjoint sensitivity analysis allows for efficient computation of response gradients w.r.t. a high number of
variables, enabling gradient-based optimisation with large design spaces. The Vertex Morphing method
makes direct use of all surface grid nodes as design variables to control the shape, taking full advantage
of the adjoint method in order to explore a rich design space.
The recent publications of Vertex Morphing focused on regular and approximately equidistant grids.
However, for many applications, the surface grid contains irregularities to resolve physical phenomena
in areas of interest. It is vital that the parameterisation can deal with these cases, ideally leading to gridindependent optimised shapes. Additionally in a multidisciplinary context, several surface grids from
the individual solvers, all describing the same geometry may be available and need to be controlled by a
unique set of design variables.
The implementation of Vertex Morphing in the open-source software KRATOS Multiphysics is presented. Strategies for the use of Vertex Morphing on irregular grids and in multidisciplinary optimisation
problems are shown and compared in terms of the conservativeness of the relation between response
value and gradient in the design space, as well as the grid independency of the shape update. Analogies
to the mapping of fields between non-matching grids in multiphysics simulations are drawn.
REFERENCES
[1] Bletzinger, Kai-Uwe, A consistent frame for sensitivity filtering and the vertex assigned morphing
of optimal shape, Structural and Multidisciplinary Optimization (2014) 49(6):873–895
[2] Bletzinger, Kai-Uwe, Shape Optimization, Encyclopedia of Computational Mechanics Second Edition (eds E. Stein, R. Borst and T.J.R. Hughes) (2017) doi:10.1002/9781119176817.ecm2109
[3] Ertl, Franz-Josef, Dhondt, Guido and Bletzinger Kai-Uwe, Vertex assigned morphing for parameter
free shape optimization of 3-dimensional solid structures, Computer Methods in Applied Mechanics
and Engineering Volume 353, 15 August 2019, Pages 86-106
This work has been carried out within the MADELEINE project which has received funding from the
European Union’s Horizon 2020 research and innovation programme under grant agreement N 769025.
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The objective of this paper is to give an overview of the European MADELEINE project (2018-2021)
which aims at applying adjoint-based multi-disciplinary optimisation (MDO) techniques on industrial
aeronautical configurations. In this project, the different bricks used in such processes are, first,
developed or improved (parameterisation, mesh deformation, multi-disciplinary adjoint capability,
robustness of adjoint solvers, uncertainty quantification (UQ), MDO formulations or HPC capability)
and then applied on the 5 industrial test cases provided by the industrial project partners.
These 5 test-cases focus on different aircraft components and various multi-disciplinary interactions.
They respectively aim at performing/
 Aero-structure wing optimisation of civil aircraft configurations (long range wide body and
business jet configurations);
 Aero-acoustic optimisation of propeller blades representative of CTOL/VTOL configurations;
 Coupled aero-acoustic air inlet and fan blade optimisation (representative of UHBR engine);
 Aero-structure-manufacturing fan blade optimisation (representative of UHBR engine);
 Aero-thermal-manufacturing high-pressure (HP) turbine blade optimisation (representative of
UHBR engine);
With these five different test-cases, the challenges are huge. Many physical phenomena have to be
considered in the optimisation process to design the best multi-disciplinary configurations benefiting
from the capability of the adjoint approach to cope with a very large number of design variables
(several hundreds or thousands). In addition, the manufacturing criteria which are key design drivers
especially for engine components will be taken into account to analyse the trade-off between
performance and manufacturing costs.
This paper will summarise the main achievements of the project after 2 years for the five test cases.
The new developments, the validation procedure and the optimisation results will be detailed. The
benefits of using multi-disciplinary optimisation process instead of mono-disciplinary process will be
quantified as the impact of the manufacturing criteria on the optimal designs.
REFERENCES
[1] M. MEHEUT and MADELEINE’s consortium, Multidisciplinary ADjoint-based Enablers for
LargE-scale Industrial desigN in aEronautics, EUROGEN, 12-14 September 2019, Guimaraes,
Portugal.
[2] M. MEHEUT and MADELEINE’s consortium, Overview of the MADELEINE project, 2nd
ONERA-DLR-IRT European MDO workshop, 19-20 November 2019, Toulouse, France.
This work has been carried out within the MADELEINE project which has received funding from the
European Union’s Horizon 2020 research and innovation programme under grant agreement N 769025.
*on behalf of the consortium of the MADELEINE project.
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Recently, it has been shown [1] that in two and three dimensions, the numerical adjoint solution
to the Euler equations has a value at and near the surface of wings and airfoils that depends
strongly on the mesh density and which does not converge as the mesh is refined. This
phenomenom has been observed for lift-based adjoint solutions for any flow condition, while
for drag-based adjoint solutions it only occurs for transonic rotational flows.
The problem seems to be rather generic, as it has been found in solutions obtained with
continuous and discrete adjoint schemes and with different solvers. Increasing the numerical
dissipation does not significantly change the behavior. It was conjectured in [1] that this
behavior is likely caused by the adjoint singularity at the sharp trailing edge, although an
understanding of the actual mechanism is still lacking.
Here, we offer some new insights concerning this problem. We analyze its dependence on the
far-field distance and resolution, and also explore a different cost function measuring far-field
entropy flux, which shows the same behavior as the near-field drag. Finally, we show that the
mesh-divergence is also correlated to the adjoint singularity along the incoming stagnation
streamline [2], and it appears also in flows past blunt bodies without sharp trailing edges, which
opens up new ways to address the problem.
REFERENCES
[1] C. Lozano, Watch Your Adjoints! Lack of Mesh Convergence in Inviscid Adjoint

Solutions. AIAA J. Vol. 57, No. 9, pp. 39914006, 2019. https://doi.org/10.2514/1.J057259

[2] M. Giles and N. Pierce, Adjoint equations in CFD - Duality, boundary conditions and

solution behavior. AIAA paper 97-1850. 13th Computational Fluid Dynamics Conference.
29 June 1997 - 02 July 1997, Snowmass Village, CO, U.S.A.
https://doi.org/10.2514/6.1997-1850
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Optimal Shape Design in the context of fluid flow exposed geometries aims at a shape that minimizes/maximizes a given objective functional. Using a node-based (CAD free [1]) steepest descent
approach, the required sensitivities are preferably obtained by adjoint methods due to the independence
of the computational costs from the number of design variables.
The presentation discusses the adjoint post-processing step, that aims at the extraction of the inherently
smooth gradient out of the possibly rough sensitivity derivative, which is a crucial part of a robust, industrialized, node-based optimization procedure and depends on the underlying surface metric. Prominent
examples refer to Laplace-Beltrami (LB) or Steklov-Poincaré (SP) type metrics [2]. The former approach
(LB) exclusively operates in the tangent space of the controlled shape, the latter approach (SP) leads to
an equivalent domain formulation, where results are subsequently projected on the boundary.
The use of standardized solution routines (assembling, solving, etc.) supplied by the flow solver, usually
scrutinized for scaling performance on High-Performance-Computing (HPC) clusters, is the benefit of
the SP approach. We will present an implicit SP approach which acts on sensitivity level only, and offers
inherently smooth shapes. Attention will also be devoted to the compliance with important technical
constraints, as e.g. maximum main dimensions or a minimum of displaced fluid.
Results obtained by a numerical implementation of both surface metrics will be verified against analytical
solutions and validated for a range of hydrodynamic shape-optimization examples with respect to force
objectives under a variety of technical constraints. The presentation closes with 3D two-phase flow
simulations for the (primal/adjoint) flow around a container ship hull and a subsequent drag optimization
at Reynolds- and Froude-numbers of practical interest.
REFERENCES
[1] Kröger, J. and Rung, T. CAD-Free Hydrodynamic Optimisation Using Consistent Kernel-Based
Sensitivity Filtering Ship Technology Research (2015) 62, pp. 111–130.
[2] Schulz, V. and Siebenborn, M. Computational Comparison of Surface Metrics for PDE Constrained
Shape Optimization Computational Methods in Applied Mathematics (2016) 16, pp. 485–496.
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ABSTRACT
The symposium addresses the recent advances of structural topology optimization techniques
and applications in frontier areas such as metamaterials, composites, and mechanisms, with a
particular focus on topology optimization with additive manufacturing. The symposium
provides an excellent platform to bring together researchers in multidisciplinary research
domains to exchange scientific ideas and foster future collaborations.
Topics of interest for this symposium include, but are not limited to the following themes:
1. Topology optimization with level set methods.
2. High-performance and high-definition topology optimization methods.
3. Isogeometric Analysis techniques for topology optimization.
4. Design of mechanical, phononic and photonic metamaterials.
5. Design of biomaterials, bio implants and devices.
6. Design of multifunctional and multicomponent smart mechanical systems.
7. Multiscale design of cellular and lattice composite structures.
8. Topology optimization with additive manufacturing.
9. Topology optimization of robustness and reliability under uncertainty.
10. Topology optimization with artificial intelligence and data mining.
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In dynamics, the method of flexible multibody systems is a well-known approach for modeling
and analyzing dynamic systems, which are characterized by large nonlinear motions including
vibrations and deformations. Provided that the deformations remain small and elastic, the
overall motion of flexible bodies can be efficiently formulated using the floating frame of
reference approach. Hereby, the body deformation is described in a body related reference
frame undergoing large rigid body motions, see [1]. This allows an efficient approximation of
the deformation by selected global shape functions multiplied with a set of time-dependent
elastic coordinates. The global shape functions are often obtained by a model reduction from
finely discretized finite-element models, which can be reused in a topology optimization.
For topology optimization of flexible multibody systems, only little results exist. However, this
field is not trivial due to the complexity and nonlinearity of the governing equations and the
fact that only a gradient-based optimization procedure usually leads to meaningful results
within a justifiable time frame. In the current work, the fully coupled topology optimization
based on the adjoint variable method is considered, see [2]. Thereby, the floating frame of
reference approach is utilized to model the flexible components. For topology optimization, an
approximate level set method is used to implicitly describe the body topology, see [3] for static
applications. The gradient calculation based on semi-analytical approaches such as the adjoint
variable method is time consuming, since, among others, the partial derivatives of the system
matrices with respect to the design variables have to be computed. Especially in case of largescale problems, this step accounts for a large proportion of the computation time. In this work,
radial basis functions are then applied to construct the gradient based on the exact gradient value
of a set of elements around the boundaries and in the filled areas. As an application example,
this method is used for the topology optimization of a flexible crank in a slider-crank
mechanism. In comparison with the full gradient calculation, the use of radial basis functions
enables a reduction of design variables and a more efficient gradient calculation based on the
adjoint variable method. It also contributes to the robustness and stability of the optimization
procedure. For instance, the inaccuracies due to poorly connected areas can be avoided.
REFERENCES
[1] Schwertassek, R., & Wallrapp, O. (2017). "Dynamik flexibler Mehrkörpersysteme (in German)".
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[3] Wei, P., Li, Z., Li, X., & Wang, M. Y. (2018). An 88-line MATLAB code for the parameterized
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The technique of scanning bridge frequencies from a moving test vehicle was first proposed by
Yang et al. in 2004. In fact, the test vehicle need not be restricted to the moving state. This
paper presents the measurement results of bridge frequencies by a test vehicle in the combined
non-moving and moving states. The self-made test vehicle fitted with vibration sensors is a twowheel trailer, intentionally used to simulate the theoretical single degree-of-freedom system.
The two-span bridge selected is located in the Chongqing University campus, Chongqing,
China. For the purpose of comparison, the bridge frequencies were firstly measured by direct
deployment of vibration sensors on the bridge, which has been referred to as the direct
approach. The dynamic properties of the test vehicle in the non-moving state, including the
transmissibility, are examined in detail. Based on the measured car-body response, the contactpoint response of the vehicle with the bridge was calculated by a backward procedure that
allows the vehicle frequency to be eliminated. It was found that the vehicle in the non-moving
state can catch more bridge frequencies than in the moving state. Both the car-body and contactpoint responses agree well the results by direct measurement. But the contact-point response
performs better than the car-body response, which can be used to detect the first few frequencies
of the bridge, including the torsional frequency.
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This study proposes a simplified sensitivity analysis formulation for topology optimization based on
nonlinear structural problems. The non-linear problems covered by this method are those that include
geometric non-linearity by considering finite strain and material non-linearity derived from constitutive
laws such as elasto-plastic and damage models.
If the topology optimization problem is set based on nonlinear structural analysis, it is necessary to
formulate a sensitivity analysis according to the nonlinearity of the evaluation function. For example, in
an optimal design problem using an elasto-plastic material, the displacement distribution, which is the
solution of the numerical calculation, becomes a history-dependent variable as in the case of the stressstrain relationship. Therefore, in the sensitivity analysis, the derivative must be obtained in consideration
of the hysteresis. In general, a sequential computation algorithm is constructed using the adjoint method.
On the other hand, as a prerequisite for a simple formulation, the objective function is defined as the
internal energy that is balanced with the external work done in a certain incremental section, and the
external force increment and the time step are fixed as analysis conditions. Under these conditions, the
incremental self-adjoint relation is obtained for the field variables in the sensitivity analysis. And the
calculation of the implicit derivative of the nodal displacement, which is the solution of the numerical
calculation, is not required. As a result, the computation process for solving adjoint equations can be
greatly reduced.
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In order to take protective measurement in advance of bridge failure, damage indices sensitive
to early damage are essential for abnormality detection of bridges. An influence line (IL), which
may be regarded as slowly moving load-induced response, is a static property that describes the
variation of the support reaction, internal loading, displacement, or stress at one specific
location. IL has been proved to be a promising damage index in the literature [1-2]. However, a
fundamental issue that has failed to draw adequate attention is the damage sensitivity analysis
of different types of ILs, which will be crucial for optimal sensor placement and condition
assessment of bridge structures. This study investigates the damage sensitivity of various types
of ILs and their derivatives in bridge structures. By differentiate deflection IL (DIL) with
respect to sensor location, various types of ILs, including rotation IL (RIL), bending stress IL
(BSIL) and shear stress IL (SSIL), are constructed. Subsequently, IL-based damage indices,
including IL change and its first-, second-order derivatives to force location, and their
corresponding damage sensitivities are generally expressed. Analytical and numerical case
study on a simply supported beam and three-span continuous beam, respectively, are carried
out to demonstrate the application of the sensitivity analysis. Comparison of damage sensitivity
of various types of ILs, represented as DIL's derivatives to sensor location, demonstrates that:
(i) for sensitivity of ILs extracted from locations near the supports, RIL > BSIL > SSIL > DIL,
and (ii) for those from mid-span, DIL > BSIL > SSIL > RIL. Notably, both BSIL and SSIL in
a simply supported beam can only identify damage when the sensor is installed in the damage
location. Correspondingly, sensitivity of IL's derivatives to force location is also compared,
indicating that taking derivation can enhance the sensitivity to damage, but likely amplify noise
interference and even misidentify damage. In multi-damage scenario, IL's first-order derivative
change outperforms IL change. As for damage detection range, in general, RIL exhibits a
relatively wider detection range, followed by DIL, BSIL and SSIL. These analysis shed light
on the optimal sensor placement using multi-types of ILs, it suggests that the optimal
installation locations are near mid-span for displacement transducers, is near bearing support
for tilt meters, and is near the middle support for strain gage.
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Pentamode metamaterials (PMMs), belonging to a new class of three-dimensional mechanical
metamaterials, are artificially engineered materials exhibiting unusual elastic property, with a
finite bulk but vanishing shear modulus, mimicking the behaviour of fluids but are solid, hard
to compress yet easy to deform. Here ‘penta’ denotes five, referring to only one non-zero but
five vanishing eigenvalues in the elasticity tensor of isotropic materials. The exotic properties
of PMMs are determined by the geometries of rationally designed microstructures, instead of
the composition of their base materials.
Compared to most up-to-date design methods based on conventional rigid-body double-cone
concept and diamond lattice, this paper is to develop a new computational design method using
topology optimization to find new structural architectures with novel geometries. The overall
elastic deformation of the whole microstructure is utilised to achieve the pentamode properties,
rather than the highly localised point-point deformation gained from rigid-body links (tiny tips).
The design problem is then formulated to make the microstructure have a large but realistically
attainable ratio of effective bulk modulus compared to the shear modulus, corresponding to the
isotropic microstructure with the effective Poisson’s ratio close to 0.5. The larger of the ratio,
the better of the PMM solids to simulate liquids. The whole microstructure is discretised with
a high resolution finite element mesh, in order to capture the fine geometric features of the
microstructural design in the space. The SIMP-topology optimisation method is firstly applied
to find the topologically optimised pentaomode microstructure, and then based on the skeleton
of the topological design the size optimisation approach is further used to investigate the impact
of the size dimensions to the pentomode properties. The SLM (selective laser melting)
technique is used to manufacture the optimised microstructures with metal materials.
Several numerical cases are used to demonstrate the effectiveness of the proposed design
optimisation method in this paper. The computation is conducted using UTS ARCLab hardware
(e.g. Jupiter clusters with 8 nodes; Intel Xenon Platinum 8160 with 24 cores). It can be found
that the effective Position’s ratio gradually close to 0.5 and the ratio of effective bulk modulus
with respect to shear modulus is getting larger, with the reduced size dimension of the beam,
although the manufacturing is becoming more difficult.
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As reported in the literature, the most commonly adopted vehicle model is the single-degreeof-freedom sprung mass, where the size effect of the wheel and the mass of wheel are
neglected. However, for a test vehicle moving over the rough surface, the influence of vehicle
bumping cannot be ignored. To this end, the present work proposes a novel vehicle model to
extract bridge frequencies by incorporating both the size of wheel and the unsprung mass in
the formulation of vehicle-bridge interaction element. From numerical analysis, it is shown
that the proposed vehicle model is able to extract the first five bridge frequencies clearly even
under high level of road irregularity in the presence of vehicle damping. In comparison with
the traditional two-mass vehicle model, the resolution of identified bridge frequencies is
higher and more accurate. Other important factors affecting the identification are investigated
as well.
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The application of classical models for internal contact to a design optimization procedure like topology
optimization is a tedious task and has so far only been applied in combination with a non-gradient optimization method [1]. This is because the design of the structure, and thus any potential contact interface,
changes during design evolution and is generally unknown a priori.
To deal with this issue, the idea of the present work is to employ a third medium contact method [2],
which exclusively is based on continuum mechanics and hence avoids the need for any explicit contact
kinematics and inequality constraints. Third medium contact seems to be an ideal choice for this application, because topology optimization relies on modeling the entire design domain including the void
material regions, due to its density based nature. By an appropriate treatment of the ultimately compressed void material in between contacting members of the solid structure, the void material can play
the role as contact medium. This is accomplished by introducing a novel regularization to enhance the
numerical stability of these regions by penalization of higher order strains.
One of the main disadvantages of the third medium approach is a parasitic interaction of bodies before
the actual contact due to the small but finite stiffness in the void material. However, when applied to
topology optimization, this interaction becomes an advantage, because it makes the problem differentiable and enables the optimization to exploit self-contact if beneficial.
The results demonstrate the potential and limitations of the described method and thereby show the usefulness of the combination of topology optimization with a well-suited model for internal contact.
The details of this work can be found in [3].
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Multi-functional cellular materials (MFCMs) have a great interest in many engineering fields,
thanks to their material properties, which can be tailored according to specific needs.
In particular, the topology of the representative volume element (RVE) of the cellular material
can be optimised for maximise - for instance - heat transfer [1], fluid permeability and
stiffness [2] or other physical responses.
Nevertheless, when dealing with the multi-scale TO of MFCMs, three main issues arise. The
first one is related to the choice of the homogenisation scheme establishing the link between
lower and upper scales. The homogenisation procedure must be general enough to avoid the
introduction of unnecessary simplifying hypotheses. Moreover, it must be computationally
efficient to minimise the computational time for assessing the equivalent material properties
at the macroscopic scale, as well as their gradient with respect to the topological variable
defined at the microscopic scale. The second issue regards the TO carried out at the
macroscopic scale, where the MFCM is represented as an equivalent homogeneous
anisotropic medium: what is the relationship between the topological variables at both
microscopic and macroscopic scale? The third issue focuses on the integration of suitable
manufacturing constraints in the multi-scale TO problem formulation. At the macroscopic
scale, a suitable minimum length scale requirement should be considered in order to have a
certain number of RVEs inside the minimum allowable dimension to guarantee the validity of
the results provided by the homogenisation scheme. Conversely, at the microscopic scale
suitable geometric and manufacturing constraints should be introduced to obtain an optimised
and manufacturable topology. All the above aspects have been developed in the framework of
the NURBS-based SIMP method, developed at the I2M laboratory in Bordeaux [3] In this
method the topology descriptor at both scales is represented by a pseudo-density field
expressed as an intrinsic CAD compatible entity, i.e. NURBS surface or hypersurface, which
allows to manage in the most efficient way the geometrical and manufacturing constraints at
each step of the optimisation. Moreover, the proposed approach makes use of the strain
homogenisation method of periodic media to establish the link between scales. The
effectiveness of the method is tested both on 2D and 3D benchmarks taken from the literature.
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Due to the superior performance and relative eases of fabrication from additive manufacturing technology, cellular solids as promising materials have been brought into focus. Instead of choosing different
base material, the key issue for gaining the desired performance is to design the configurations and layouts of cellular materials. For this purpose, a concurrent multiscale isogeometric topology optimization
(ITO) method is proposed in this paper. At micro scale, a shape deformation technology is presented
to generate a family of graded microstructures (GMs) from a prototype microstructure (PM) based on
structural skeleton [1] of level set framework. Taking the skeleton as a benchmark, the level set values
of cell domain are recalculated by zooming in or out to correspond to different material usage. Thus
the obtained GMs share a unified structural skeleton that benefits to maintain more topology features for
improving the connectability among microstructures. For the macro scale design, the effective mechanical properties of PM can be estimated by the numerical homogenization method. Through establishing
the relation of elasticity tensors with respect to topology structure of PM and relative density, the performance of a GM with intermediate density can be estimated by a fitting function. For the multiscale
scheme, the allocation of GMs is optimized by a material distribution-based method while the structure
of PM is designed by means of the isogeometric parameterized level set method (PLSM) [2] which is
realized by adopting non-uniform rational basis splines (NURBS) as basis functions for both parameterized level set model and isogeometric calculation model. The proposed method inherits the high
accuracy and high efficiency of IGA as well as the smooth boundaries and distinct interfaces of LSM.
The introduction of microstructural skeleton is beneficial to maintain the topology features especially for
low-density microstructure. Meanwhile, the mechanical properties of GMs are established as functions
to the density of macro design variables and expansion coefficients of micro design variables that couples
the multiscale design. Numerical examples demonstrate the effectiveness in improve the performance,
manufacturability and computational efficiency.
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Stiffened shells are due to their high carrying efficiency and light-weight properties widely used in,
for example, ship hulls, airplane wings and bridge constructions. However, due to their thin-walled
features, these structures are usually sensitive to imperfections, buckling and vibrations. Such responses
are influenced by the geometric proportions of the shell and stiffeners and location of the stiffeners [1].
In optimizing the stiffener pattern, numerous research was performed within the content of optimization
of truss structures [2]. Especially, the Ground Structure Approach (GSA), which is aimed at finding the
best stiffener layout in a grid which is realized by removing unnecessary trusses or stiffeners through
optimization is widely used [3]. The procedure is able to optimize the topology and size simultaneously
while remaining the ability to easily discern the individual stiffeners. As today, the GSA has been applied
to design the internal structural layout and sizes of the stiffening panels in a simple wing-box structure
[4]. This multi-objective design problem has been solved using a Genetic Algorithm (GA). In [5], the
GSA is used for a stiffener layout for segments of an airplane wing. Again a GA has been used.
In this study, GSA is combined with finite element shell models to design stiffener patterns for shells.
Next to the global stiffener pattern, the proposed technique will optimize the distinct topology of the
individual stiffeners. The efficiency of the method will be demonstrated for several practical test cases.
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A Stress concentration destabilizes the structural optimization process. Similarly, the stress
concentration, which occurs at the point where density field changes in topology optimization,
makes the derived topological configuration numerically unstable during the design process.
To resolve the issue, we propose an adaptive mesh refinement method to ensure numerical
stability during the optimization process. In addition, a stress penalization function is
introduced that makes intermediate design variable values disproportionately expensive in
order to avoid the singularity [1]. In reality, because external forces are often applied in
unexpected position, the structure must perform a certain level of performance no matter where
the load is exerted [2]. Considering engineering applications, we present a practical topological
design method that builds uncertainty of load position on stress-based topology optimization.
Stresses for several stress evaluation points are integrated into one stress value using a modified
P-norm with correction factor to decrease the number of stress constraints and the
computational cost [3]. The phase field design method is employed as the topology optimization
approach to systematically derive an optimal structure. For the finite element analysis, the opensource code FreeFEM++ is used.
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To find the optimal material distribution in a given design domain to achieve a design objective
under given conditions, topology optimization is regarded as an efficient design method in the
early design process [1]. Among several topological design methods, the topology optimization
method using the reaction diffusion equation (RDE) as an optimizer has the advantage of
performing regularization to prevent overfitting design as well as updating the design variable
[2]. In addition, the method can control the complexity of the optimal shape by determining the
diffusion coefficient of the diffusion term of the RDE. However, the diffusion term that
implements regularization inevitably creates a gray area at optimal shape boundaries. It causes
a difference in structural performance between the optimal shape obtained by the design process
and the shape from which it is fabricated.
In order to solve this problem, we propose the design methodology which adopted the
adaptive mesh refinement and the modified RDE combined with a double well potential (DWP).
The design procedure in this study consists of two stages: 1) The optimal shape with the broad
gray area is derived using the RDE based topology optimization and 2) the modified RDE and
the adaptive mesh refinement are introduced to maintain the same topology as the first stage
and reduce the boundary gray area. Through the procedure, high-resolution boundaries with
reduced gray area of the optimal shape can be obtained. Several examples are conducted to
verify the proposed design procedure. The finite element analysis and the optimization process
are programmed using the open source code FreeFem++.
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Recent developments in Additive Manufacturing (AM) bring the opportunity to produce structures
with complex geometries that gives an increased freedom in terms of products design. Topology
Optimisation (TO) algorithms are, thus, the ”natural” tools to design such products. One of the most
widespread approaches is the well-known SIMP method [1], wherein the material distribution is
represented by means of a pseudo-density field. The goal is to find the best distribution of the pseudodensity into a prescribed design domain in order to meet the requirements of the problem at hand.
Nowadays, the SIMP method is increasingly employed to optimise lightweight cellular structures like
lattice structures. Components made of lattices are characterised by (at least) two scales of analysis.
At the microscopic scale the lattice is described in terms of the representative volume element (RVE).
Conversely, at the macroscopic scale the lattice is represented as an equivalent homogeneous
anisotropic material whose behaviour is usually the result of a homogenisation process. Two main
issues arise when dealing with the TO of lattice structures. The first one is related to the choice of the
homogenisation scheme to define the link between lower and upper scales. The homogenisation
procedure must be general enough in order to avoid the introduction of unnecessary simplifying
hypotheses. Moreover, it must be computationally efficient, in order to minimise the computational
time to assess the equivalent material properties at the macroscopic scale, as well as their gradient with
respect to the topological variable defined at the microscopic scale. The second issue is related to the
formulation of pertinent failure criteria, for the homogeneous anisotropic material, at the macroscopic
scale, and to the transfer of the information at the microscopic scale where the topological descriptor is
defined.
In this work, the TO of lattice structures is carried out in the framework of the NURBS-based-SIMP
method, developed at I2M laboratory [2, 3]. The proposed approach makes use of: (a) NURBS hypersurfaces to describe the topology of the RVE at the microscopic scale and (b) the strain
homogenisation method of periodic media to set the link between scales. The gradient of the
macroscopic responses to the microscopic topological variable is evaluated by exploiting the NURBS
local support properties combined to the definition of the equivalent stiffness tensor provided by the
strain homogenisation technique. The effectiveness of the method is tested both on 2D and 3D
benchmarks taken from the literature.
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Nowadays, development of topology optimization scheme of multiple microstructures is paid
attention to the design field for Additive Manufacturing (AM). AM-based lattice structure may
be one of the representative structures aiming at lightweight with certain structural performance
such as structural strength and energy absorption capacity. Although a homogenization method
is necessary for this problem, the conventional homogenization approach dealing with a single
unit cell provide incompatible distribution of multiple optimized microstructures; this
deteriorates the structural performance dramatically caused by its incompatible connectivity in
reality.
From this circumstance, the present study proposes a method of topology optimization for
multiple microstructures with seamless connectivity between the neighbouring microstructures
embedded in a macrostructure to maximize the macroscopic structural performance.
In the proposed method, a macrostructure is firstly sub-divided into the several domains at
which the unique microstructure is defined and then each microstructure is optimized
considering the topological connectivity of neighbouring microstructures based on a decoupling
multi-scale analysis. In this study, the objective function is to maximize the stiffness of
macrostructure for simplicity with a constraint of total material volume. For the optimization,
a gradient-based scheme is applied and its sensitivity analysis is discussed.
Finally, it is verified from a series of numerical examples that the proposed method has a certain
possibility for design of lightweight based on AM structures.
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Topology optimization of a heat exchanger with
the volume fraction and the level set methods.
Miguel Salazar de Troya, Victor Beck
Lawrence Livermore National Laboratory
We perform a comparison study of two topology optimizations methods applied
to the design of a two fluids heat exchanger modeled with a coupled thermal-flow
problem. The flow follows an isothermal and incompressible Stokes-Brinkman
equation and the heat transfer is governed by a convection-diffusion equation
without internal generation and high Peclet number. To keep the two fluid
phases separated, we solve two Stokes-Brinkman equations, where the Brinkman
term models the other phase as a solid [1]. These two velocity fields are then fed
to the heat transfer equation.
Our goal is to maximize the enthalpy at the cold outlet while constraining the
pressure drop. We first solve the design modeling the solid and fluid phases with
a volume fraction variable. A SIMP-like penalization in the Brinkman term
drives the optimization to a discrete design. The cost and constraint function
derivatives are calculated with the library pyadjoint [2] and the optimization is
performed by IPOPT [3].
Using the level set approach, we track the interface that separates both fluids
with the zero-level countour of a level set function and mark the domain regions
for the fluid and solid phases. As the interface does not align with the mesh,
we approximate it using a smoothed heaviside. Pyadjoint calculates the shape
derivatives, which are regularized with the velocity extension method and fed to
the Hamilton-Jacobi equation to evolve the level set function for the optimization.
We present results in two and three dimensions and discuss the differences
between both approaches.
[1]: Papazoglou, P. (2015). Topology Optimization of Heat Exchangers. Master
thesis. University of Delft.
[2]: Farrell, P.E., Ham, D.A., Funke, S.W., Rognes, M.E. (2013). Automated
derivation of the adjoint of high-level transient finite element programs, SIAM
Journal on Scientific Computing 35.4, pp. C369-C393. doi:10.1137/120873558.
[3]: Wachter, A., Biegler, L.T. (2006) On the implementation of a primal-dual
interior point filter line search algorithm for large-scale nonlinear programming.
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Université Saint Joseph, Faculté des sciences, Mar Roukos-Dekwaneh, Lebanon
Key Words: Topology optimization, Limit analysis, Convex optimization
This work extends the theory of limit analysis [2, 5] which consists in computing a structure maximum
load bearing capacity to topology optimization problems. Here we aim at finding a structure which
maximizes the load-bearing capacity, given some material strength properties, on a fixed computational
domain with a given material volume constraint. The problem is relaxed to a convex optimization problem by considering a continuous fictitious density field. We show that this problem is equivalent to
minimizing the total volume such that the structure can withstand a given fixed loading [3, 1]. State-ofthe-art conic programming solvers [4] are used for computing the solutions to the convex optimization
problems. Finally a SIMP-like penalty method is proposed to obtain discrete topologies. Materials
with asymmetric tensile and compressive strengths are considered, with the particular case of no-tension
materials. Examples illustrating the efficiency of the proposed method will finally be presented.
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[5] Jean Salençon. Yield Design. London, Hoboken : ISTE Ltd., John Wiley & Sons, Inc., 2013.

3162

TopologyAllaire,
Grégoire
Optimization
Beniamin
of Supports
Bogosel and
withMatías
Imperfect
Godoy
Bonding in Additive Manufacturing

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France
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CMAP École Polytechnique, CNRS UMR 7641, 91128 Palaiseau, France
e-mail: gregoire.allaire@polytechnique.fr, beniamin.bogosel@polytechnique.fr,
matias.godoy@polytechnique.fr
Key Words: Support structures, Imperfect bonding, Level set method, Topology Optimization, Additive
manufacturing
Support structures are used in Additive Manufacturing (AM) to ensure the quality of the final part. They
are used, for example, to deal with overhanging regions when the final part cannot be self-supporting,
or, to avoid deformations on the final part due to thermal residual stresses. In the work [1] several
mathematical models are proposed to deal with this issues, leading to optimization problems which are
numerically computed using the level set topology optimization method. In this framework, the bonding
between the final part and its supporting parts is assumed to be perfect: the displacement on the interphase
is continuous as well as the interfacial forces.
Inspired by the works of Lipton [2, 3] in the context of reinforcement of elastical structures, we propose
to consider now an imperfect bonding between the final part and the supports: we impose an elastic
spring-type condition on the interface, relating interfacial forces with the difference of displacements on
each side of the interface. In this setting we perform optimization of supports with respect to various
physical properties of interest.
Our algorithm is based on the level set method and the computation of shape derivatives using the
Hadamard method, the conditions on the interface as well as the presence of jumps on the displacement demands a careful numerical approach [4]. Numerical examples and comparison with the perfect
bonding case are provided in 2d while the 3d case is currently in study.
Acknowledgements. This work was partially supported by the SOFIA project, funded by BPI (Banque
Publique d’Investissement).
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ABSTRACT
Shape optimisation has become an integral part in engineering design of high-performance
components such as turbomachinery blades, aircraft wings or external road vehicle
aerodynamics. The significant advances over the past decade with the effectiveness and
robustness of gradient-based optimisation, adjoint methods and gradient-enable shape
parametrisation has allowed to conceive industrial workflows that integrate these approaches.
This minisymposium brings together presentations on recent advances that extend efficient
optimisation approaches to a wider range of physical problems. It will also cover progress
with optimisation taking into account uncertain parameters arising from a range of sources.
In particular contributions are invited on
•

adjoint-based shape optimisation for multi-disciplinary systems,

•

error analysis and goal-based model adaptation

•

Adjoint methods in uncertainty quantification

•

Probabilistic design, robust design, design under uncertainty.

The symposium will have a particular focus on efficient approaches that are able to scale to
large scale cases and industrial application.
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There are various methods to calculate the exact or approximate step length to find a minimum of the
objective function or sufficient reduction along the descent search direction. Doing exact line search, for
instance, Cauchy methods may require to calculate the Hessian matrix, which is not always available
or expansive to compute for large problems. Besides, Armijo-type of the line search techniques tries
several step size until the acceptance criteria are satisfied. In the complex optimization problems, doing
additional analysis may increase the computational cost of each optimization iteration dramatically. On
the other hand, the Barzilai-Borwein method [1] attracts many research groups because of its simplicity and surprisingly efficiency in the unconstrained optimization problems. [2, 3] It does not require
computationally costly operations and can be easily implemented into the optimization framework.
Based on the challenges and motivations mentioned above, this work focuses on studying the original
Barzilai-Borwein method and adapting it to the constrained node-based shape optimization problem
with Vertex Morphing parameterization. [4] The proposed method is validated for structural and multidisciplinary optimization (MDO) problems. The basic theory will be presented, and illustrative examples
of the industrial importance demonstrate success.
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Non-Uniform Rational B-Splines (NURBS) have become the industrial standard to represent and exchange a CAD geometry between CAD/CAE systems. CAD-based shape parametrisation uses parameters of the CAD model to modify the shape which allows to integrates the CAD model into the design
loop. However, feature-trees of typical commercial CAD systems are not open and obtaining exact
derivatives for gradient-based optimisation methods is not possible. Using the CAD-based NSPCC approach [2] a designer can deform multiple NURBS patches in the design loop without violating geometric and/or thickness constraints. The NSPCC approach takes CAD descriptions as input and perturbs the
control points of the NURBS boundary representation to modify the shape. In this work, an adaptive
NSPCC method is proposed where the optimisation begins with a coarser design space and adapts to
finer parametrisation during the design process where more shape control is needed.
As a first step, the paper investigates the impact of number of control points and their distribution by
comparing three different levels of control point distribution. Secondly, the paper presents a multilevel
variant of NSPCC which includes adaptive control point enrichment where the optimisation begins with
a coarser control net which is refined locally during the optimisation. The refinement sensor is based
on a comparison of smoothed node-based sensitivity compared to its projection onto the shape modes of
the current parametrisation. Both static and adaptive parametrisation methods are coupled in the adjointbased shape optimisation process to reduce the total pressure loss of a turbine blade internal cooling
channel. The discrete adjoint flow solver STAMPS [1] is used to compute the flow fields and their
derivatives w.r.t. surface node displacements. The shape derivatives for gradient-based optimisation are
obtained by application of reverse mode AD to the NSPCC CAD kernel.
Since the CAD model is kept inside the design loop, the resulting optimal shape is directly available in
CAD for further analysis or manufacturing. Based on analyses regarding the quality of the optima and
the rate of convergence of the design process the adaptive NSPCC method outperforms the static NSPCC
approach.
REFERENCES
[1] J.-D. Müller, O. Mykhaskiv, and J. Hückelheim. STAMPS: a finite-volume solver framework for
adjoint codes derived with source-transformation AD. 2018 Multidisciplinary Analysis and Optimization Conference, AIAA-CP 2928-2018, 2018.
[2] Shenren Xu, Wolfram Jahn, and Jens-Dominik Müller. CAD-based shape optimisation with CFD
using a discrete adjoint. International Journal for Numerical Methods in Fluids, 74(3):153–68, 2013.
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correlates well with the exact solution as shown in Table [1]. FastUQ exploits this high
correlation
to achieve
speedupsolution
by using using
the adjoint
as schemes
a low fidelity
from the
adjointcomputational
and tangent-linear
any correction
of the IMC
described in
in the MLMF without any loss in accuracy.
eq. (3.5)-(3.7).
Model
Exact
IMC 1
IMC 2
IMC 3

E[x0 ] (% error)
0.80728
0.82335 (+2%)
0.78691 (−2.5%)
0.71554 (−11%)

σ(x0 ) (% error)
5.28691 ⇥ 10 2
3.17072 ⇥ 10 2 (−40%)
7.11764 ⇥ 10 2 (+35%)
1.71379 ⇥ 10 1 (+225%)

⇢(x0 )
0.8760
0.9446
0.9484

β(x0 )
1.4603
0.7015
0.2925

Table
3-A: Comparison
mean
and standard
betweenxexact
solution and IMC
Table
1: Comparison
of meanofand
standard
deviationdeviation
of shock location
0 between exact
1 − 3and
methods
Pearson
⇢ and
control variate
β between
exact and
solution
adjoint and
models
IMC correlation
1-3[1]. Pearson
correlation
ρ between
the exactthe
and
model
solution
model
solution
is also shown.

In fig. 3.7 the QoI obtained from the various IMC estimators are plotted for a range of
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In this work we propose an improved version of standard implementations of Differential Evolution (DE)
algorithms, that are nowadays considered as the most competitive and versatile family of the evolutionary
computing algorithms, and have been successfully applied to solve numerous optimization problems [1].
Such methods present some limitations in their evolution process, since their effectiveness is profoundly
affected by the fixed control parameters [2]. As known, such control acts on the candidate solution, the
population, extracted from a search domain, and allows to mutate iteratively the population by scaling
the differences between individuals, and then to select the set of solution values towards the optimum.
Taking advantage from chaotic map and genetic approaches, recently proposed and successfully implemented for swarm intelligence-based algorithms [3], we newly developed in [4] a modification of
standard algorithms that drastically facilitates the search for the best population and then the optimal solution. More specifically, by employing new crossover equations considering the genetic memory of each
individual in the DE population, i.e., its kins up to the second degree, the algorithm selects individuals
not only on the basis of the best fitness, but also according to its previous generation’s scores.
A numerical campaign is presented in order to show not only the performances of our approach, but also
its effectiveness in contexts of parametric identification problems, where the so called parent-centric
crossover operators proved to be suitable for successfully solve real-parameter optimization [5].
REFERENCES
[1] Das, S., Mullick, S.S., Suganthan, P.N. Recent advances in differential evolution – an updated
survey. Swarm and Evolutionary Computation (2016) 27:1–30.
[2] Rao, R.V., Savsani, V.J., Vakharia, D.P. Teaching–learning-based optimization: An optimization
method for continuous non-linear large scale problems. Information Sciences (2012) 183:1–15.
[3] Farah, A., Belazi, A. A novel chaotic jaya algorithm for unconstrained numerical optimization.
Nonlinear Dynamics (2018) 93:1451–1480.
[4] Formica, G., Milicchio, F. Kinship-based differential evolution algorithm for unconstrained numerical optimization. Nonlinear Dynamics (2019) https://doi.org/10.1007/s11071-019-05358-y.
[5] Zheng, L.M., Zhang, S.X., Tang, K.S., Zheng, S.Y. Differential evolution powered by collective
information. Information Sciences (2017) 399:13–29.

3171

Multi-Fidelity
Xinshuai
Zhang,
Aerodynamic
Fangfang Xie,
Optimization
Tingwei Ji and
Using
Zaoxu
DeepZhu
Neural Network

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

MULTI-FIDELITY AERODYNAMIC OPTIMIZATION USING DEEP
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In this study, an effective optimization framework of aerodynamic shape design is established based on
multi-fidelity deep neural network surrogate model: the high-fidelity model using a CFD evaluation with
fine grid and the low-fidelity model using the same CFD model with coarse grid. The objective of current
work is to construct a high-accuracy multi-fidelity surrogate model correlating the configuration parameters of aircraft and aerodynamic performance by blending different fidelity information and adaptively
learning their relationship without any prior assumption. During the optimization, the multi-fidelity deep
neural network surrogate model will be updated if the convergence criteria is not satisfied. Here, a highfidelity infilling strategy by adding the current optimum solution of surrogate model into the high-fidelity
database is applied. Meanwhile, an improved infill strategy which can generate the solutions distributed
uniformly in the whole design space is also used to update low-fidelity database for exploring unknown
design space. The proposed optimization framework is validated with classical optimization problems
and applied in large-scale aerodynamic shape optimization of transonic RAE2822 airfoil and DLR-F4
wing-body configuration. The optimization results have demonstrated that the proposed framework can
remarkable improve optimization efficiency, compared to single-fidelity optimization method.
REFERENCES
[1] Forrester, Alexander IJ, and Andy J. Keane. Recent advances in surrogate-based optimization.
Progress in aerospace sciences (2009) 45(1-3): 50-79.
[2] Kennedy, Marc C., and Anthony O’Hagan. Predicting the output from a complex computer code
when fast approximations are available. Biometrika (2000) 87: 1-13.
[3] Bonfiglio, L., et al. Multi-fidelity optimization of super-cavitating hydrofoils. Computer Methods
in Applied Mechanics and Engineering (2018) 332: 63-85.
[4] Rokita, T. and P.P. Friedmann, Multifidelity coKriging for High-Dimensional Output Functions
with Application to Hypersonic Airloads Computation. AIAA Journal, (2018). 56: 3060-3070.
[5] Tao, J. and G. Sun, Application of deep learning based multi-fidelity surrogate model to robust
aerodynamic design optimization. Aerospace Science and Technology, (2019). 92: 722-737.
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MULTI-FIDELITY NON-INTRUSIVE REDUCED BASIS SURROGATES
AND INFILL TECHNIQUE FOR AERONAUTICAL OPTIMIZATION
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We are interested in the reduction of optimization costs during aircraft engine design where the quantities
of interest are derived from a 2D or 3D solution physics-based surrogate models. The cost associated
with the high-fidelity simulation makes direct optimization unaffordable for industrial applications. In
response to these difficulties, it is proposed to address the problem of constrained derivative-free optimization in a multi-fidelity (or variable-complexity) [1, 2] framework using Bayesian optimization
techniques. It is assumed that the objective and constraints involved in the optimization problem can be
evaluated using either an accurate but long-running computer program or a low-fidelity but fast-running
one. In this setting, the aim is to solve the optimization problem using as few calls to the long-running
program as possible. To this end, it is proposed to use Gaussian process models with trend functions built
from the projection of low-fidelity snapshots on a reduced-order function basis synthesized from scarce
high-fidelity runs [4]. A study on the ability of such models to accurately represent the functions of the
problem and a comparison of two improvement-based infill strategies are performed on a representative
benchmark test case. [3].
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MULTIFIDELITY SIMULATIONS FOR WATER TREATMENT
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This paper presents some of the work carried out within the LIFE Multi-AD 4 AgroSMEs
project (LIFE17 ENV/ES/000331), cofinanced by the European LIFE Program under the
action “Environment and climate action”. The project aims to design a high performance
multi-stage anaerobic reactor for treating wastewater generated in Food and Drink (F&D)
Small and Medium Enterprises (SMEs) in Europe. The starting point of the design is a 100 L
pilot-scale reactor (Multi-AD) developed and patented by AEMA.
Detailed numerical simulations of the current Multi-AD reactor prototype provide a deep
understanding of the behaviour of the system. This modelling requires using a multiphase
model, a turbulence model, and solving heterogeneous chemical reactions together with
energy and species transport equations [1]. The numerical model of the Multi-AD prototype is
therefore highly complex and computationally demanding, preventing its application for
design purposes [2]. The design process requires the assessment of different variants of the
original prototype in order to obtain the most suitable geometry for the anaerobic reactor. A
simulation methodology that allows much faster results is therefore needed.
In this work, a methodology to design a multi-stage anaerobic reactor, based on multifidelity
simulations, is presented. Experimental results were used to validate the most complex
numerical model, which requires around one month to obtain a converged solution. Besides
this complex model, three new models with different fidelity levels were developed: (i) a
one-phase highly simplified model, (ii) a one-phase finite volume (FV) model, and (iii) a
three-phase FV optimized model. Results show that the almost instantaneous one-phase
simulation yields enough information to discard inefficient designs at early stages, and the
one-phase FV model allows a fast but rough characterization of the liquid phase. Finally, the
three-phase optimized model allows a fast and reliable description of the fluid flow inside of
the reactor by considering just the critical phenomena to be analysed, reducing the
computation time to less than one week.
REFERENCES
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Today project management rises to the level of various associative groups, which goes beyond
project management (PM) in a specific defined activity. This seeks to give importance to
processes that are not directly related to one activity. Planning process group by cash-flow
methods or S-curve, one-dimensionally defines a given process, while modified Gaussian curve
supports simulations for a given process with two-dimensional or 3D modeling. By placing the
plan in function of two variables and today popular iterative numerical mathematical methods
suitable for software mathematics, i.e. computer operations, any financial condition of the
project is modeled or simulated depending on the duration and cost or amount of the project
investment. Therefore, by modeling and simulating with the new Modified Gaussian Curve
Method (MGCM), an nM model is created for carrying out the project with the possibility of
optimizing the PM in the initial phase, as well as in the monitoring process group with sensoring
and regulating the reliability of future projects from the given MGCM inverse curves.
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In recent years, topology optimization gained interest in the scientific community. It is used to find the
best arrangement of masses in a design volume. The classical approach named ”Solid Isotropic Material
with Penalization” (SIMP) associates a fictitious density to each finite element in the domain. Explicit
methods adopt a geometric projection of bar elements to reduce the number of design variables. This
simplifies the geometric interpretation of the optimal architecture. The major explicit methods were
recently unified into a general framework, Generalized Geometric Projection (GGP) [1] .
Currently it is quite challenging to take into account manufacturing constraint in the topology optimization design phase. By introducing the GGP framework, tracking the path followed by the tool is
straight-forward using similar philosophy as in [2]. Thus in this paper we present an application of the
GGP Method to the design of products made by Additive Layer Manufacturing (ALM). Every printed
layer constitutes a geometric element, involving design variables relative to position and width. Specific
constraints of ALM including bridge length and overhang angle can be easily monitored by exploiting
the geometric features of the combined elements.
Examples in two and three dimensions will be reported, analyzing two academic benchmark problems.
A comparison to AM filter [3] is also detailed.
This work integrates design and manufacturing, directly identifying the path of the printed layers and
opening up possibilities to also study thermal effects of ALM.
REFERENCES
[1] Coniglio, S., Morlier, J., Gogu, C. et al., Generalized Geometry Projection: A Unified Approach
for Geometric Feature Based Topology Optimization, Arch Computat Methods Eng (2019).
[2] Bhat K. V., Coniglio S., Morlier J., Charlotte M. Une approche par projection pour l’optimisation
topologique de structures imprimées par fabrication additive, 14ème CSMA, Giens (2019)
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In reliability analysis, a classical approach to treat uncertainties is to perform deterministic analyses setting the properties in worst conditions. Even if this can ensure the strength of a component, conservative
hypotheses may generate an unquantifiable over-sizing. A more rigorous way to consider uncertainties is
to assess the probability of failure. In damage tolerance, the information is quantitative for safe components and qualitative for failed ones. A specific methodology has been developed to efficiently assess the
probability of failure combining Kriging regression model and Support Vector Machine classification
combining advantages of both approaches dealing, respectively, with continuous and binary information. The proposed methodology to evaluate the probability of failure is based on the Subset Simulation
principle and is divided into two phases. In the exploration phase, a regression-based approach is coupled with active learning. In the exploitation phase, a classification-based approach is associated with
adaptive strategy because of the lack of quantitative information in the failure space. The efficiency of
the proposed uncertainty propagation methodology is illustrated on simple reference test cases and on a
representative industrial case. The ability of the method to assess low failure probabilities limiting the
number of model evaluations and to detect multiple disjoint failure regions is shown.
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simulation. Probabilistic Engineering Mechanics, 16(4):207217, (2001).
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ABSTRACT
This mini symposium aims at bringing together experts from universities, research institutions
and industries developing or applying evolutionary and deterministic methods in optimization
of design on engineering and societal applications. It is open to everybody who intends to
present recent and original results on any of the following algorithmic topics and/or
applications areas (or other related with).
Algorithmic topics include: meta heuristics and evolutionary algorithms (including
differential evolution, particle swarm optimization, etc.); multi-objective evolutionary
algorithms and constraint handling techniques; adjoint based and one-shot methods; hybrid
optimisation methods (gradient based methods, combinatorial optimization methods, memetic
algorithms); game strategies; parallel and distributed evolutionary algorithms; (big) data
analysis and machine learning.
Applications areas include: aeronautics; automotive; bio engineering and medicine; CAD and
3D/4D manufacturing; civil and structural engineering; energy; environment; offshore, coastal
and marine engineering; smart materials and structures; social sciences and politics;
telecommunications; transport and logistics,…
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Problems with many design variables deteriorate the exactitude of response surfaces made by approximate optimization methods; evolutionary computations are suitable for those problems. However, optimal design, including evaluation by computational fluid/structural dynamics, needs intricate procedures
to form geometries and discretize computational space, so these procedures stagnate optimizations by
evolutionary computations. In an ideal environment, only evolutionary computation runs as the master
processing by a computer at hand; we assess objective functions as the slave processing wholly automatically regardless of computing platforms. If we procure such a supreme situation, it needs not to settle
complicated procedures one by one for many individuals created by evolutionary computations; we can
facilitate designs efficiently.
The present study constructed a script that can cope with all failures that arose on any computing platforms and accomplished the ideal system. The system implemented a fully automated design under a
parallelized MOEA/D, which is modified to update for no each individual but each generation to expedite the parallelization of assessing populations [1]. We applied the system to the 3D-geometry design
problem of a flyback booster for two-stage reusable space transport, which has six objective functions
regarding aerodynamics/aerothermodynamics/structures, 40 design variables, and one geometrical constraint [2]. It advanced efficiently without any sluggish processing because the optimization required no
manual tasks; the data of three generations per day has accumulated consequently. We were able to bring
out the maximum capability of a computing platform that evaluates the objective functions; the evolution
rate was over three times faster than the prior implementation. The result that we attribute to the system
would secure the amount of data that can withstand anticipated data analyses.
REFERENCES
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MOEA/D. In Learning and Intelligent Optimization, LNCS 6073, 303–317 (Springer, Berlin Heidelberg, 2010).
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During the design and optimisation of aerodynamic components, there are too many possible configurations that must be tested because of the large number of parameters involved. To overcome this
problem, the use of artificial neural networks (NN) [1] is proposed as a data-driven reduced order
model to account for the flow around geometrically parametrised aerofoils and wings at various inflow conditions.
Several examples have been considered where the dataset is generated by solving the inviscid Euler equations [2] and the in-house neural network code ’SwANN’ is used to perform the analyses.
Two dimensional examples will be presented to demonstrate the ability of the proposed approach to
outperform single output NN and the proper orthogonal decomposition when predicting lift around
aerofoils at various inflow conditions and on geometrically parametrised aerofoils with 25 geometric
parameters [3]. The extension to three dimensional problems is also considered. As an illustration,
Figure 1 shows an example in which the Onera M6 wing is deformed within a predefined amplitude
and the corresponding inflow conditions are varied. The results show that the lift can be predicted
with a mean error of one lift count for the 75 cases considered in the test set.

Figure 1: The geometrical deformation from the Onera M6 wing to the maximum amplitude (scaled by 5) (left)
and the comparison of the full order model and neural network (NN) prediction in the surface pressure contour
plots (right)
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Global warming and the ever-increasing content of pollutants in the atmosphere force many governments
to limit emissions. The use of methane as a fuel is widespread in the boiler industry, due to the low
pollutant levels in its exhaust gas products. Nevertheless, in the combustion process, nitrogen and oxygen
bind giving rise to a series of molecular compounds called NOx, which are considered pollutants because
they react in the atmosphere causing the production of acid rain and reducing the level of ozone [1].
The aim of this work is to improve the uniformity of the mixture between the fresh air, methane and
recirculated exhaust gases, increasing the combustion quality and limiting the pollution production.
This improvement has been reached developing an automated tool for the shape optimization on the
mixing channel. The geometry is parameterized with Ansys Space Claim CAD software [2], while the
Multi Object Genetic Algorithm (MOGA), available in the software Dakota [3] is applied to a surrogate
model, built with a Kriging method, in order to find the Pareto front of the objective functions, i.e. the
mixing quality and the pressure losses through the channel. The Ansys Fluent [2] solver has been used to
compute the objective functions. The fluid has been modelled as a compressible mixture of non-reacting
gases, and the flow field has been computed solving the steady-state Reynolds Average Navier-Stokes
(RANS) equations coupled with the k-ε Realizable turbulence model [4]. Finally, the optimized geometry
has been manufactured by ICI’s Lab [5] and validated with an experimental campaign.
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Traditional exploitation of the fossil fuels as primary energy sources put a significant strain on the contrition of environment. Therefore, many countries are introducing regulations regarding fossil fuels
utilisation and carbon dioxide emissions. One of the most prominent among the widely considered environmental friendly energy sources is the wind power sector [1]. Rapidly growing demand for the new
wind turbine designs creates a demand for a efficient and reliable development tools.
The paper presents complex optimisation procedure for optimising the aerodynamic performance of the
Vertical Axis Wind Turbine. In the submitted studies, VAWT rotor was defined as a set of vertically
oriented blades profiles. The shape of the profiles was based on the 4 digit NACA airfoils. The optimisation procedure was performed with the in-house heuristic optimisation algorithm [2] combined with the
commercial software packages. The specific design the VAWT rotor was described by the 4 main design
parameters: rotor solidity, blade thickness, blades mounting point and angle of attack of the blades. For
the evaluation of the aerodynamic performance of considered VAWT designs, the two dimensional CFD
model was developed and utilised. The optimisation was carried out both for the different values of the
turbine rotational speeds and different wind velocities. As the utilised two dimensional VAWT model
was performing calculations in the transient mode the noticeable computational effort was required. In
order to improve the efficiency and reduce computing time, the application of so called Reduced Order
Methods - ROMs was investigated. The performed studies resulted in obtaining the near-optimal VAWT
designs regarding the specific wind conditions. Also the explored application of the ROMs is discussed.
Acknowledgements
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In this work an optimization methodology based on multiobjective neuroevolutionary
algorithms to optimize preform thickness distribution of a typical blow molded PET bottle as a
function of its geometry is proposed. A good product design is mandatory as it has clear
implication in the life cycle of the plastic material, concerning not only material savings and
production process optimization, but also in all the cycle life of the product, including the
recycling phase.
The injection blow moulding production process can be seen, from the point of view of the
optimization, as a multidisciplinary multiobjective problem given it is constituted by various
sequential steps in which different variables and objectives must be considered.
In order to proceed with the optimization of such complex process it is necessary to start by the
final stage and advance backwards, until the beginning. The proposed methodology was applied
to the final stage of the process to determine the best traded-off between mechanical properties
and material use and, then, to the blowing stage in order to provide the best preform thickness
distribution to achieve the optimal thickness distribution on the final part. This implies the use
of two different type of modelling, one to obtain the mechanical behaviour of the final bottle
and other to model the material flow during the blowing step. For that purpose, each design
alternative is evaluated by means of a finite element analysis using the commercial software
ANSYS Workbench. The coordinates of the mesh elements are the inputs to an artificial neural
network whose output determines the thickness for the corresponding location.
The results obtained allows us to conclude that the optimization process was able to provide
solutions where the material are distributed along most critical regions in order to achieve the
optimal thickness profile on the final part and, simultaneously, the final part is able to satisfy
the mechanical requirements of the final product. The presented approach is general and,
therefore, it can be applied to products with different geometries.
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This study proposes a distinct orbit design method for a system in which multiple satellites work together
to accomplish a usual mission (constellation). Compared with a single-satellite use, constellations enable
us to observe any target continuously or frequently. We recently make satellites at low cost and deliberate
constellation missions due to up-to-date technologies. In the constellation design, we iterate the process
of setting design variables to define each satellite’s orbit, evaluating its result based on conflicting objectives, and modifying the variables. In this case, designers should solve an optimization problem with
multi objectives and design variables; they suffer computational costs and the high-dimensional solution
space. Thus, we need a constellation design method to oppose this issue. We generally classify the
manner into that for global coverage and regional one. The former constellation supposes to observe the
whole earth consecutively by GPS and Iridium; we had demonstrated since the 1970s. Indeed, Walker
[1], Luders [2], etc. united several design methods.
In contrast, although the latter constellation demand is growing, we have not ascertained any design
method to design constellation orbits for satellites devoted to specific regional observations. This study
optimized two problems on a constellation for local observations by NSGA-II [3]; the first problem was
maximizing the observing duration rate and minimizing altitude; the second was minimizing maximum
revisit time and minimizing average revisit time. Consequently, we procured nondominated fronts for
each problem and revealed the nondominated solutions’ trends—the proposed design method of constellation orbit for satellites specialized for particular realms successfully functioned.
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The overall improvement of system Availability is possible through redundancy [1] and
preventive maintenance [2]. Due to technological progress and business competition, when new
facilities are projected and built, design alternatives and maintenance strategies have to be
contemplated to optimize the performance of physical assets. On the other hand, optimization
results useful in practically all areas of life. It is very useful specially when the number of
potential solutions is high and getting the best solution is very difficult.
The problem to be solved presents two major challenges in conflict: It is necessary to maximize
times in which the system is available to fulfill its function and to minimize the cost due to both
maintenance activities and recoveries after a failure. System availability and operation cost can
be obtained from system functionality profiles [3]. In this work, a methodology based on
modifying the system functionality profile is presented. It allows the joint optimization of the
system design and maintenance strategy using the Multi-objective Evolutionary Algorithm
Based on Pareto dominance with differential evolution as operator (GDE3) [4].
The proposed methodology provides a balanced solutions set among Availability and economic
investment to maintain operating the system along its life cycle. An application case, in which
the system design and maintenance strategy are jointly optimized, is presented. Several
configurations for GDE3 are used to solve the multi-objective problem, successfully finding a
balanced solutions set.
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In many applications of axially moving materials, such as paper making processes, printing presses and
belt drives, there is a demand for driving or running the system at fast speed and at the same time,
avoiding damages and vibrations [1,2]. In this article, the translation movement of a thermoelastic web
performing transverse vibrations caused by initial disturbance, is considered. It is supposed that the
web moving with a constant translation velocity is described by the model of a thermoelastic panel with
simply supported edges of the examined span. The problem of the optimal suppression of transverse
vibrations of a multispan panel supported at discrete points is formulated with consideration of forces
applied to the web. In order to solve the optimization problem, we use modern methods developed in the
control theory of distributed parameter systems described by PDE’s. [3,4,5]
We will present a framework of correct mathematical formulation of optimization problem for the case of
1-D structural element related to application of active control to dynamics problems of moving materials.
In frame of given statement we include different inertia and active forces and also take into account the
actuators action and mechanical and thermal interaction.
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ABSTRACT
Any material at a given scale has a structure that makes the material heterogeneous. This
heterogeneity can be an asset with regard to a desired performance (durability, permeability,
fatigue, etc.) provided that the understanding of the induced mechanisms is well mastered. In
an economic context where the need for lighter structures or the use of multi-functional
materials is becoming a priority, understanding and quantifying the mechanisms of material
deformation at the scale of heterogeneities are challenges.
Today's locks are mainly related to the scales involved, the multi-axial stresses of the material
and the modelling of these heterogeneities.
Thus, experimental, observational and simulation skills must interact. This need for enhanced
dialogue is largely due to the desire to get to know more precisely increasingly complicated
materials that are subject to multi-scale and high-gradient stresses. It is therefore essential to
understand heterogeneity through simulation. To do this, it will be necessary to be able to
discriminate phases via texture analysis methods, to propose models in an acceptable time, to
dimension the tests and their protocols, to set up measures to identify the relevant parameters
of the models and to evaluate the gap with the experimental reality.
The objective of this symposium is to bring together researchers working on state-of-the-art
computational techniques, on the mechanical simulation and the development of digital
imaging techniques on the heterogeneous material to exchange ideas, present novel
developments and discuss recent advances. Topics of interest include, but are not limited to:
- Mathematical methods for realistic reconstruction of material microstructure
- Inverse identification of the mechanical properties
- Construction of a constitutive law
- Optimization algorithm
- Digital image correlation technique for heterogeous material
- Non-linear behavior
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Most models of heat flow in solid objects involve heat transfer between different materials. The
most common assumption made in such cases is that the thermal bond between the two
materials is perfect, so that the temperature and the heat flux are both continuous across the
interface between the materials. For some materials systems this is not a good assumption:
surface roughness strongly affects bond quality for mechanically joined interfaces, and thin
layers with thermal properties that affect heat flow can form for systems that are glued, welded
or chemically bonded.
In addition, in some cases interfaces that start off as perfectly thermally bonded degrade over
time and become imperfect. For some systems, such as the thermal barrier coatings used to
protect turbine blades from high temperature sorrosive atmospheres, this thermal degradation
can be an indicator of mechanical degradation and hence of future coating failure. Being able
to calculate the heatt flow across such interfaces can improve the accuracy of predictions of
component life and system performance.
To understand the effects of a poor quality thermal bond, it is necessary to quantify the bond
quality. Various models have been proposed to calculate bond quality for mechanically bonded
surfaces, but in many cases these models require knowledge of parameters such as surface
roughness that are not easy to obtain once a bond has been created and may change, either
during the bond creation process or during the working life of the system. The use of effective
properties for thin layers from chemical joins is possible, but similarly requires quantification
of those properties.
An alternative approach is to determine the bond quality experimentally. A current European
project Hi-Trace (https://hi-trace.eu/), whose primary focus is measurement of hightemperature properties of materials, is developing a measurement approach to quantify bond
quality that uses the same experimental procedure as the laser flash thermal diffusivity
experiment. The model formulation allows for regions of differing bond quality within a single
interface, unlike existing analytical approaches. At the heart of the approach sits a finite volume
model of the experiment wrapped in an optimisation routine to determine the bond quality
parameter by matching model predictions to measured values.
This paper will describe the experimental approach, the associated model and software, and the
initial sensitivity and uncertainty studies that have been carried out to test the feasibility of the
proposed measurement procedure.
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The numerical simulation of additive manufacturing (AM) processes, such as LPBF (laser
powder bed fusion), is an essential brick in the industrial development. Numerical simulation
is operated either at small scale, in the vicinity of fusion zones, or at larger scale on the whole
part being constructed. Regarding the constitutive models of such solvers, they should be
anisotropic (because of the oriented deposition, layer after layer [1]) and elastic-viscoplastic
(because of the very large temperature they should cover, from room temperature up to
fusion). This makes the identification of their associated parameters a specific and difficult
task. In particular a part of the temperature interval of interest is far beyond the usual range of
"high temperature" characterization which is limited to in service temperature or classical hot
working temperature. This requires non-contact measurement techniques and a specific
protection against oxidation.
In the present work, as a first approach, an elastic-viscoplastic (EVP) constitutive model, of
Hill48 type, is considered to model the rheological behavior of Inconel 718 at elevated
temperature (800 to 1200°C). The experimental data base in view of identification consists of
multiple tests performed on a dedicated machine named DEDIMET, which is a
tension/compression machine with resistive heating (Joule effect) equipped with a protection
enclosure. Each test consists of a small series of uniaxial tension and relaxation performed on
a specimen formerly elaborated by AM, with a build direction having a controlled orientation
with respect to the tension direction. During tests, besides the usual force measurement, the
axial temperature profile is measured by an infrared camera while the displacement field is
obtained by digital image correlation (DIC), all measurements being done through access
windows designed in the enclosure.
The optimization is conducted on the basis of finite element simulation of the tests, using
CimLib, a numerical platform in-house developed in which the above mentioned Hill48-EVP
constitutive model has been implemented. An inverse method platform (MOOPI [2]) – also
developed in CEMEF – is used for identification of Hill48 and viscoplastic parameters. The
high temperature field was used as simulation input, and the measured uniaxial load and local
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displacements were used for the definition of the "cost" function expressing the distance
between numerical predictions and measured quantities. Results coming out of this
identification work will be presented and discussed.
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Optical transmitting materials such as Ge, Si or glass, are widely used in military optronic
systems. They are found on vehicles, ships and soldiers for use in visible or infrared imaging
systems. These optical windows must operate in harsh environments and transmission losses
due to light reflections or surface obstructions cannot be tolerated. Thus, antireflective and
superhydrophobic properties are needed for these applications. One way to achieve a combined
anti-reflective and superhydrophobic optical window is to pattern nanostructures directly onto
the material’s surface. However, designing nanostructures onto the surface such as cones or
pillars lead to sub-optimal mechanical properties compared to pristine surfaces. One possibility
to strengthen these nanostructured optical windows is to deposit a thin hard coating, such as
alumina, followed by annealing at high temperature to induce densification and crystallization.
In this context, the identification of the elastoplastic properties; elastic modulus E, yield
strength σY and hardening modulus H; of this film is challenging and furthermore essential for
developing the optimal coating and nanostructures geometry. Based on a 2D axisymmetric
finite element modelled nanoindentation test, elastoplastic properties are estimated using Finite
Element Model Updating Method (FEMU), by matching load-displacement curves with
nanoindentation measurements.
Instability of the inverse problem solution has been shown, from the identification of these 3
parameters E, σY and H, by combining nanoindentation experiments with two different coated
substrates. By defining an identifiability indicator [1], we will be able to evaluate the good or
bad conditionning of the inverse problem and adapt the experiments to consider for a reliable
parametric identification. Moreover, it has been shown that introducing the residual area [2] of
a profile indenter in the inverse analysis could improve the parameter identifiability, by
describing more precisely the hardening phenomena.
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Thus, the aim of this talk is to discuss about this challenge of extracting mechanical properties
from instrumented indentation and Atomic Force Microscopy of a coated nanostructured
surface.
REFERENCES
[1] F. Richard, M. Villars, and S. Thibaud, “Viscoelastic modeling and quantitative experimental
characterization of normal and osteoarthritic human articular cartilage using indentation,” J.
Mech. Behav. Biomed. Mater., vol. 24, pp. 41–52, 2013.
[2] G. Bolzon, V. Buljak, G. Maier, and B. Miller, “Assessment of elastic–plastic material parameters
comparatively by three procedures based on indentation test and inverse analysis,” Inverse Probl.
Sci. Eng., vol. 19, no. 6, pp. 815–837, 2011.

3198

MaterialBorzeszkowski,
Bartosz
Identification ofThang
the Human
X. Duong,
Abdominal
Izabela Wall
Lubowiecka
Based On
andthe
Roger
Isogeometric
A. Sauer Shell Model

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

MATERIAL IDENTIFICATION OF THE HUMAN ABDOMINAL WALL
BASED ON AN ISOGEOMETRIC SHELL MODEL
B. Borzeszkowski ∗,1 , T. X. Duong 2 , I. Lubowiecka 1 and R. A. Sauer 1,2,3
1
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The human abdominal wall is an object of interest to the research community in the context of ventral hernia repair. Computer models require a priori knowledge of constitutive parameters in order to establish
its mechanical response. In this work, the Finite Element Model Updating (FEMU) [1] method is used
to identify an heterogeneous shear modulus distribution for a human abdominal wall model [2], which
is based on nonlinear isogeometric Kirchhoff-Love shell formulation [3] and the geometry obtained experimentally in [4]. Displacements on the boundary are fixed, and an intraperitoneal pressure of 1600
Pa is applied. A hyperelastic Koiter-Gasser-Ogden-Holzapfel shell material model is used [5]. The heterogeneous distribution of the shear modulus is interpolated by 24 nodal values. The inverse solution is
obtained by the minimization of the objective function, based on the difference between the deformation
obtained from the analysis and the experiment – here an experiment-like FE solution with prescribed reference material distribution, and addition of Gaussian noise. The mean relative error between reference
solution and identified parameters is 1.34 %, while stress and bending moments deviations are below
0.01%.
Acknowledgement This work has been partially supported by the National Science Centre (Poland)
under [Grant No. 2017/27/B/ST8/02518]. Calculations have been carried out at the Academic Computer
Centre in Gdańsk.
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In this presentation, we propose a digital image correlation method based on the kriging
method (Kriging-DIC) with region splitting method for the accuracy improvement of
microscopic strain measurement of fiber reinforced composite.
Recently, Digital Image Correlation (DIC) method is widely used as a tool for deformation
and strain measurement in the field of experimental mechanics. In particular, experimental
evaluation of strain field is one of the important topics from the viewpoint of validation and
verification (V&V) in the field of computational mechanics. In the DIC method, quality of
images and noise will have a great influence on measurement accuracy. Especially, the
observed image in the microscopic region contains large noise. From this reason, DIC with the
empirical semivariogram based Kriging method is proposed for the microscopic strain
measurement of a unidirectional fiber reinforced composite material. In particular, in order to
analyze a noisy image for identifying the microscopic displacement and strain field, noiseresistant smoothed Kriging (ns-Kriging)[1], which has been proposed for surrogate based
optimization with noisy data by one of the authors, is employed in this study. The advantages
of using the Kriging for the microscopic displacement and strain measurement are that a smooth
displacement field can be obtained with reducing the influence of noise and strain. However,
the microscopic displacement field of the composite material is non-smooth. Therefore, in this
study, the microstructure of a target material is divided into single material regions by the region
splitting method and the Kriging-based approach is applied. At first, the proposed method is
applied to the several types of numerical example, and applicability is investigated. Then, the
microscopic strain measurement of a unidirectional FRP specimen including a few fibers under
a tensile load along the transverse direction is perfomred. From the experimental results and
comparison with the results of the finite element analysis, accuracy and effectiveness of the
proposed approach are discussed.
Acknowledgement
This work was supported by JSPS KAKENHI Grant Number JP16K05995 (Grand-in-Aid for
Scientific Research(C))
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Instrumented nano-indentation has been widely used throughout the last decades as an efficient nondestructive test for local mechanical characterisation of several types of materials. However, The application of nano-indentation on elastomeric materials remains limited and quite a difficult task given their
complex mechanical and structural characteristics [1].
In the present work, we try to overcome these experimental limitations and find an effective numerical
approach for local mechanical characterization of hyper-elastic materials. For such needs, a numerical study based on shape-manifold learning method [2] was carried out using nano-indentation loaddisplacement curves.
In this approach, we construct a reduced order model (shape manifold) from a set of high-dimensional
data (nano-indentation curves) generated from numerical nano-indentation tests, through a design of
experiments (DoE) and using proper orthogonal decomposition (POD) combined with the kriging interpolation method. Then, the inverse problem is solved using an optimization algorithm minimizing the
distance between the shape manifold and the projected experimental data (curve) in the reduced shapespace to finally identify its desired parameters.
Besides, and based on the same process, we study the influence of the indenter geometry, the friction
coefficient variation and the indented material height effect.
Regarding the complexity of usual hyper-elastic behaviour laws, our ongoing study has shown that the
shape-manifold learning approach is a promising solution in order to estimate the intrinsic dimensionality, relieve the computational cost, adapt the loading conditions and finally identify material parameters
of a given elastomer from nano-indentation curves.
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Tailoring the microstructure of modern steels is essential for controlling and optimizing their
performance and mechanical behavior. Multiscale methods aim to capture in a realistic
manner the geometrical nature of steel microstructures to improve their predictive capacity. In
addition to composition, texture and phase volume fraction, the spatial distribution and grain
size of the constituent phases strongly influence the mechanical interactions leading to the
macroscopic response of multiphase steels [1]. However, due to the microstructural
complexity of multiphase steels, only the mean grain size is often considered in the creation
of three-dimensional (3D) synthetic microstructures. In this study we quantify the combined
influence of real grain size distributions and texture, characterized by Electron Backscattered
Diffraction (EBSD), on the mechanical properties of single- and multi-phase steels. We
combine a Multi-level Voronoi algorithm for microstructural modelling [2] with Crystal
Plasticity (CP) simulations using the Damask software [3]. The Multi-level Voronoi generator
is coupled with a fast algorithm for generating Laguerre-Voronoi diagrams that allows us to
create 3D artificial microstructures with desired grain size distributions in different phases up
to any prescribed tolerance [4]. The CP simulation results are compared to those using
standard Poisson-Voronoi diagrams. Quantitative analysis of stress and strain distributions
show the dominant role of the grain size on average hardening behavior.
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The characterization of material behavior requires (under heterogeneous conditions, e.g., complex loading, geometry or material) an inverse method to identify the material parameters. The deterministic
identification problem is generally sensitive to data, and one way to resolve this issue is to take into account uncertainties in the data. While several identification methods exist in the literature, most of them
use least-square minimization [1] or Bayesian approaches [2]. In this paper, we present a new identification strategy to solve the inverse problem, in particular, when measurements are inconsistent with one
another. In this strategy, we use sets to model the uncertainty on the information related to measurements
and parameters. We also developed some indicators of consistency of the measurements to characterize
inconsistent measurements, i.e., outliers in the data. There may be several reasons for the inconsistency
of the measurements with respect to the model, e.g., the presence of measurement or model error. With
this strategy, we are not only able to identify a feasible set of parameters but also to detect outliers.
We apply the proposed strategy to determine the location of damage in a homogeneous isotropic elastic
structure. To do this, we apply the proposed strategy to identify the elastic parameters of an isotropic
structure from full-field strain measurements and detect outliers in the measurements. Thanks to our
new strategy, we can detect outliers, which are due to measurement error and model error. The location
of the measurements that are outliers due to model error determines the location of the damaged part
of the structure. To validate the location of the damage, we identify Young’s modulus of the damaged
part of the structure using measurements corresponding to the damaged part. We found that there is a
reduction in Young’s modulus value corresponding to the damaged part compared to the undamaged part,
and that confirms damage occurrence in the structure. Therefore, the main advantage of this strategy is
not only it helps to obtain a feasible set of parameters, but it is also able to detect the outliers in the
noisy measurements. The application of the identification strategy considered in the current work is with
the small (e.g., 1224) numbers of full-field measurements. The next step in this work is to apply the
proposed strategy with high dimensional data or parameter identification.
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ABSTRACT
Inverse problems, design theories and multi-objective constrained optimization strategies are
three areas of advanced research of great interest for practicing engineers and designers. These
three major areas of research have a number of things in common. For example, many
methodologies for solving inverse problems employ optimization algorithms. On the other
hand, optimization techniques generally do not employ methods of inverse design, which could
potentially reduce the number of time-consuming analysis required by the typical evolutionary
optimization algorithms. Similarly, design theory is commonly not used by the optimization
community, where formulation of the appropriate multiple objectives and system-of-systems
design formulations are often performed using intuition and personal experience.
The solution of inverse, design and optimization problems needs to cope with uncertainties in
the mathematical model of the forward problem and its numerical solution, measured data,
boundary conditions, properties of the media, and others. As a result, statistical techniques play
a fundamental role in practical applications.
The objective of this minisymposium is to offer a forum on inverse, design and optimization
problems in heat transfer. Contributions are particularly welcome on novel applications, such
as in biomedicine, small scale processes, high temperatures and high pressures, materials
design, as well as on statistical solution techniques, like those within the Bayesian framework.
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Motivated by large-scale constrained shape optimization problems, we propose a gradient descent akin
method for inequality constrained optimizations. In each iteration, a search direction is computed using
a linear combination of the negative and normalized objective and constraint gradient. The method is
derived from on our previous work [1], where we compute a modified search direction using the singular
value decomposition. Our research interest has been in the theory of the method, and results can be found
in [2]. In this contribution, we present recent advances in our investigations. Under mild assumptions,
the present optimization trajectory is homotopic with the gradient descent trajectory of the objective
function. Using a dynamical systems and a geometric perspective, we show that the method is globally
convergent and finds local solutions asymptotically. The method shows a convergence rate and local
behavior akin to the gradient descent method. Computational experiments show that the present method
is robust.
REFERENCES
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The Approximate Bayesian Computation algorithm of TONI et al. (2009) is used in this work
for model selection and calibration of model parameters for cell proliferation. Several models
based on ordinary differential equations have been proposed in the literature for cell
proliferation. In this work, four models are analyzed with this ABC algorithm. The number of
DU-145 prostate cancer cells during seven days, available every 24 hours, is used as
experimental observations. The selection criterion is based on the Euclidian distance between
the model prediction and the experimental observations. The Richards Model and the
Generalized Logistic Model were selected, thus providing accurate results for the number of
cells varying with the time.
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Lamb wave-based SHM technology for damage detection and localization in plate-like
structures has typically relied on post-processing of ultrasonic guided waves. Traditionally,
damage localization is realized using physical-based models, which often requires sophisticated
signal processing and elaborated physical modelling [1]. Damage index (DI) based approaches
do not need sophisticated signal processing [2]. Since DI alone doesn’t contain location
information, data fusion of signals from multiple actuator-sensor pairs must be performed for
localization. As a result, a relatively dense actuator-sensor network is needed, and localization
can only be realized within the region covered by the network. Realizing that temporal
information contained in the wave signal is extremely important to damage localization, we
propose a time-varying DI feature that preserves the temporal information to improve
localization efficiency. In addition, we propose to use one-dimensional convolutional neural
network (CNN) to correlate the time-varying DI directly with the damage location. The
efficiency and feature extraction capability of the CNN helps the model to possess certain
generalization capability, and thus the model trained on one plate is also applicable to a new
plate. The performance of the proposed method was demonstrated on three cases: localization
on the same plate with different damage locations, localization on a new plate with the same
damage locations and localization on a new plate but with different damage locations. Despite
that only four transducers were used and limited experimental data for training were available,
good results have been obtained. Performance comparison with several existing methods will
also be presented.
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monitoring of an aircraft wing with embedded piezoelectric sensor/actuator network: I.
Defect detection, localization and growth monitoring, Smart Mater. Struct. 16, 1208, 2007.
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Abstract
Keywords: Isogeometric analysis, piezoelectric energy harvesting, shape optimisation,
Kriging, particle swarm optimisation.
In this work, we develop an approach to enhancing the performance of piezo-electric energy
harvesters (PEHs) through shape optimization. The PEH is modeled as a thin Kirchhoff-Love
plate composed of a substructure layer with two layers of piezoelectric material bonded to its
upper and lower faces (bi-morph). The Non-Uniform Rational B-Splines are employed for
spatial discretization within the framework of Isogeometric Analysis (IGA). A parametric
study is performed on three parameterized families of boundary shapes to investigate the
effect of shape perturbations on the fundamental frequency, the peak amplitude of the
frequency response function (FRF) and the peak amplitude of the FRF per unit of area. Then,
the Kriging meta-model is developed to ﬁnd the boundary shapes with optimal performance.
The optimization is performed for three cases: with a ﬁxed tip mass, without a tip mass and
with a tip mass being one of the design parameters.
Next, we extended the PEH model to the Kirchhoff-Love plate with varying thickness. Two
thickness variations are considered: linear and quadratic, which are represented using BSplines. Parametric studies are conducted to explore the behavior of the first natural
frequency, voltage FRF, power FRF, and stress FRF, with their corresponding relation to the
change in volume of the PEH. Then an optimization of the peak amplitude of the FRF’s is
performed using the Particle Swarm Optimisation (PSO) methodology to obtain the best
location of the control points describing the thickness. The optimization is performed for two
cases: with tip mass and no tip mass. The findings are further compared with the results from
the literature.
References
[1]

P. Peralta, R. O. Ruiz, S. Natarajan and E. Atroshchenko, Parametric Study and Shape
Optimization of Piezoelectric Energy Harvesters by Isogeometric analysis and the
Kriging metamodeling. Journal of Sound and Vibration, 484, p.11521, 2020.
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Magnetohydrodynamics (MHD) is the study of electrical conducting fluid flows, such as
liquid metals and electrolyte solutions, when subjected to a magnetic field and/or an electric
current [1]. An interesting application of the magnetohydrodynamic in engineering is the
MHD pump, a device that uses the Lorentz force as driving force. A simple construction of an
MHD pump consists of positioning a pair of magnets and a pair of electrodes in a rectangular
duct, keeping each piece of the pair in an opposite wall to the other in such a way that the
induced electric and magnetic field are orthogonal to each other.
As a voltage is imposed between the electrodes, an electric current is induced, whose intensity
depends on the induced electric field. For a fixed voltage, changing the electrodes distance
leads to different electric field intensities. The closer the electrodes, the stronger the electric
field, and hence higher electric current densities are produced. Consequently, if the duct area
is fixed as the electrodes are moved close to each other, the magnets distance increases, and
the magnetic field intensity in the media is reduced. Besides that, as the current density
increases, heating generated due the Joule effect is raised.
The aim of this work is to find an optimal distance between the electrodes that leads to a
maximum pump efficiency and keeps the induced current density in a level low enough that it
is possible to handle the Joule heating. The simulations are conducted in the ANSYS
FLUENT software which was used for solving the set of electromagnetic and fluid dynamics
equations. The electromagnetic equations were added in FLUENT through User-Defined
Functions (UDF) and User-Defined Scalar (UDS). The numerical implementation follows the
one made by Verissimo et al. [2] and the implemented model provides satisfactory results
checked against experimental and simulated data found in [3].
REFERENCES
[1] Davidson, P.A., An introduction to magnetohydrodynamics, New York: Cambridge

University Press, (2001).
[2] Verissimo, G.L., Pacheco, C.C., Colaço, M.J., Leiroz, A.J.K., Cruz, M.E., Santos, H.F.L.,
Defilippo, M., “Three-dimensional numerical simulations of helicoidal MHD pumps”,
Proc. of the 16th International Heat Transfer Conference, IHTC16-22737, pp. 56695676, (2018).
[3] Aoki, L. P., Maunsell, M. G. and Schulz, H. E., “A Magnetohydrodynamic Study of
Behavior in an Electrolyte Fluid Using Numerical and Experimental Solutions”, Thermal
Engineering, Vol. 11, pp. 53-60, (2012).
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In the context of noise reduction, engineers require eﬀicient tools to be able to obtain optimal
setups. For instance in the context of the aircraft cabin design with acoustic considerations, many
configurations must be investigated, which is a very expensive to obtain a satisfactory design
with classical numerical tools. The use of a classical global optimization strategy could be useful
but still requires a large number of expensive numerical computations. On this work, a dedicated
optimization strategy is proposed to reduce the computation time. The mechanical problem is
solved as a coupled problem between structural parts and a fluid domain. Both elementary
mechanical problems are modeled using very classical finite element approaches considering
respectively elasto-dynamics and Helmoltz’s equations. The coupling is considered using xfem
and a reduced problem is built using Craig-Bampton’s approach [1, 2]. Additional developments
are proposed to be able to eﬀiciently compute sensitivities of the pressure field in the cavity with
respect to the design parameters of the structures. A surrogate-based optimization is used to be
able to find the optimal setup. Responses and sentivities of the quantity of interest are integrated
in the proposed approach by considering gradient-enhanced kriging surrogate model [3]. Along
the iterations of the optimization process, responses and/or sensitivities are smartly added to
enriched the metamodel in order to locate precisely the optimum. The whole strategy is applied
on 2D and 3D cavities and performance of the whole strategy are presented and compared with
classical mechanical solver and common global optimizer.
REFERENCES
[1] Antoine Legay. An extended finite element method approach for structural-acoustic problems
involving immersed structures at arbitrary positions. International Journal for Numerical
Methods in Engineering, 93(4):376–399, 2013.
[2] Antoine Legay. The extended finite element method combined with a modal synthesis approach for vibro-acoustic problems. International Journal for Numerical Methods in Engineering, 101(5):329–350, 2015.
[3] Luc Laurent, Rodolphe Le Riche, Bruno Soulier, and Pierre-Alain Boucard. An overview
of gradient-enhanced metamodels with applications. Archives of Computational Methods in
Engineering, 26(1):61–106, 2019.
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The identification of the diffusion properties of polymer-matrix composite material is always based on the
exploitation of long time gravimetric tests. According to the Thermodynamics of Irreversible Processes,
the diffusion behavior can be isotropic or orthotropic. The principal directions of orthotropy are usually
known and related to microscopic texture. To deal with orthotropic diffusion we firstly proposed the use
of the PGD method to have a parametric solution and the Gauss-Newton algorithm for the search of the
minimum [1].
To rapidly identify the diffusion properties, we here suggest to consider short time tests and the Shen
and Springer slope method. As a material with a complex texture is considered, the principal directions
are not known a priori and enter the identification issue. 6 variables have to be identified : 3 coefficients
of diffusion along the principal directions of orthotropy and 3 angles to determine the orientation of the
orthotropic reference frame with respect to the sample frame. The identification of the physical properties
is done through the minimization of a distance in the space of the physical parameters. The problem
being non-convex, the numerical strategy used for the search of the global minimum is a Particle Swarm
Optimization - PSO, the code ALE-PSO (Adaptive Local Evolution-PSO) with adaptive coefficients [2].
REFERENCES
[1] Beringhier, M. and Gigliotti, M. A novel methodology for the rapide identfication of the water
diffusion coefficients of composite materials. Compos. Part A Appl. Sci. Manuf. (2015) 68:212–
218.
[2] Vannucci, P. An adaptive swarm algorithm to solve design problems of laminates. Algorithms
(2009) 2:710–734.
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Vibration mode of a hyperelastic body excited with an vibration generator embedded in the body can
be analyzed by the finite-element method. When the shape of the hyperelastic body is changed, the
vibration mode will be changed. If the changed mode is similar to a locomotion of fish, this hyperelastic
body might swim in a fluid. In this study, we propose a method to obtain the shape of hyperelastic body.
Mathematical models of fish’s swimming modes have been studied by many researchers since Lighthill
[1]. In this study, we use a mathematical model presented by Barret et al. [2] as the swimming mode.
In advance of this study, Wares et al. [3] attempted to fit the vibration mode of a given linear elastic
fish body to the ideal one by modifying the boundary shape of the fish. The vibration was caused by a
periodic body force equivalent to an actuator. This was achieved by formulating a shape optimization
problem with an objective cost function which represented the squared error norm of those two modes
and solving it. Although the result of a numerical example confirmed that the approach decreased the
objective function, the optimized model didn’t look like the ideal one.
In this study, we propose to use a hyperelastic material for fish body instead of linear elastic one. This
difference results in the periodic finite deformation of the fish body and realizes more realistic vibration.
The periodic deformation is obtained transiently in this research whereas it was assumed to be linear and
given as the frequency response in the previous research. The objective cost function is formulated as
the squared error norm of vibrating finite deformation in a period as well as the previous study. We solve
the shape optimization problem by an iterative scheme based on the H 1 gradient method. To evaluate the
descent direction of the objective function, its Fréchet derivative by the design variable is calculated.
REFERENCES
[1] M.J. Lighthill, Note on the swimming of slender fish, J. Fluid Mech., 9, 1960, pp. 306–317.
[2] D. S. Barret, M. S. Triantafyllou, D.K.P. Yue, M.A. Grosenbaugh and M. J. Wolfgang, Drag reduction in fish-like locomotion, J. Fluid Mech., 392, 1999, pp. 183–212.
[3] Wares Chancharoen and Hideyuki Azegami. Shape optimization for a linear elastic fish robot.
JSIAM Letters, 10, 2018, pp. 65–68.
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Abstract. This work presents a numerical and experimental study in a laboratorial rig to
measure local flame temperature during the biomass combustion. Most of practical situations
of biomass combustion is a transient and non-stable phenomenon. A spectral analysis method
in the Visible Spectrum was used for measurement of local temperatures in a sugarcane bagasse
flame. The two-colour method considering spectral flame emissivity variation joint with an
inverse numerical procedure is used to simultaneous estimation of flame temperature and
spectral emissivity. Also, a sequential iterative numerical procedure is tested. It includes the
application of two-colour method considering grey emissivity between two near spectral
intensity data in a first step. In a second step and iterative procedure considering spectral
emissivity variation along whole spectral range is applied. To apply the numerical methods was
used several spectral intervals in the visible range. In inverse estimation, the LevenbergMarquardt method is used and a polynomial and a cosine models for estimation of coefficients
were tested. Four test of biomass combustion were made focusing the sensor to the reaction
zone, and spectral data collected. The flame temperature estimated for the four spectral data
were closed to 1530 to 1540 K. Also, the spectral emissivity is closed in all four-combustion
test. In the sequential procedure, after initial divergences in results over whole spectrum in first
iteration, the result converges fast for the same result for all the wavelength separation Δλ used
in the two-colour method along whole spectrum. Instantaneous bagasse flame temperature in
the range of 1400 K to 1500 K in the reactive combustion zone were found. An Image
Processing method was used to measure the temperature in the same reactive combustion zone
and the comparison show reasonable agreement. The results in this work also are in reasonable
agreement with results in literature.
REFERENCES
[1] Rodney Allen Rossow, Blackbody temperature calculation of visible and near infrared
spectra for gas furnaces. PHD Thesis. Columbia University. USA. 2005.
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in a CFB boiler furnace. Fuel, Vol 88(6), pp. 980–987, 2009.

3216

Carlos T. Salinas, Leonardo Gonzales, Paulo R.T. Cândido and Daniel Marcelo-Aldana.

[3] Huai chun Zhou, Lou Chun, Sun Yipeng, A simple judgment method of gray property of
flames based on spectral analysis and the two-colour method for measurements of temperatures
and emissivity. Proceedings of the Combustion Institute, Vol 33(1), pp. 735–741, 2011.
[4] Tairan Fu, Peng Tan, Chuanhe Pang, Huan Zhao, and Yi Shen, Fast fiber-optic multiwavelength pyrometer. Review of Scientific Instruments, Vol 82, 064902, 2011. doi:
10.1063/1.3596567.

3217

TopologyJensen
Kristian
Optimization of Extruded Heatsinks Subjected to Convection
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Topology Optimization of Extruded Heatsinks Subjected to Convection
Kristian E Jensen
COMSOL® Multiphysics, Diplomvej 381, DK-2800 Kgs. Lyngby, info@comsol.dk

Key Words: Topology Optimization, Multiphysics Simulations, Manufacturing Constraints
For designers of heatsinks the temperature at the heat source is an important parameter, but they
also consider the fan power as well as the heatsink mass. The conventional fin designs are
popular as they involve few parameters, such that experimental optimization becomes a viable
strategy. The manufacturing process can normally deal with designs more complex than fin
designs, but the big question is how the design topology should be changed to improve the
performance.
In this talk we will demonstrate how COMSOL Multiphysics® can be used to perform topology
optimization of a heatsink. The coupled flow and heat transfer equations are solved in three
dimensions, but the design is restricted to be extrudable such that the manufacturing difficulties
normally associated with topology optimization are avoided.
We exploit the ability of COMSOL Multiphysics® to automatically perform adjoint sensitivity
analysis for arbitrary objective functions. The resulting sensitivity is used with a gradient based
optimization method, GCMMA [1]. We use the density method together with standard
interpolation functions and regularization techniques [2-4]. We find that the optimization
problem is well-posed, if the average temperature at the heat source is used as objective
function, while flow is driven by a fixed pressure drop.
The flow in commercial heatsinks is often turbulent, but we consider slower flows, so that a
laminar model can be used. The topology of the resulting design can, however, still serve as
inspiration for designers of heatsinks operating at higher flow velocities.

REFERENCES
[1] K. Svanberg, A class of globally convergent optimization methods based on conservative

convex separable approximations, SIAM J. Opt. 12(2), pp. 555−583, 2002.
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differential equations, Int. J. Num Meth 86(6), pp. 765−781, 2011.
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ABSTRACT
This mini-symposium aims to bring together researchers working on various aspects of
topology optimization applied to fluids, solids and structures. In particular, we are interested
in recent advances in topology optimization. Suggested topics include, but are not limited to:
* Novel and efficient topology optimization algorithms
* New methods to handle manufacturing, stress and other constraints
* Exact solutions to topology optimization problems
* New methods to solve multi-objective topology optimization problems
* Recent advances in reliability-based topology optimization (RBTO)
* Efficient solution of industrial large-scale topology optimization problems
* Inclusion of microstructure in topology predictions
* Recent advances in topology optimization applied to multi-physics problems
* Exploiting high-performance computing in topology optimization considering parallelism
by CPU and/or GPU.
* New methods of adaptive mesh refinement in topology optimization
* Multiscale topology optimization
* Topology optimization applied to fluid problems
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The present work aims to introduce a hydraulic fracture model based on the concept of the topological
derivative. This well stimulating technique also known as fracking was proposed by [1] in 1949 and has
been widely used in oil and gas industry [2]. Overall, the fracking technique consists in significantly
increase the production surface area of a porous medium from a pre-existing fault in such a way that the
gas trapped in the rock formation might be collected in the surface. Furthermore, the fracking process
has been the subject of many recent works due to its environmental impacts and economical aspects.
In this context, we present an extension of the hydro-mechanical fracturing model proposed by [3] in pursuit of a scenario closer to reality by taking into account the initial stress state (in situ stress) and the fluid
inertia during the propagation process. The present model results from adapting the Francfort-Marigo
damage model to the context of hydraulic fracture together with Biot’s theory [4]. We consider a two
dimensional idealization in which the fracturing process is activated by a non constant pressure field distributed over the whole domain. A shape functional given by the sum of the total potential energy of the
system with a Griffith-type dissipation term is minimized with respect to a set of ball-shaped inclusions
by using the topological derivative concept. Then the associated topological derivative is used to construct a topology optimization algorithm designed to simulate the nucleation and propagation process.
Finally, some numerical examples depict the role of the in situ stress in the fracture propagation, specific
crack path growth (allowing kinking and bifurcations) and also the applicability of the methodology here
proposed.
REFERENCES
[1] J. B. Clark, A hydraulic process for increasing the productivity of wells. Trans Am Inst Mining
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In this paper, a topology optimization approach for the solution of an inverse problem considering the
transient response of elastic wave propagation in isotropic media is presented based on the SIMP model
[1]. Here, the wave velocities of each point of the domain are considered as the design variables which
are estimated during the optimization process. These design variables are updated to minimize a given
objective function which considers relevant data collected from the numerical model. Although the
least-squares cost functional is the most common objective function used in image reconstruction for
geophysical exploration, it may lead to convergence problems when the starting model is far from the
true model. In this work, we investigate the influence of different cost functionals on the image resolution
and optimization convergence considering observed data collected from synthetic models. The domain
of interest is discretized using a finite element formulation and the transient response is obtained by a
time-integration scheme based on an implicit method. The optimization procedure is carried out using a
quasi-Newton method and an automated adjoint differentiation tool [2] is used to perform the sensitivity
analysis. The use of this type of automated technique allows comparing different formulations for the
optimization problem without the necessity of deriving the adjoint equations for each problem. Numerical examples considering 2D synthetic models are used to compare different objective functions in terms
of quality of the reconstructed image and the number of iterations required to reach the convergence.
REFERENCES
[1] Martin P Bendsøe and Ole Sigmund. Material interpolation schemes in topology optimization.
Archive of applied mechanics, 69(9-10):635–654, 1999.
[2] Patrick E Farrell, David A Ham, Simon W Funke, and Marie E Rognes. Automated derivation of
the adjoint of high-level transient finite element programs. SIAM Journal on Scientific Computing,
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While compliance-based problems have been greatly investigated in structural topology optimization, the
interest of industrial applications requests more complicated formulations to consider structural failure.
In order to achieve this, the most popular way is to set stress-based objectives/constraints in structural
topology optimization [1]. Rather than considering stress minimization criteria, another promising way
is to introduce the criteria based on linear elastic fracture mechanics into topology optimization [2].
In this work we propose a topology optimization procedure to design a structure with enhanced fracture
resistance. In this framework, we assume that cracks could nucleate anywhere along the boundary, and
the corresponding objective is expressed as an aggregation function on the energy release rate of every
potential crack. While conventional methods require a different analysis to evaluate the energy release
rate of each potential crack, which uses vast computational resources, we use an analytical method that
uses the finite element solution of an uncracked domain and topological derivatives to evaluate the energy release rate [3]. The corresponding sensitivity formulation is derived analytically by using an adjoint
formulation. The topology optimization approach used in this work, which uses a level set to represent
topology and the interface-enriched generalized FEM (IGFEM) to obtain the structural response, was
proposed recently to solve compliance minimization problems [4]. Several numerical examples are provided to investigate the proposed optimization framework, where we compare final designs with those
obtained by stress-constrained optimization.
REFERENCES
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optimization with the level set method. Comput. Methods in Appl. Mech. Eng. (2018) 329: 1-23.
[2] Challis, V.J., Roberts, A.P. and Wilkins, A.H. Fracture resistance via topology optimization. Struct.
Multidisc. Optim. (2008) 36: 263-271.
[3] Silva, M., Geubelle, P.H. and Tortorelli, D.A. Energy release rate approximation for small surfacebreaking cracks using the topological derivative. J. Mech. Phys. Solids (2011) 59: 925-939.
[4] Van den Boom, S. J., Zhang, J., Van Keulen, F., and Aragón, A. M. An Interfaced-enriched Generalized Finite Element Method for level set-based topology optimization. Struct. Multidisc. Optim.
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Many imaging methods consist of solving an inverse problem. Acoustic Tomography (AT) relates to instances where the physics of the problem are described by the acoustic wave equation, with applications
in areas such as non-destructive testing [1], medical imaging [2] and exploration geophysics [3]. Topology Optimization [4] is a design methodology originally from Structural Mechanics which has however
been generalized to many other applications, for instance, design of flow machines and project of smart
materials. The delineation of material interfaces is of utmost importance for most of these applications
applications, such as damage identification in composite materials, or exploration of geological structures. In this work, the TO methodology implemented in [5] is extended in order to solve the 2D AT
problem in the time domain. The acoustic propagation is simulated inside a fixed design domain, and
the amplitude is registered at certain receiver points. This data is compared to a reference signal, and
the misfit is minimized in order to retrieve the acoustic properties. The objective function is the squared
L2 norm of the residuals, and the acoustic parameters are interpolated using a multimaterial model that
establishes a set of candidate materials. The optimization is carried out using the L-BFGS-B method.
The state equations are solved in the time domain by an explicit time stepping scheme, while the spatial
discretization is done via the Finite Element Method using the Firedrake software [5]. Representative
cases are presented in order to illustrate the methodology. The results show the potential of TO, and
specially the tuning of the material model, as a viable tool for steering the imaging procedure.
REFERENCES
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72: 879-892.
[2] Veeken, P.C.H., and Da Silva, A. M. Seismic inversion methods and some of their constraints. First
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[4] Gonçalves, J. F., et al. Identification problem of acoustic media in the frequency domain based on
the topology optimization method. Struct. Multidiscipl. Optim. (2020) 62.3: 1041-1059
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Absorbing layers are used in numerical methods as finite elements with the purpose of modeling
unbounded or semi-infinite media in areas such as Geophysics or Acoustics. However, the
modeling of these layers is a open problem since they are described for attenuation functions
with parameters that require proper calibration and sometimes can presented numerical
instabilities [1]. Some works have tried to optimally parameterize the absorbing layers [2],
nevertheless, they are dependent on material parameters, thus hindering the convergence of
iterative methods in inverse problems by the variation of domain properties within the process,
especiallly in transient regime. In this work, a approach involving topology optimization for the
solution of a inverse transient problem is presented where the damping parameters for
attenuation functions in the absorbing layer act as design variables. Thus, the layer is adaptive
according to the optimization process solution in order to reduce the inherent numerical
instabilities. Transient equilibrium equations are solved by using the Finite Element Method
implemented in the FEniCS framework [3] and an implicit time integration method. Onedimensional and two-dimensional results are presented to show the advantages and potential of
the methodology.

Figure 1. Schematic modeling of an infinite medium

REFERENCES
[1] G. C. Cohen, Higher-order numerical methods for transient wave equations, 1st Edition,

Springer, 2002.
[2] A. Rodrigues and Z. Dimitrovová, The Caughey absorbing layer method – implementation
and validation in Ansys software. Latin American Journal of Solids and Structures, Vol.
12, pp. 15401564, 2015.
[3] Logg, A., Mardal, K.-A. and Wells, G. N. Automated Solution of Differential Equations by
the Finite Element Method. Springer, 2012.

3226

Lukas Christian
Coupled
Aeroelastic
Høghøj,
Shape
Cian
andConlan-Smith,
Topology Optimization
Erik Albert
Using
Träff,
Panel
Ole Sigmund,
Methods and
A. Niels
Fem and
Casper Schousboe Andreasen
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
11–15 January 2021, Paris, France

COUPLED AEROELASTIC SHAPE AND TOPOLOGY OPTIMIZATION
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Niels Aage1 , Casper S. Andreasen1
1

Department of Mechanical Engineering, Section for Solid Mechanics, Technical University of
Denmark, Kgs. Lyngby, Denmark
∗
luch@mek.dtu.dk

Key Words: Panel methods, Fluid-Structure interactions, Multidisciplinary optimization, Topology optimization, Shape Optimization
When designing wings for aircrafts and wind turbines, the aerodynamics and aeroelastic response of the
structure are the main considerations. In this study, medium fidelity panel methods with fast turnaround
times are used for the aerodynamic shape optimization of wings [1]. The shape optimization is coupled to structural density based topology optimization of the internal structure of the wing [2]. The
two optimizations are carried out as one integrated process. In the coupled optimization problem, the
aerodynamics of the deformed wing and the maximum wing tip displacements are optimized.
The coupling between shape and topology optimization necessitates a two way coupling when solving
the physics and the adjoint equations for the computation of the sensitivities. The current outer shape of
the wing is superposed on a finite element mesh covering the bounding volume of the shape optimization
problem. The aerodynamic pressure loads are transformed from the surface mesh to the unfitted finite
element mesh using the surface mesh normals and the intersection area between element and surface
mesh. A minimum wing skin thickness is obtained by using an erosion technique [3].
The wing shape is parametrized based on the cross section following a NACA 4 or 5 digit airfoil description, using approximately 40 cross sections. The interior design is for now represented using typically
around 10 million elements. The optimized wing designs display enhanced aerodynamic performance
and intricate interior structural design depending on the loading conditions.
REFERENCES
[1] Conlan-Smith, C., Ramos-Garcı́a, N., Sigmund, O. and Andreasen, C.S. Aerodynamic Shape Optimization of Aircraft Wings Using Panel Methods. Aiaa Journal (2020) 58 (9): 3765–76.
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Multi-materialization attracts attention in advanced structure designs and is promoted to satisfy various
mechanical properties such as strength, stiffness and weight in industries. For this reason, many multimaterial topology optimization techniques have been proposed so far. However, some fundamental and
important problems have yet to be solved from a viewpoint of structural design.
One of the difﬁculties is how we control the weight of a structure with satisfying allowable strength
of each material. In most aproaches, the volume of each material is prescribed. However, this doesn’t
necessarily lead to reduction of the structural weight as shown in Li et al. [1]. Therefore, it is desirable to
apply a constraint for weight of structures rather than volume of each material together with the strength.
The other is that it is complicated to formulate the stress-based multi-material topology optimization
when mechanical behavior on interface between materials is considered. In this case, it is essential
to take into account both strengths of materials and interface. Particularly under a high temperature
environment, it is important to control the strength of inter-materials. Recently, Liu et al. [2] proposed
a topology optimization problem considering interface between multi-phase materials using level set
method and XFEM. However, to the best of the authors knowledge, a method which considers strength
of both materials and the interface under a high temperature environment has yet to be established.
Under this circumstance, we propose a multi-material topology optimization method which satisfy the
allowable strengths of each material and the interface for a thermal problem. In this study, we use DMO
approach because it is suitable when considering multiple material properties such as Young’s modulus,
strength, and weight. Furthermore, we adopt the gradient-based interface representation proposed by
Clausen et al. [3] to evaluate strength of the interface on density-based methods which cannot describe
the boundary explicitly.
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The recent trend in optimal design points out extensively applying the scheme, namely topology
optimization, to broad areas of engineering and multi-physics problems such as structural
analysis, fluid flow, and heat dissipation. The advantage of topology optimization is to freely
design topological layout and directly fabricates with additive manufacturing [1]. With its
robust capability, topology optimization has challenged to apply for designing and developing
the future technology from the porous material, which has positive performance in lightweight,
strength and transferring temperature. These features are highlighted in many engineering fields
[2], especially its application on the design of heat management in modern industrial processes
such as molding and cooling systems. However, limited works have applied topology
optimization for transient heat transportation as well as behavior inside the microscopic porous
material. In other words, topology optimization scheme which capably optimizes multi-scale
porous structure under transient heat transportation has yet to be implemented.
In the present study, a multi-scale topology optimization framework for transient heat
conduction and transfer in porous material is developed. With the multi-scale framework, the
microstructure is supposed to contain only two phases inside, namely fluid and solid phases.
The homogenization method is utilized for obtaining representative properties from unit cells
in porous material as presented in [3]. Analytical transient sensitivity analysis is derived by
using the adjoint variable method. Heat compliance is selected to be an objective function for
maximizing the overall structural performance. A series of multi-scale optimized structures will
be investigated to demonstrate the performance of the proposed method.
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In multi-material optimization [1], the objective is to distribute isotropic materials within a design space,
to optimize a specific objective. On the other hand, in architected material optimization [2], the objective
is to design a microstructure within a unit cell to achieve a desired material behavior.
Here, we propose to combine the two to create a multiple architected material optimization where the
objective is to distribute architectured microstructures within a design space, to optimize a specific objective. While the microstructures can be designed on-the-fly, to reduce computation, we select a set of
predefined lattice structures, and pre-compute their behavior at a finite set of shape parameters exploiting
standard SIMP/RAMP technique. Then, the material behavior of these lattices are interpolated using
surrogate model [3].
The framework is demonstrated on benchmark problems, and the resulting designs are printed using
selective laser melting (SLM).
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Compliant mechanisms use their body strain to perform the desired mobility. This kind of mechanisms
are widely used in precision mechanical devices, biomedical engineering and MicroElectroMechanical
Systems (MEMS). Considering the concept of such mechanisms, pin and joints are not allowed in the
synthesized design. In this regard, topology optimization suits very well to design mechanisms made of
a single material layer. Although the application of topology optimization in compliant mechanisms is
not new [1], most of the times a linear assumption is applied in the optimization problem. However, a
linear framework can not be enough to correctly predict the device kinematics involved. In this work,
geometrical and material (compressible hyperelasticity) nonlinearities are taken into account to obtain
mechanisms near real-world applications. Besides that, a strength criterion for the optimization problem
is applied to design compliant mechanisms that fulfill the desired kinematic tasks while complying with
a stress threshold. A nonlinear framework for the problem was subject to some few works dealing with
compliant mechanisms designs, as in [2] and [3], but the assumption of strength criteria is largely absent
in the literature. By employing benchmark examples, we investigate the influence of a nonlinear formulation with a stress constraint in the final designs. The main novelty of this research is the investigation of
the role of material nonlinearity with the presence or not of a stress constraint in the problem. It is shown
that, although not relevant in problems with no strength criterion constraints when stress is considered
the material nonlinearity assumption is mandatory.
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Since the introduction of the Solid Isotropic Material with Penalization method in the seminal paper
by Bendsoe (1989), material interpolation methods have become one of the most active research areas
in engineering optimization. Although the origin of almost all density-based approaches lies in linear
elasticity, they have been successfully extended to even more complicated single and multiphysics fields.
Optimal topology refers to the location and number of holes such that an objective function is extremized.
Most real-life engineering optimization problems are non-convex by nature. In a topology optimization
context, this non-convexity is even exacerbated by the extra restrictions imposed during the optimization
process to enforce mesh-independent black/white manufacturable solutions. Such restrictions include
intermediate density penalization, as well as external regulation techniques imposed to tackle some numerical instabilities such as checkerboarding and mesh dependence. This non-convexity gives rise to the
problem of local minima, where the converged solution is greatly affected by the algorithmic parameters as well as the initial guess. To overcome this non-convexity, it’s often advised to use continuation
methods, that is to introduce non-convexification gradually between iterations. In this work, we trace
how non-convexity is introduced to the topology optimization problem through various sources starting
from domain discretization, and how global optimality could be approached through careful application
of continuation methods Bendsøe and Sigmund (2004).
Although the mathematical perspective of the penalization of intermediate density elements have been
studied in many articles so far, similar studies are missing for other aspects of the topology optimization
process. In this work, we take a mathematical approach to studying the effects of different design constraints imposed in a topology optimization problem; domain discretization, volume fraction constraints,
maximum/minimum length scales through filtering or other techniques, and stress-based constraints. We
show that almost all design constraints have a penalization-like effect on the problem, and show how
continuation methods could be utilized to alleviate this effect.
References
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Topology optimization is a very active field of research with many recent contributions such as e.g.
length-scale control [1], manufacturing constraints [2], and improved filters [3]. Having a set of common
examples allow for a direct comparison of the effects of these various contributions. Efficient methods for
large-scale topology optimization is also an active sub-field of research [4, 5]. Also here a common set of
test cases allows for a better comparison of solution methods both in terms of computational expense and
when validating the resulting structures.
In this work we revisit the GE engine bracket which has already been studied throughout the literature
[4]. The modeling and optimization of the bracket is discussed, covering both structured and unstructured
mesh approaches. Standardized models are suggested to remove the ambiguity present in the original
specification.
Finally, state-of-the-art large-scale results are presented for the model of the GE Engine bracket, modeled
on unstructured meshes ranging from 100K to 100M elements. All results and datasets are made publicly
available, i.e. the optimized designs, input (unstructured) meshes, and surface (stl) meshes, necessary for
the reproduction of the bracket results.
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Topology Optimization (TO) [1] is an important technique that redistributes the material within
a design domain to optimize certain objective functions under specified constraints. In industry,
efficient gradient-based techniques using SIMP (Solid Isotropic Material with Penalization)
interpolation with Optimality Criteria (OC) [1] or heuristic approaches such as Hybrid Cellular
Automata (HCA) [2] are used to optimize structures without taking into account the designer’s
preferences about the final material layout. On the other hand, an improved design with a certain
similarity to an already present reference design is usually required due to the economic reasons
or limitations of the manufacturing and assembly process. To control similarity, one approach
can be to directly incorporate similarity constraint in OC using analytical sensitivities of the
considered similarity metric. In contrast, we propose a heuristic Energy Scaling Method (ESM)
[3] to obtain designs of different similarity w.r.t. a given reference design. ESM is compared
with OC-based SIMP with similarity constraint as well as alternative heuristic approaches such
as the weak passive material method and the approach of modified design domain [3]. The
main advantage of the heuristic approaches is that they can be used both in gradient-based and
non-gradient TO methods such as HCA or Scaled Energy Weighting (SEW)-HCA [4] to
address static and crash problems. In ESM, the design domain is divided into preferred and nonpreferred regions based on material distribution in the reference design. Designs varying in
similarity w.r.t. the reference design are obtained by applying different scaling factors to the
elemental energies in the preferred and non-preferred regions. Initially, the proposed method
is coupled with HCA as well as with OC-based SIMP, for TO of a cantilever beam under static
point load. Secondly, a 2-D beam fixed at both ends and impacted on the top edge is considered
to test the method for a dynamic crash load case using HCA. The obtained results show that
ESM is the most promising approach, which can be used to effectively control similarity in TO.
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Abstract
In the last decades, fiber-reinforced material is gaining space in engineering applications due to its
advantageous properties and because of that, new additive manufacturing technologies are been
developed to build structures with this material category. These technologies allow manufacturing
structures with diversified shapes and different fiber orientations. For this reason, several works
were published in recent literature proposing different methods to determine an optimized fiber
orientation. Although, the local minima problem is an intrinsic issue in the fiber optimization
problem, and to circumvent this, usually discrete material optimization methods are used. Neverthless, a method which considers the fiber angle as a continuous variable named SPIMFO, uses
Taylor series to approximate sine and cosine series, and through a continuation scheme, procures
avoid local minima. However, most of the works found in the literature consider a linear stressstrain relation, which implies assuming the hypotheses of small displacement, strain, and rotations.
Albeit, defining a fiber distribution across an entire domain is not a trivial task, and for this it is
necessary a robust numerical method. Topology Optimization is a efficient well-known method,
which employ a numerical method as Finite Element and a optimization algorithm, to define material distribution in a structure. Thus, this work proposes to determine optimized fiber distributions
in composites structures by using a topology optimization algorithm, where the SPIMFO method
and a fully nonlinear constitutive equation based on the neo-Hookean transversely isotropic model
are employed. The Interior Point Algorithm is used as optimization algorithm and the objective
function is the end compliance which must be minimized with box constrains that limites maximum and minumum fiber angle. Numerical examples are presented to show the effectiveness of
the method.
Keywords: Fiber angle optimization, SPIMFO, Hyperelasticity, Composite, Fiber continuity
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Topology optimization is a computational design method that aims to determine the optimal material
distribution within a specified design domain for achieving superior performance. This approach has
improved significantly by the increasing advancement of computational capabilities in the last decades,
while various methods for topology optimization have been developed. So far, the so-called densitybased topology optimization is the most popular approach where the optimal material distribution is
obtained by determining the existence of material in each point in the domain [1].
One of the current challenges in the field of topology optimization is to adopt more accurate numerical
analysis approaches that allow for accurate resolution of the boundaries between material phases. The
vast majority of studies in this field rely on finite element analysis (FEA). This requires representing
the original structure geometry with an approximate representation that leads to inaccurate analysis solutions, especially on the structural boundaries. Recently, with the increasing progress in the field of
Computer Aided Design (CAD), the Isogeometric Analysis (IGA) method has emerged [2]. The key
point of IGA is that the analysis is performed over the original structure geometry where the structural
boundaries are accurately represented. In principle, this could make IGA suitable for topology optimization with accurate boundary representation however there are many challenges, as the geometry
constantly evolves during the optimization process.
The main goal of the proposed approach is to allow for accurate boundary representation within topology optimization. So far, studies that utilize IGA for topology optimization rarely accommodate a crisp
boundary between material phases. In the current work, the structure topology is evolved following the
level-set approach where the structure boundaries are defined precisely. In each optimization loop, the
obtained level-set based topology is mapped into a spline-based representation that is defined on an unstructured mesh following the un-trimming technique by Sederberg et al. [3]. The mapped topology
is characterized by an explicit and accurate structure’s boundaries representation which is exactly used
for the analysis stage (IGA). Due to the continuously changing topology along the optimization process,
a consistent sensitivity analysis is developed to meet the spline-based geometry representation and the
IGA approach. Several challenges arise when aiming to maintain the design freedom as in FEM-based
density-based methods, and possible remedies will be discussed in detail in the talk. The suggested
approach has been successfully tested on a classical topology optimization problem for compliance minimization.
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Shape-memory alloys (SMAs) are unique active materials that exhibit recoverable
deformations under a prescribed temperature cycle or loading cycle. These two properties,
referred as two-way shape memory effects (TWSMEs) and superelasticity, are results of the
latent heat exchange process of the phase transformation of SMAs [1]. In real-world
applications, the nonuniform temperature distribution of the materials will cause
nonsynchronous phase transformation within the SMA structures. Hence computational design
techniques which accurately capture the physical properties, and take advantage of both
TWSMEs and superelasticity, are of great importance in the study of structures containing
SMAs.
We present a novel framework for the design of shape-memory alloy-based active structures
considering thermomechanical coupling, via a topology optimization method. In this study, we
couple the transient thermal conductivity problem together with a nonlinear phenomenological
model of shape memory alloys. The finite element analysis contains one-directional coupling
between thermal conduction and the inelastic behaviours of SMAs. The thermomechanical
response of the shape-memory structures is solved in a nested Newton-Raphson procedure [2]
where the global iteration accounts for both thermal conduction and force balance, and the local
iteration represents the thermomechanical evolution of the inelastic materials.
We parameterize the material distribution via a SIMP formulation [3], with gradient-based
optimization used to perform the optimization search. We derive a path-dependent, bi-level
adjoint formulation for analytically computing the design sensitivities of the coupled
thermomechanical response. We also derive a consistent analytical formula for evaluating the
tangent matrices and adjoint vectors via a nested Schur complement procedure for fast and
accurate sensitivity analysis. The resulting formula can avoid the issue of an ill-conditioned
tangent matrix to obtain accurate sensitivities.
Finally, the proposed design framework is demonstrated using a series of two-dimensional
benchmark problems. The proposed framework aims to computationally create structures that
are manufacturable (via 3D printing) and that optimally leverage both two-way shape memory
effects and superelasticity.
Key Words: Shape-Memory Alloys, Topology Optimization, Superelasticity,
Thermomechanical Coupling, Multi-Physics Design, Adjoint Sensitivity Analysis.
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Aiming for better design and more efficient structures, the topology optimization procedure has
been widely applied to continuum structures in the last decades. Several different approaches
have been developed considering multiphysics and multiscale structures [1, 2] at both macroand microscopic scales. However, due to advances in nanofabrication processes, both top-down
and bottom up synthesis approaches have been used to produce nano-engineered structures for
a variety of applications. The present work presents a procedure to extrapolate the structural
topology optimization methodology to atomic structures. The modelling of the samples is based
on the Atomic-scale Finite Element Method (AFEM) [3]. AFEM is formulated based on the
concept of potentials, in which an atomic potential field is used to calculate the total energy of
the system based on the atomic structure and the nature of atomistic interactions. Previous
studies showed that AFEM can be effectively used to model atomic structures [4]. A sensitivity
number based on the strain energy has been determined for atomic structures making a parallel
analysis with the classical topology optimization for structural design in the continuum
mechanics. Based on the BESO Method [2] an optimization procedure is developed to
maximize the total potential energy of the nanostructures considering its initial geometry and
boundary conditions. Considering the initial configuration of the nanostructure as the design
domain, the final number of atoms is taken as the problem constraint in the optimization
process. Similar geometries and boundaries conditions of classical topology optimization
problems of continuum structures are considered in order to validate de proposed procedure.
Some numerical examples are presented to demonstrate the capability and efficiency of the
proposed methodology to deal with topology optimization problem at atomic level.
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In the design of fluid flow devices through the Topology Optimization Method, there is a specific class of
fluid flow problems characterized by a 2D axisymmetric flow around a rotating axis. This specific type of
problem leads to the simplification from a more computationally expensive 3D fluid flow model to a less
computationally expensive 2D swirl flow model. The Topology Optimization Method has already been
analyzed before for 2D swirl laminar flow. However, it has still not been considered for 2D swirl turbulent
flows. In this work, the effect of turbulence is considered in the design of 2D swirl flow devices by
using the Topology Optimization Method. The design comprises the minimization of the relative energy
dissipation considering the viscous, turbulent [1], porous and inertial effects, and is solved by using
the Finite Element Method. The traditional pseudo-density material model for Topology Optimization
[2] is adopted with a nodal design variable. The optimization is performed with IPOPT (Interior Point
Optimization algorithm). Numerical examples are presented for some 2D swirl turbulent flow problems.
REFERENCES
[1] Yoon, G. H. Topology optimization for turbulent flow with spalart–allmaras model, Computer Methods in Applied Mechanics and Engineering. (2016) 303 : 288 – 311.
[2] Borrvall, T. and Petersson, J. Topology optimization of fluids in stokes flow, International Journal
for Numerical Methods in Fluids. (2003) 41 (1) : 77–107.
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In vibrating machines, resonances are usually associated with failure, and must, therefore, be avoided.
As the frequency at which the system operates is usually fixed by the process, one way to avoid resonances is by making sure none of the components have a natural frequency belong to the set of operating
frequencies. The topology optimization method presents a simple method for passive control of eigenvalues by rearranging material and, in particular, the Bi-directional Evolutionary Structural Optimization
(BESO) method provides a simple and robust algorithm to obtain an optimal topology [1]. In these
problems, studies are usually either performed on low or high frequencies. For the first case, there is an
extensive research for various geometries and models [2]. For higher frequencies, however, studies are
based on the analysis of phononic crystals, which are periodic structures with at least two materials with
highly contrasting properties [3]. This method disregards the domain’s particularities, such as geometry
and boundary conditions, as it is only interested in a unit cell. This study proposes a methodology based
on the application of the BESO method for frequency separation suited for both cases, as well as for
medium frequencies, where both aforementioned analyses struggle. Finally, as results tend to present
periodic behavior, a periodicity constraint is applied to study its influence on the result and to visualize
the dispersion diagram of the resulting unit cell.
REFERENCES
[1] Huang, X. and Xie, M. Evolutionary topology optimization of continuum structures: methods and
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106536.
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Since the first application of Topology Optimization for flow problems presented in [1], several
works demonstrating the use of this approach for different flow cases can be found (e. g., [2],
[3] and [4]). Even being an explored subject, cases with compressible flows (velocities above
0.3 of sound speed [5]) are mainly studied in shape optimization works (e. g., [6] and [7]). In
this work, the discrete approach of the Adjoint Method is used to calculate the sensitivities of
an optimization problem considering viscous compressible flows. The objective is to minimize
the entropy variation. A volume constraint is applied to improve the geometry definition of the
resulting design. Penalization of momentum equations enforce specified velocity at the solid
regions and mimics an adiabatic condition for this same region. The implementation is executed
in the open library OpenFOAM v1912. A pressure-based approach is used to calculate the main
flow with the SIMPLE algorithm extended for compressible flows. Cases considering steady
state flow and perfect gas are presented showing that the methodology can be used to optimize
compressible flow cases.
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Labyrinth seals are the most popular and the oldest mechanical sealing solution in
the industry and play a vital role in the prevention and reduction of fluid emission.
In the last decades, the improvement of the Labyrinth seal in multi-stage pumps and
compressors attracts a great attention. Due to the very high number of geometrical parameters
(e.g., seal cavity depth, seal tooth thickness and tooth tip clearance) and difficulties related to
determining their effects on labyrinth seal performance, the Topology Optimization is a feasible
approach to achieve the best design with the highest efficiency. Thus, this paper presents a
Topology Optimization formulation for design the labyrinth seal by using a 2D swirl flow
model. The model is developed based on the Navier-Stokes equation to consider an
axisymmetric flow with flow rotation around the shaft (fluid flow in labyrinth seal), and an
objective function is defined in order to maximize the Diodicity of dissipation energy. Then,
the Topology Optimization formulation with a 2D swirl flow model is coupled and
implemented in COMSOL Multiphysics (based on the finite element method) and solved using
Sparse nonlinear OPTimizer (SNOPT) solver. Post-processed results, e.g. Topology
optimization design, fluid flow, and pressure contour, is presented. The results show the
improvement in the performance of the labyrinth seal.
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ABSTRACT
Topology optimization[1],[2] is the most flexible type of structural optimization method that
allows topological changes in addition to changes in shape, and has a potential to provide the
optimal configurations with markedly higher performance and to implement them new
structural function. Topology optimization is widely used in many industries.
Typical and well-known topology optimization methods include homogenized design methods
[3] and Solid Isotropic Material with Penalization (SIMP) [4] method. Various new topology
optimization methods such as the level-set based method [5], [6], [7] have been recently
proposed.
These methods have been applied to a variety of physics problems such as structural mechanics,
acoustics, thermal diffusion, fluid mechanics, thermal-fluid mechanics and electromagnetics.
This has also been applied to structural designs of materials such as structural, electromagnetic,
and acoustic meta-materials.
Topology optimization originally used the finite element method for the numerical analysis
targeting the structural design problems. The finite element method have been widely applied
to other physics problems. However, different types of numerical analysis methods such as the
lattice Boltzmann method and the particle methods have been recently applied to designs
concerning fluid mechanics and thermal-fluid mechanics. The use of such numerical methods
have great advantages such as potentials to deal with the extremely large scale problems and
the free boundary problems. The many applications of the isogeometric analysis method have
also been reported.
From the viewpoints of optimization schemes, topology optimization originally used the
optimality criteria methods for efficiently obtaining the structural configurations targeting the
maximum stiffness. Later, the convex approaches such as the Method of Moving Asymptotes
MMA have been applied for solving the wide range design problems. Recently, the schemes
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that use the differential equations such as the Hamilton-Jacobi equation and the reactiondiffusion equation have been proposed as a new trend.
As explained above, the developments of topology optimization are prominent since it has been
first proposed in 1988, and we can expect the wide range of further developments that are
related to the theory, implementation schemes, optimization schemes, applications of variety of
numerical schemes, application to other physics problems, and application to multi-scale
problems. In this minisymposium, new trends concerning such current developments in
topology optimization and its applications to a variety of physics problems and material design
problems are discussed, and their future prospects are investigated.
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In recent years, optimization has been increasingly used in design. That is true for motors, and
optimization is a very important tool when designing motors. Motor optimization involves
structural optimization and optimal control, and both must be well-balanced. Currently, the
mainstream technique for achieving balance between them is to rely on the intuition and
experience of engineers only. However, this method depends heavily on the skill of the
technician, and the result of final motor optimization is not always optimal. Also, in some cases,
you can spend a lot of time. In order to avoid these problems, it is necessary to build a method
based on physical and mathematical evidence without relying on human intuition. In the past,
there were studies that perform integrated optimization including control[1]-[5]. However,
these methods are not significantly related to motor optimization, so optimization on motors
also needs to be studied.
Therefore, in this paper, we will explain a framework for simultaneously executing structural
optimization and optimal control for motors. In this optimization framework, topology
optimization problem of motor structure is solved as a main problem while the optimal control
problem is handled as a sub-problem. In the main problem, design sensitivity where influence
of optimal control is considered is calculated and structure is updated. Then, the optimal control
problem is solved where structure is fixed. This two phase optimization process is iterated until
optimization process is converged. Finally, the optimizaiton method is applied to a simple
motor design problem to verify the effectiveness of the proposed method.
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Structural topology optimization is commonly adopted for the very preliminary design phase due to its
great versatility. Density based approaches [1] and level set [2] share a common Eulerian description of
the solution in the sense that design variable are linked to presence or absence of material in the space.
More recently topology optimization approaches based on a Lagrangian description were proposed. In
this work we review in details three of these frameworks, which are the Geometry Projection method
[3], the Moving Morphable Components with Esartz material method [4] and Moving Node Approach
[5]. The advantage of these methods is mainly linked to the reduction of design variables and to the fact
that an explicit geometry description of the solution is available. We then present our main contribution
that resides in the proposal of a theoretical framework, called Generalized Geometry Projection [6],
aimed at unifying into a single formulation these three existing approaches. On top of that, the assembly
of geometric features is reviewed. Some limitations were found in the use of maximum approximations
and a saturation strategy is proposed to avoid such issues. We then propose two numerical tests to
explore the optimization and modeling limitations of reviewed strategies. Some of the root causes of
convergence difficulties of Lagrangian topology optimization approaches are determined.
Recommendations to get improved optimization convergence are also provided.
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Application of level-set type topology optimization analysis
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There are a lot of concrete structures exceeding service life in Japan, and it is necessary to
perform inspections for the structures. It is desired that we can appropriately find a cavity in
structures, because there is a possibility that a cavity causes collapse accident. In addition, it is
important to know shape of cavity accurately due to difference of stress singularity on crack
boundary line. Therefore, the level-set type topology optimization analysis for cavity in
structures is carried out in this study. We focus on hammering test, and displacement response
data on surface is employed for the identification of the cavity shape. In the level-set type
optimization analysis, sensitivity for the level-set function is calculated based on the adjoint
variable method [1],[2], and iterative computation for estimation of cavity shape is conducted
by using a reaction diffusion equation with respect to the level-set function. Numerical
experiments are carried out based on the above procedure, and some results are shown by
changing numerical parameters in this study (See Fig.1.).
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Fig.1 Comparison of cavity shape for each regularization parameter τ
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Topology optimization has been applied to various industries to improve products and
manufacturing. Many researchers have reported on the steady problems of the structure, and
various studies have also been reported on unsteady oscillation problems [1]. In conventional
researches, the performance function is mainly the square of strain energy or the natural
frequency. However, in those cases, it is necessary to solve the adjoint equation, which may
use a lot of computational memory and time. In topology optimization based on the density
method, we derived the self-adjoint by solving the problems of maximizing negative work and
minimizing positive work by consideration of strain energy as work. When using this method
for cantilever beam model, there is a problem that a lot of high density elements is distributed
at the load point, i.e., the tip. We focus on the sensitivity used in density update equation. They
can be classified into three terms: mass term, damping term and elasticity term. By classifying,
it is found that the mass term has a great influence on the problem. In our study, some results
are shown by changing the penalization parameters in the SIMP method that determines the
mass coefficient, damping coefficient and elastic coefficient (See Fig. 1).

(a) When 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚 = 3.0,
(b) When 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚 = 6.0,
(c) When 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚 = 3.0,
𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐 = 3.0, 𝑝𝑝𝑝𝑝𝑘𝑘𝑘𝑘 = 3.0
𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐 = 3.0, 𝑝𝑝𝑝𝑝𝑘𝑘𝑘𝑘 = 3.0
𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐 = 3.0, 𝑝𝑝𝑝𝑝𝑘𝑘𝑘𝑘 = 6.0
Fig.1 Side views of density distribution eliminated density 0.5 or less
when the penalization parameters 𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚 , 𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐 , 𝑝𝑝𝑝𝑝𝑘𝑘𝑘𝑘 are changed.
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Topology optimization methods for fluid-related problems have been studied for recent years.
For drag minimization problem, optimum shapes of bodies in incompressible axisymmetric and
two-dimensional laminar flows are numerically investigated under volume constraint by
Kondoh (2011). However, drag is usually made dimensionless by using the projected area of
the body. Regarding this, the method of topology optimization with geometrical constraint
based on fictitious physical model is proposed by Yamada (2018) and Sato (2017). And this
method can also be applied to evaluate the projected body area. Thus, in this paper, we try to
minimize drag of the bodies in Navier-Stokes flows via topology optimization under
geometrical constraint on the projected area evaluated by this model, where the advectiondiffusion equation is introduced with virtual source (reaction term) in the region occupied by
the body, and advection velocity around the body with projection direction. First, the topology
optimization problem with geometrical constraints is formulated based on the level-set method
proposed by Yamada (2010). Next, the design sensitivity is derived by the Lagrange multiplier
method and the adjoint variable method. Finally, the optimum shapes under geometrical
constraint is investigated and compared with those under volume constraint.
REFERENCES
[1] Y. Sato, T. Yamada, K. Izui and S. Nishiwaki, Manufacturability evaluation for molded

parts using fictitious physical models, and its application in topology optimization, The
International Journal of Advanced Manufacturing Technology, Vol.92, pp.1391-1409,
(2017)
[2] T. Yamada, Thickness constraints for topology optimization using the fictitious physical
model, Proc. of the 6th international conference on Engineering Optimization (Lisbon,
2018) pp. 483-490.
[3] T. Yamada, K. Izui, S. Nishiwaki and A. Takezawa, A topology optimization method based
on the level set method incorporating a fictitious interface energy, Computer Methods in
Applied Mechanics and Engineering, Vol.199, pp.2876-2891, 2010.
[4] T. Kondoh, T. Matsumori, and A. Kawamoto, Drag minimization and lift maximization
in laminar ﬂows via topology optimization employing simple objective function
expressions based on body force integration. Struct Multidisc Optim, 45:693-701,(2012)

3253

Kozo Furuta, Sunghoon
Multi-Material
Level Set-Based
Lim, Ryota
Topology
Misawa,
Optimization
Shinichi Maruyama,
for 3d Structures
Takayuki
Considering
Yamada, Kazuhiro
a Material Interface
Izui
and Shinji
Effect
Nishiwaki
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

MULTI-MATERIAL LEVEL SET-BASED TOPOLOGY OPTIMIZATION
FOR 3D STRUCTURES CONSIDERING A MATERIAL INTERFACE
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In the past of several years, an effect of a material interface for a multi-material topology optimization
has been focused for an actual design. Liu et al. proposed an efficient multi-material topology and shape
optimization method for 2D problems considering the cohesive constitutive relationship of the material
interfaces via the extended finite element method (XFEM)[1]. When we consider to extend this method to
3D problems, the number of possible cases of “cut” in a 3D element in the process of the level set method
is extremely larger than that of 2D problems. It is therefore considered to be too costly to implement the
XFEM with the level set method in 3D problems using multiple materials. On the other hand, Jung et al.
has also proposed the multi-material topology optimization method for lightweight design of electric bus
roof[2]. They consider the welding layer to control the complexity of the distribution of multi-materials
for improving the manufacturability by utilizing a perimeter constraint. This method does not focus on
the effect of a material interface but just the complexity of the optimal configuration. Here, we propose
a MM-LS topology optimization which takes an effect on material interfaces into account without using
the XFEM. On behalf of the XFEM, introducing an inequality constraints for stress enables us to consider
an interface effects of a welding layer. This method is quite suitable for an expansion to 3D problems,
since we can easily implement a topology optimization considering a cohesive effect without a large
calculation cost. First, we formulate a multi-material design problem. Then, we introduce a MM-LS
topology optimization method which is expanded from Kishimoto et al.’s method[3]. Next, we modify
the topological derivatives to our design problem. Finally, we show the validity of our proposed method
via several examples including 3D problems.
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Anisotropic acoustic metamaterials, which have a periodic structure constituted of unit cells,
exbibit highly anisotropic wave propagation based on the local resonance of its unit cells and
has the potential to be applied to many acoustic devices. Noguchi et al. [1] have previously
proposed a method of designing the unit cell structure of acoustic metamaterials resulting in
unusual wave propagation, though since the design of metamaterials which are only composed
of a single unit cell were in interest, there was a limit in the macroscopic wave propagation
properties that could be obtained. Therefore, in the present work, we focus on metamaterials
that is combined of several types of periodic structures, which each are comprised of a different
unit cell and possess a unique wave propagation property based on local resonance, in order to
achieve complex macroscopic wave propagation. To design such a metamaterial, several unit
cell structures which each possess different effective material property are required, while
assuring they have the same local resonance frequency. First, we introduce the high-frequency
homogenization method [2], which is capable of evaluating the macroscopic material property
of periodic structures based on local resonance. We then design the micro-scale unit cell
structures which have the same resonance frequency, using the level-set based topology
optimization method [3]. Furthermore, we construct a multi-scale design method of anisotropic
acoustic metamaterials by arranging the optimized unit cell structures in macro-scale, in order
to achieve complex dynamic characteristics. Finally, we present numerical examples to
demonstrate the validity of the proposed method.
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Abstract:
In this paper, we constructed the optimal design method for the multifunctional acoustic
metasurface that have air vents and soundproofing function by topology optimization and
inspected it.
In the indoor space that a person lives or works, a ventilation function is demanded from the
perspective of thermal environment. However, the noise from the external environment
becomes the problem by establishing the through-holes such as windows on the wall to keep a
ventilation function. A ventilation function and a soundproofing function were contradicting
functions, but we designed the shape of the wall having the through-hole which enhanced a
soundproofing function using an optimization calculation after having maintained a ventilation
function. We have experimentally created and verified the effects. We described the results of
the verification and the soundproofing mechanism of the created an acoustic metasurface.
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A novel structural optimization approach using physics-informed neural networks (PINNs)1
was proposed in this study.
Structural optimization of a large-scale model with time development is still challenging and
remains some difficulties in computational schemes. Topology optimization2 is one of the most
flexible approach in structural optimization but still suffers calculation cost with large models
during sensitivity analysis in discretized 3-dimensional space. Topology optimization applies
adjoint variable method to derive sensitivity, since direct differentiation and numerical
differentiation increases computational load in proportional to the increase of number of design
variables.
PINNs have been recently developed as one of data-driven approaches to solve nonlinear partial
differential equations. PINNs fully utilize automatic differentiation3 which performs fast
differential operations in modern deep learning frameworks. Since computational load of
differential operation in automatic differentiation only relies on the number of outputs of neural
network, it is possible to complete differential operation in short period of time, even in case of
numerous parameters. Moreover, thanks to chain rules, automatic differentiation can calculate
derivatives with less errors compared with numerical differentiation which is used in
conventional approaches. Besides, PINNs are kinds of mesh-free method therefore it is possible
to extract an exact derivative of anywhere in design space from trained model.
Advantages of PINNs were rediscovered in this study, in terms of structural optimization. One
of the most important features is that we can immediately achieve sensitivity related to any
parameter with less error in optimization process.
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We recently proposed a density-based topology optimization formulation to design a
metasurface for realizing anomalous reflection of longitudinal elastic waves [1]. According to
the generalized Snell’s law on reflection [2], an elaborately structured material layer providing
spatially varying phase delays over the scale of the wavelength can manipulate wavefronts of
the reflected waves anomalously. In the proposed formulation [1], each of unit cells forming a
metasurface was individually designed using topology optimization in order to yield a specific
phase delay in the reflection response, thereby the overall phase delay from the metasurface
covers 2π span over one wavelength. For the calculation of phase delay from the unit cells, the
real and imaginary parts of the reflection coefficient, not the phase delay angle, were used in
the formulation. For the efficient and accurate estimation of the reflection coefficient, the
transfer matrix approach was employed by using averages of the displacement and stress fields
obtained by the finite element analysis at a specific location. Furthermore, the sensitivities of
the objective function and constraint equations involving the transfer matrix components were
derived analytically within the finite element context. In case studies, normally incident
longitudinal elastic waves were successfully reflected from the designed metasurfaces at
various target anomalous reflection angles including the extreme case of 90°. The proposed
topology optimization formulation was also applied to design metasurfaces for longitudinal
elastic wave focusing and trapping in waveguide.
REFERENCES
[1] B. Ahn, H. Lee, J. S. Lee and Y. Y. Kim, Topology optimization of metasurfaces for

anomalous reflection of longitudinal elastic waves. Comput. Methods Appl. Mech, Engrg.,
Vol. 357, 112582, 2019.
[2] N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne, F. Capasso and Z. Gaburro, Light
propagation with phase discontinuities: generalized laws of reflection and refraction.
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A new topology optimization scheme considering the transient particle motion in steady state
laminar fluid is developed in the present study[1]. To efficiently control the transient motion of
particles in steady state laminar fluid, it is possible to apply the fluid topology optimization
method considering the particle and fluid interaction condition. Inside steady state laminar fluid,
particles move due to the fluid drag forces which are the functions of the fluid velocity and the
velocities of particles. Indeed, the motions of particles can be controlled and optimized by
changing the movement of fluid for several engineering applications. From a topology
optimization point of view, the design variables determining the Darcy's forces in fluid are
optimized in order to control the velocities of particles. The transient sensitivity analysis is
newly derived considering the steady steady laminar fluid and Newton's 2nd equation. Through
several optimization examples, the validity and the application of the present topology
optimization method are illustrated.

REFERENCES
[1] Gil Ho Yoon, Transient sensitivity analysis and topology optimizationfor particle motion

in steady state laminar fluid, submitted

3259

3260

1400 - Software, High Performance Computing

1400 - Software, High Performance Computing

3261

3262

MS Organizer(s):
Developments
in Jeremy
automatic
Bleyer,
code-generation
Jack S. Halesoftware
and Garth
forN.computational
Wells
mechanics

Developments in automatic code-generation software for
computational mechanics
MS Organizer(s): Jeremy Bleyer, Jack S. Hale and Garth N. Wells

3263

3264

MS365 Bleyer,
Jeremy
- Developments
Jack S. Hale
in Automatic
and GarthCode-Generation
N. Wells
Software for Computational Mechanics

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19–24, 2020, Paris, France

DEVELOPMENTS IN AUTOMATIC CODE-GENERATION SOFTWARE
FOR COMPUTATIONAL MECHANICS
1400
JEREMY BLEYER∗ , JACK S. HALE† AND GARTH N. WELLS
∗

Laboratoire Navier (ENPC-IFSTTAR-CNRS UMR 8205), Université Paris-Est
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ABSTRACT
With the recent advent of modern programming technologies, many open-source high-level softwares
have emerged for automating the solution of PDE systems e.g. [1, 2, 3, 4]. Such solutions usually simplify the formulation of the underlying physical problem from the user’s point-of-view using domainspecific languages, and automate their resolution through optimised code-generation tools. Computational efficiency is also an important aspect of such solutions which generally rely on scalable linear
algebra libraries and automated parallelism.
This minisymposium will aim at gathering users and developers of such kind of software solutions to
exchange on recent developments of core functionalities, computational optimisation, current challenges
or new applications on complex computational mechanics problems. In particular, applications in which
automated solution software are particularly attractive may include but are not limited to:
• multi-physics coupling or complex material constitutive behaviours
• generalised or high-order mechanical models

• reduced-order modelling of parametrised problems
• optimal control and shape optimisation
• uncertainty quantification

Examples of usage of automated solution software by industrial partners are also welcome.
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The FEniCS Project (fenicsproject.org) allows users to write their equations in symbolic form, and have
them compiled into a kernel suitable for Finite Element Modelling. FEniCS-X has been developed as an
evolution of the original FEniCS code to expose more low-level features to users, and allow them to work
directly with the generated kernels. One important use case is static condensation, where the purely local
degrees of freedom in a given cell can be eliminated, reducing the size of the global system of equations.
We have chosen a Hybridized-Discontinuous-Galerkin discretisation for Stokes Equations [1], which has
cell-local velocity and pressure degrees of freedom, coupled by facet-local degrees of freedom between
each cell. The global system can be written as a 4x4 block matrix system, and the UFL form language
of FEniCS can be used to compile kernels for each sub-block. We expose the kernel interfaces in Python
using cffi and combine them with static condensation in “condensed kernels” written using numba [2].
This reduces the 4x4 system to a much smaller 2x2 block matrix system, which can then be solved with
a block preconditioned iterative solver.
REFERENCES
[1] Rhebergen, S. and Wells G. N. (2018). A hybridizable discontinuous Galerkin method for the
Navier-Stokes equations with pointwise divergence-free velocity field. Journal of Scientific Computing 76(3):1484-1501.
[2] Numba: a LLVM-based Python JIT compiler, LLVM ’15: Proceedings of the Second Workshop on the LLVM Compiler Infrastructure in HPC November 2015 7:1-6
https://doi.org/10.1145/2833157.2833162
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High level domain specific languages for FEM based simulations enable to write down PDE-based problems in a highly productive way while relying on automatic code generation to have high performance
simulations. However, a limitation of this approach is that it does not take into account operators that are
not directly expressible in the vector calculus sense. Here, we will present extensions to Firedrake (see
[1]) that enable the inclusion of arbitrary external operators, for example one can think of an operator
that solves nonlinear relationships pointwisely, or a neural network.
In many practical cases, PDEs are not enough to accurately describe the physical problem of interest.
For example, it may be necessary to include features not represented in the differential equations, or
to include closures for unresolved scales. While the PDEs themselves are often based on fundamental
physical laws, these additional terms are often more heuristic in nature. They may be represented by
a neural network and learned entirely from observed data, or they might be based on looser physical
arguments about the system (e.g. see [4], [3]).
Our contribution enables to consider all these additional terms which are often derived from operators that
are not vector calculus expressions written in UFL (see [2]). These external operators can be anything
that can be computed from the state of the system. We also present the differentiation and assembly
mechanisms that enable variational problems involving these new operators to be solved.
REFERENCES
[1] F. Rathgeber, D. A. Ham, L. Mitchell, M. Lange, F. Luporini, A. T. T. Mcrae, G-T. Bercea, G.
R. Markall, and P. H. J. Kelly, Firedrake: automating the finite element method by composing
abstractions, ACM Trans. Math. Softw., 43(3):24:124:27, (2016).
[2] M. S. Alnaes, A. Logg, K. B. Oelgaard, M. E. Rognes, G. N. Wells. Unified Form Language:
A domain-specific language for weak formulations of partial differential equations. Archive of
Numerical Software, vol. 3, (2015).
[3] H. Li, J. Schwab, S. Antholzer, M. Haltmeier. NETT: Solving inverse problems with deep neural
networks, (2018).
[4] T. Bolton, L. Zanna Applications of Deep Learning to Ocean Data Inference and Subgrid Parameterization, Journal of Advances in Modeling Earth Systems (2019).
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Code generation systems greatly simplify the formulation of physical problems, allowing
efficient and accurate discretizations to be rapidly deployed for challenging problems.
However, domain-specific languages like UFL [1] currently lack abstractions to describe
time-dependence, leaving users to hand-code multistep or Runge-Kutta methods if they wish
to obtain high temporal accuracy or utilize special time-stepping strategies.
In this talk, we describe IRKsome, a simple package that, given a UFL description of a
semidiscrete (omitting the time-derivative term) problem and a Butcher tableau, produces
UFL for the associated Runge-Kutta method. In this way, we can obtain high-order timestepping methods with appropriate stability and/or symplecticity properties [2]. On the down
side, implicit Runge-Kutta methods lead to algebraic systems coupling together the several
stages, which presents greater challenges to the linear solvers. We present preliminary results
on preconditioners, making use Firedrake’s solver infrastructure in [3].

REFERENCES
[1] M.S. Alnæs, A. Logg, K Olgaard, M. Rognes, and G.N. Wells, "Unified form language:
A domain-specific language for weak formulations of partial differential equations."
ACM Transactions on Mathematical Software (TOMS) 40.2 (2014): 9.
[2] E. Hairer, C. Lubich, and G Wanner. Geometric numerical integration: structurepreserving algorithms for ordinary differential equations. Vol. 31. Springer Science &
Business Media, 2006.
[3] R.C. Kirby and L. Mitchell. "Solver composition across the PDE/linear algebra barrier."
SIAM Journal on Scientific Computing 40.1 (2018): C76-C98.
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Constitutive equations describe how the internal state variables of a material evolve with changing external conditions or due to gradients of thermodynamic variables. Those state variables can describe
many microstructural aspects of the material (grain size, dislocation density, hardening state, etc.) or
be phenomenological in nature (equivalent plastic strain). The knowledge of those internal state variables allows the computation of local thermodynamic forces which affect the material equilibrium at the
structural scale.
MFront is an open-source code generator for complex constitutive laws which aims at ease of use, numerical efficiency and portability (See [5, 3]). MFront has been developed under very stringent quality
requirements in the context of nuclear fuel element simulation under the PLEIADES platform (see [6]),
which is co-developed by CEA, EDF and Framatome.
MFront provides several domain specific languages (DSL) build on top of the C++ language and associated with specific integration schemes that allows to readily implement the constitutive equations in
source code close to their mathematical expressions. Numerical details are hidden by default allowing
the user to focus on the physics. The underlying mathematical library, called ‘TFEL/Math‘, provides
optimised tensor objects and makes heavily use of template metaprogramming to generate optimised
code.
Those DSLs are translated into C++ sources adapted to the targeted solver. Interfaces are provides for
Cast3M, Code Aster, Europlexus, Cyrano, Abaqus/Implicit, Abaqus/Explicit, Ansys, CalculiX,
AMITEX FFTP, etc. Experimental interfaces are available for DIANA FEA, Comsol and LS-DYNA.
A so-called generic interface has recently been introduced and is meant to be used through the MFrontGenericInterfaceSupport project (MGIS) (See [4]). This project provides tools (functions, classes)
for solvers’ developers and bindings for C, C++, python, Julia, fortran2003. Several open-source or
commercial solvers already uses MGIS, such as: OpenGeoSys, Mefisto, XPer, Kratos Multiphysics,
etc...
Examples showing how MFront constitutive laws through MGIS can be used in the FEniCS platform to
build complex mechanical simulations (See [1, 2]) will be presented.
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Explicit residual a posteriori error estimators [1] are widely used to drive adaptive mesh refinement algorithms in modern automated finite element softwares, e.g. FEniCS Project, Firedrake and FreeFem++.
They are easy to implement and very quick to compute.
However, explicit residual error estimators typically grossly overestimate the total error. For a given
fixed tolerance, an adaptive mesh refinement algorithm driven by an explicit residual error estimator will
over refine the mesh, wasting computational resources.
In this contribution we will show how the implicit residual error estimator of Bank and Weiser [2] can
be computed simply and cheaply, offering an attractive alternative to explicit residual estimators. The
estimator gives a very accurate measure of the exact error and extends straightforwardly to higher order
finite elements.
We will also show some initial results applying adaptive mesh refinement to the solution of the fractional
Laplace equation using the Dunford-Taylor calculus [3]. This class of partial differential equations has
important applications in a growing number of advanced biomechanics applications, e.g. the simulation
of fluid flow through porous tissues [4].
This functionality is demonstrated in a small add-on package to the FEniCS Project finite element software [https://doi.org/10.6084/m9.figshare.10732421]. We show results in three dimension running on an high-performance computer cluster using Message Passing Interface (MPI).
REFERENCES
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SISSA mathLab is a laboratory for mathematical modelling and scientific computing, committed to the
use and development of open source software [1] in scientific research projects, as well as industrial
collaborations. During this talk, I will present my contributions as lead developer of two open source
packages that we develop at SISSA mathLab, both built on top of the FEniCS project.
RBniCS [3] is an implementation in FEniCS of several reduced order modelling techniques (e.g., the
reduced basis method) for parametrized problems. It is ideally suited for an introductory course on
reduced order modelling, thanks to an object-oriented approach, as well as an intuitive and versatile
python interface. RBniCS can also be used as a basis for more advanced projects that would like to
assess the capability of reduced order models in their existing FEniCS-based software.
multiphenics [2] is a library that aims at providing tools in FEniCS for an easy prototyping of multiphysics problems on conforming meshes. In particular, it facilitates the definition of subdomain/boundary
restricted variables and enables the definition of the problem by means of a block structure.
Throughout the talk I will present an overview of the packages, both from a user (e.g. available tutorials)
and a developer (e.g. some technical insights) standpoint. I will further focus on the ongoing migration
to the current FEniCS development version code-named DOLFIN-X. Applications carried out in the
framework of the AROMA-CFD project (PI Prof. G. Rozza) will be presented as a showcase of current
research topics which benefited from the availability (as well as motivated the development) of these
libraries.
REFERENCES
[1] SISSA mathLab webpage on github.com. https://github.com/mathlab, 2010-today.
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ABSTRACT
In the present days, since more and more powerful heterogeneous supercomputers are
continuously emerging, scientists and engineers have been facing unprecedented challenges of
adapting their scientific and engineering simulation codes to these massively parallel
computers, aimed at solving problems involving complex physics and geometries more
efficiently and accurately. This mini-symposium intends to provide a forum for attendees to
exchange information, share best practices, and to keep current on the rapidly evolving
information technologies impacting computational simulation, in particular, those extensively
involved in the simulation process as well as in the design of a simulation code. The Mini
Symposioum topics cover (but are not limited to):
High-performance computing towards extreme-scale
Common functional interfaces to geometry, mesh, and other simulation data
Computational environments for advanced scientific and engineering computation
Digital prototyping techniques
Enabling software technologies
Data science in computational mechanics applications
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Large-scale parallel computing techniques (including MPI, parallel and heterogeneous
computing)
Mesh generation and adaptive mesh refinement techniques
Scientific visualization
Software libraries and applications to multi-scale multi-physics problems
Software techniques (such as middleware techniques) towards extreme-scale
Supporting tools in performance evaluation, visualization, verification and validation
Scientific workflows, theoretical frameworks, methodology and algorithms for Uncertainty
Quantification
Potential demands of large-scale computational applications
Practices of large-scale numerical simulations
Programming models for multi-core and accelerators
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ABSTRACT

Transient 3D simulations are well known for their incremental process by updating the evolving
solution from one timestep to another. Some of them can take several days calculation over
thousands of cpus. That is the case for aerothermal problems such as jet impingement cooling for
engine cavities. Beside the modeling and numerical challenges associated to such problems, the
simulation scheduling into supercomputers still a main issue of their deployment at large scale.
Indeed, the fault-tolerance handling and the walltime per job policy impose to supercomputer’ users
the implementation of dedicated checkpoint/restart capabilities to fit the whole physical time. This
mandatory requirement is accentuated when we run large scale problems on national supercomputers
with restricted walltime per job policy (< 24h). This task cannot only be considered as an
implementation issue but a problem dependent issue. The nature of numerical schemes -explicit or
implicit- and discretisations -static or dynamic (AMR)- affect the policy of checkpointing and
solution reconstruction. This restriction leads us to seek for alternative solutions even revisiting the
current algorithms.
Indeed, we fixed the objective to fit a 2 weeks simulation in only 24h simulation. To achieve this
purpose, we propose in this work a parallel in time scheme that divides time space [0,T] into multitime windows [Tp,Tq]. In each time window, a subproblem Spq is solved using information from a
coarse global problem. A two-level like scheme, inspired from geometric multigrid solvers on
unstructured meshes, is used to parallelize in time the finite element solver. A coarse mesh problem
is solved first in a classical fashion, then the obtained coarse solution is used to initialize each
subproblem Spq. A parallel update of each initial time state is then performed to ensure a good
convergence towards the permanent regime.
The proposed framework is used here to run a 3D complex jet impingement cooling system. Solving
a such system involves the coupling of unsteady Navier-Stokes equations and the heat transfer
equation on complex geometries. The multiscale nature of the problem, the complexity of the
geometry and the unsteadiness of the flow lead to a large-scale problem requiring a large amount of
parallel resources. The computation was executed over more than thousand cores for 24h instead of 2
weeks into national supercomputers.

REFERENCES
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Shallow geothermal energy (SGE) can make a significant contribution to meeting urban heating and
cooling demands. In the region of Munich, the thermal output for cooling purposes is larger than for
heating, resulting in a high heat input into the groundwater. When planning the installation locations and
usage of SGE heat pumps, no cross-site assessment is currently performed and the available potential of
the geothermal energy resource, or any thermal interference, is not assessed. Thermal interference can
severely impact the efficiency of SGE heat pumps.
A linear programming optimisation model for distributed energy systems, urbs, solves for the optimal
allocation of resources (geothermal, natural gas, electricity etc.) to meet the required energy demands
throughout the city area. A subsurface flow solver, Pflotran, determines how the groundwater temperature
is changed by the heating and cooling needs output from the urbs model. This process is strongly coupled
together to find an optimal solution to SGE usage.
This talk will discuss how preCICE [1] was used to couple Pflotran with urbs, and the results of the
coupled simulations. preCICE is a coupling library for partitioned multi-physics simulations, typically
used for fluid-structure interaction. preCICE provides parallel data mapping capabilities (map urbs
heat pumps to Pflotran groundwater temperatures), and complex coupling schemes that allow implicitly
and explicitly coupled problems to be run. Combining various coupling schemes allows multifidelity
simulation runs of the groundwater flow and urban energy usage problems, reducing runtime.

Figure 1: Left: urbs city model. Right: Pflotran groundwater temperatures. Middel: Coupled problem

REFERENCES
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B. preCICE – A Fully Parallel Library for Multi-Physics Surface Coupling. Computers and Fluids,
Vol. 141, (2016)
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This abstract is a submission to Minisymposium 487 (ENABLING TECHNOLOGIES AND
SIMULATION PRACTICES FOR ADVANCED SCIENTIFIC AND ENGINEERING
COMPUTATION).
This presentation will outline findings and achievements of the European Centre of Excellence
in Engineering – EXCELLERAT1. EXCELLERAT is setting up a framework to support the
engineering community best possible in exploiting the potential of Pre-Exascale and Exascale
systems of diverse architectures. Key drivers are six reference applications, Alya, AVBP,
CODA, Fenics, NEK5000, TPLS, which themselves impose challenges on a diversity of aspects
such as node-level performance and system-level performance, but also in a wider view also on
the overall Engineering lifecycle (e.g. Data Management, Data Transfer and Visualization).
Common requirements will be presented, from simulation of transient, compressible, turbulent
flows at high Reynolds numbers to the simulation of multi physics applications like combustion.
Also uncertainty quantification and design optimization under complex constraints and based
on high fidelity simulation are common aspects, which are addressed within our work.
The presentation will present the general approach towards the support of the Engineering
Community to enable maximum scalability of their codes up to Exascale, also in conjunction
with the new to be installed Pre-Exascale systems in Finland, Italy and Spain.
Thereby we will give insight into the findings of the first 18 months of the project, achievements
in terms of scalability and evolution of the codes. Furthermore, the experiences on a variety of
different state of the art and innovative technologies (resulting from co-design activities) will
be elaborated further and embedded into the talk. First success stories will be presented,
showing the benefits of higher scalability and efficiency of the codes and what we expect to be
the potential next steps in evolution.
In addition the open approach of EXCELLERAT will be shown, which does not only act as a
support point for the selected reference applications but also be open for other engineering
applications. Newly gained insights will be presented and the approaches how they could be
addressed and resulting of this, which benefit engineering applications, could gain.
Finally, an outlook is given on the next activities to be performed, expectations and the impact
which can be achieved.
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In the past decades, the ability to model and simulate dynamical systems has become a key feature
in understanding and developing new techniques and technologies in many different scientific fields.
The analysis of modern dynamical systems usually requires procedures such as future state predictions,
control, design, and physical understanding [1]. Nonetheless, the computational cost of evaluating the
so-called high-fidelity simulations (”the truth”) for these purposes can be too high for many time-critical
applications. Hence data-driven models are becoming popular surrogate possibilities with reduced computational effort while preserving good accuracy. In the present work, we extract spatio-temporal coherent structures of turbidity currents simulations [4] using the Dynamic Mode Decomposition [3]. Turbidity currents are density-driven gravity currents driven by turbulence. The coupled problem is solved
using the FEniCS framework [2], a high-performance finite element library in Python/C++, and the data
considered for the DMD is the concentration dataset instead of all the simulation data. We consider
different computational techniques to improve the DMD performance. We test the ability of the DMD to
capture the dynamics from the original system for future state predictions, signal reconstruction, extrapolation, and interpolation. We also evaluate two relevant quantities of interest of the problem in question,
the front position and mass conservation, testing the accuracy of the surrogate models. We observe a
speedup of two orders of magnitude when using the DMD while the errors are kept within a tolerable
error. We conclude that the concentration dataset is sufficient for capturing the dynamics of this complex
dynamical system for our given problem. We also conclude that the traditional DMD, despite its inability to extrapolate from the original dataset properly, can generate accurate results for initial conditions
different from the obtained in the original dataset in a reasonable time for our problems.
REFERENCES
[1] S. L. Brunton, J. N. Kutz, Data-Driven Science and Engineering: Machine Learning, Dynamical
Systems, and Control, Cambridge: Cambridge University Press, 2019.
[2] M. S. Alnæs, J. Blechta, J. Hake, et al., The FEniCS Project Version 1.5, Archive of Numerical
Software 3, 2015.
[3] J. N. Kutz, S. L. Brunton, B. W. Brunton, J. L. Proctor. Dynamic Mode Decomposition, 2016.
[4] J. J. Camata, V. Silva, P. Valduriez, M., Mattoso, A. L. G. A. Coutinho, In situ visualization and
data analysis for turbidity currents simulation. Computers and Geosciences, 110, 23-31, 2018.
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Supporting scalable and performant finite element simulations across next generation
heterogeneous architectures can add significant code complexity. This presentation will discuss
the design of general finite element assembly tools applied to CFD, magnetohydrodynamics,
and multi-fluid plasma simulations. Performance portability is achieved via the Kokkos
programming model [1]. The assembly library uses a directed acyclic graph for composable
physics kernels in a multiphysics setting. Mixed basis finite element formulations are used to
enforce physics constraints for Maxwell’s equations [2]. Embedded automatic differentiation,
applied via templates and operator overloading, is used for generating machine precision
sensitivities for implicit and IMEX solvers [3]. Performance results will be shown for NVIDIA
GPU, Intel Xeon Phi and Intel Haswell architectures.
REFERENCES
[1] H.C. Edwards, C.R. Trott and D. Sunderland, Kokkos: Enabling manycore performance

portability through polymorphic memory access patterns. J. Parallel and Distrib. Comput.,
Vol. 74, pp. 3203-3216, 2014.
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Pawlowski, IMEX and exact sequence discretization of the multi-fluid plasma model, J.
Comput. Phys., Vol. 397, 2019.
[3] E.T. Phipps and R.P. Pawlowski, Efficient expression templates for operator overloadingbased automatic differentiation, in Recent Advances in Algorithmic Differentiation, S.
Forth, P. Hovland, E. Phipps, J. Utke, Lecture Notes in Computational Science, Vol 87,
pp. 351-362, 2012.
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We present an open source C++ finite element library, called GmshFem, based on the application programming interface (API) of Gmsh [1] to manage geometries, meshes, interpolation and integration,
PETSc [2] to solve sparse linear systems and Eigen [3] to manage small dense elementary matrices.
GmshFem is designed to gain the greatest benefits of modern multi-core CPUs by combining an efficient
multithreaded parallelization with SIMD vectorization. During all development, particular attention was
paid to data localities resulting in excellent performance on modern multicore chips.
Several characteristics distinguish GmshFem from the plethora of other available finite element libraries.
Strongly inspired by the design of GetDP [4], GmshFem includes a symbolic, high-level description of
weak forms which allows to define the problem to solve (including boundary conditions, source terms,
etc.) in a natural mathematical manner, and is amenable to scripting without precompilation contrary to
e.g. Fenics [5]. GmshFem supports all high-order elements provided by Gmsh, i.e. standard high-order
“nodal” Lagrange elements as well as arbitrary high-order hierarchical H1 and Hcurl elements [6], on
both straight-sided and curved meshes. Native support for complex-arithmetic and optimized Schwarz
domain decomposition preconditioners makes it a perfect framework for high-order finite element simulations of time-harmonic acoustic, elastic and electromagnetic waves problems on massively parallel,
distributed computer architectures.
REFERENCES
[1] C. Geuzaine and J.-F. Remacle, Gmsh: a three-dimensional finite element mesh generator with
built-in pre- and post-processing facilities, Version 4.5, http://gmsh.info, 2019.
[2] S. Balay et al., PETSc:
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Extensible Toolkit for Scientific Computation,
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[4] P. Dular and C. Geuzaine, GetDP: a general environment for the treatment of discrete problems,
http://getdp.info, 2019.
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[6] P. Solin, K. Segeth and I. Dolezel, Higher-order finite element methods, Chapman and Hall/CRC,
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For computational fluid dynamics (CFD), simulation fidelity often requires highly refined 3D
meshes, and computations are mostly run on parallel distributed memory systems, using
distributed programming paradigms such as MPI. This allows accessing very large aggregate
memory, but most often limited local memory. To handle some pre-processing and postprocessing steps, such as mesh modification, partitioning, and visualization output, many
computational clusters are equipped with a few large memory nodes, on which some
operations on non-partitioned data may be done, but combining large memory nodes for noncompute operations and regular nodes for computation adds complexity and constraints to the
workflow, and reduces portability to various HPC resources. In addition, it leads to extra IO
operations, which are often quite costly.
In the case of code_saturne, EDF’s main CFD solver, based on a finite volume solver
approach over unstructured meshes, continuously developed since 1997 and released under a
free software license since 2007, we have striven over time to ensure as many pre and postprocessing operations as possible are integrated as steps in a distributed parallel run, which
implies significant data movement across compute nodes, but limited IO. This includes
parallel mesh modification operations, parallel partitioning, several in-situ post-processing
options, and parallel coupling features. When necessary, parallel IO is used for large files.
This has been done using a combination of internal library functions based on the code’s main
data structures, and optionally leveraging external libraries, especially for mesh partitioning
and in-situ post-processing. Some code-coupling oriented operations have also been factored
into a library usable by other tools, the Parallel Location and Exchange (PLE) library.
Though we limit their use for performance reasons, using all to all data movement operations
to switch between a computationally-optimal data distribution and block distributions
allowing simpler location, matching algorithms, and IO has been essential in developing
robust parallel algorithms for pre and post-processing operations. The underlying all to all
data movement algorithms used thus have a high importance, and we have been led to
develop a utility API to enable several variant algorithms, as standard MPI collectives such as
MPI_Alltoallv have proven very useful but may encounter issues on large process counts.
We will describe various algorithms and APIs used in this context, focusing on performance
and especially robustness aspects, as well as simplicity and maintainability.
REFERENCES
[1] code_saturne development team: https://code-saturne.org
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The computational simulation of continuum models of plasma physics systems can be
extremely challenging. These difficulties arise from both the strong nonlinear coupling of
fluid and electromagnetic phenomena, as well as the significant range of time-scales that the
interactions of these physical mechanisms produce. Fully-implicit formulations have the
potential to provide stable, higher-order time-integration of these complex multiphysics
systems when long dynamical time-scales are of interest. For the solution of the discrete
nonlinear system, the use of fully-coupled Newton-Krylov solution approaches can be
advantageous because of their robustness. To enable scalable and efficient solution of the
large-scale sparse linear systems generated by the fully-coupled Newton linearization,
multilevel/multigrid preconditioners are developed. The multigrid preconditioners are based
on two differing approaches The first technique employs a graph-based aggregation method
applied to the nonzero block structure of the Jacobian matrix [1-2]. The second approach
employs approximate block decomposition methods and physics-based preconditioning
approaches that reduce the coupled systems into a set of simplified systems to which
multigrid methods are applied [3]. This talk considers the scaling and performance of these
algebraic multigrid (AMG) based solution approaches for both MHD and multifluid plasma
models with finite element type methods on unstructured meshes. The focus is on large-scale,
transient plasma simulations. Studies are presented for scaling and performance on both CPU
(IBM Blue Gene/Q and Intel Xeon) and Intel Xeon Phi Knights Landing platforms.
REFERENCES
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[2] P.T. Lin, J.N. Shadid, J.J. Hu, R.P. Pawlowski, and E.C. Cyr, "Performance of Fullycoupled Algebraic Multigrid Preconditioners for Large-scale VMS Resistive MHD,"
Journal of Computational and Applied Mathematics, 2018, Vol. 344, pp. 782-793,
(https://doi.org/10.1016/j.cam.2017.09.028)
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We provide the state of the art of Reduced Order Methods (ROM) and we focus on some perspectives in
their current trends and developments, with a special interest in parametric problems arising in offlineonline Computational Fluid Dynamics (CFD), highlighting recent efforts for an efficient management
of the parameter space, in increasing Reynolds number and reaching the need to deal with turbulence,
as well as in addressing current issues in multi-physics, such as coupling, or in nonlinear bifurcation
phenomena, where more solutions are possible for the same value of the parameter.
Current challenges in reduced order methods i) to allow more and more efficient computational performances, ii) to increase the complexity of the problem, iii) to incorporate more parameters and iv) uncertain scenarios are also related with proper technology development to enhance offline-online computing,
for example through a computational web server.
Also more efficient parametrisations (random inputs, geometry, physics) are very important to be able to
properly address an offline-online decoupling of the computational procedures and to allow competitive
computational performances. Parameter space reduction is also a growing field of research.
All the previous aspects are very important in CFD problems to focus in real time on complex parametric
industrial, environmental and biomedical flow problems, or even in a control flow setting, including data
assimilation too.
Model flow problems will focus on few benchmarks, as well as on some examples of applications related
with shape optimisation in industrial problems.
The studies presented in the talk have been carried out in collaboration with my research group at SISSA
mathLab and scientific collaborators in the framework of ERC project AROMA-CFD (681447).
REFERENCES
[1] G.Rozza et. al. (eds.) Advanced reduced order methods in computational fluid dynamics: state of
the art and perspectives. Applications in industry, medicine and environmental sciences, in preparation, 2020.
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We have introduced a workflow for seismic imaging with quantified uncertainty [1]. We build
the workflow upon three axle, Bayesian tomography, reverse time migration (RTM), and image
interpretation based on statistical information. To carry out a consistent probabilistic analysis,
the number of realizations tend to be large, and each one of them is supposed to be highly
defined to capture the variability of the spatial field. For the UQ analysis, we employ a Monte
Carlo algorithm, solving the two-way acoustic migration for each sample of the velocity field.
The high-fidelity model employed to obtain the final image is replaced by a deep learning
(DNN) surrogate involving an encoder-decoder architecture. One of the challenges of using
DNNs is finding the best combination of hyperparameters for the training phase. Despite some
guidelines on the literature [2], the complexity and high training times are almost unavoidable
because it depends on several characteristics of the input and its training behavior. After each
iteration, the designer adjusts parameters offline, based on previous results obtained before
submitting other configurations. To decide on a next hyperparameter configuration, the
designer needs to evaluate several data related to different combinations. In this work, we help
deciding the best hyperparameter configuration providing provenance data analysis at runtime
[3]. During the training phase, provenance data capture can relate hyperparameter
configurations to facilitate the analysis of hyperparameter configurations, like comparing
training and test error, execution time of each epoch, etc. [4]. We present a library to support
hyperparameter analysis and tunings in scientific workflows. We evaluate the tuning support
when coupled to the DNN encoder/decoder that generates surrogates for UQ in RTM.
Experiments show that, for the many-query UQ analysis, the extra cost of obtaining the best
DNN architecture is not significant.
REFERENCES
[1] C. Barbosa et al, A workflow for seismic imaging with quantified uncertainty. Submitted,

2019.
[2] Y. Bengio, Practical Recommendations for Gradient-Based Training of Deep
Architectures, In: Montavon G., Orr G.B., Müller KR. (eds) Neural Networks: Tricks of
the Trade. Lecture Notes in Computer Science, vol 7700. Springer, 2012.
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user steering actions in dynamic workflows. Future Generation Computer Systems,
99:624-43, 2019.
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Human-in-the-Loop Library for Tracking Hyperparameter Tuning in Deep Learning
Development. In LADaS@ VLDB (pp. 84-87), 2018.
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Abstract

Computational science and engineering communities develop complex applications to solve
scientific and engineering challenges. These applications have many moving parts that need to
interoperate with one another. These communities are facing new challenges created by the
confluence of disruptive changes in computing architectures, demand for greater scientific
reproducibility, and new opportunities for higher fidelity simulations with multi-physics and
multi-scales. The developers are facing three axes of increasing complexity: increasing
heterogeneity in computing platforms at all levels, increasing heterogeneity in solvers and data
management, and large existing code bases that need to be managed, modernized and
maintained to retain the usefulness of expertise encoded in the code. Architecture changes
require new software design and implementation strategies, and significant refactoring of
existing code. Reproducibility demands more rigor across the entire software endeavor. Code
coupling requires aggregate team interactions including integration of software processes and
practices. These challenges demand large investments in scientific software development and
improved practices.
Additionally, a successful simulation campaign requires planning ahead which includes costbenefit analysis to understand where to invest efforts in preparing for simulations. Cost models
are needed in some form to not only direct the simulation and platform specific optimizations,
but also to select configuration parameters for any instance of running an application.
In this presentation we will describe the evolution of software architecture of FLASH, a
multiphysics multidomain simulation code that has been used on several generations of top 10
supercomputers. We will also describe the process of planning simulations and cost models
used for cost-benefit analysis in planning.
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A fundamental product for volcanic risk assessment and mitigation is a spatio-temporal probabilistic
hazard map. We present a user friendly approach for the construction of spatio-temporal probabilistic
hazard maps for risk assessment and mitigation using automatic workflow management.
Geological mass flows (pyroclastic flows or density currents, debris avalanches, debris flows and landslides) or ash plumes are often initiated by volcanic activity. An accurate assessment of the resulting
hazard is essential for proper risk management and mitigation. Although deterministic mathematical
equations are available for modeling mass flows and ash plumes, in most cases, parameters and initial
conditions for the equations are only known within a prescribed range of uncertainty. For the construction of hazard maps based on the deterministic models, accurate outputs and propagation of the inherent
input uncertainty to quantities of interest are needed to estimate necessary probabilities. Characterizing
the uncertainty in system states due to parametric and input uncertainty, simultaneously, involves using
ensemble based methods to explore the full parameter and input spaces. Complex tasks, such as running thousands of instances of a deterministic model with parameter and input uncertainty, need to be
well defined and repetitive to make them good candidates for automation. For efficiency, we designed
the programming tasks required for executing ensemble simulations to run in parallel, leading to twin
computational challenges of managing large amounts of data and performing CPU intensive processing.
The resulting flow of work requires complex sequences of tasks, interactions and exchanges of data. The
Pegasus Workflow Management System (WMS), in conjunction with HtCondor, provides the structured
platform required for implementing the workflows. The Pegasus WMS automates and manages the execution of the workflow tasks, including staging the tasks, distributing the work, and submitting the tasks
to the UB Center for Computational Research’s cluster nodes, as well as handling data flow dependencies
and overcoming job failures. To make volcanic hazard analysis easier for the end researcher to access,
portal based access to the workflows, via HUBzero’s volcanology research and risk mitigation HUB
(vhub), has been developed. Using the portals, geologists can execute models of hazards from volcanic
debris avalanches to atmospheric ash transport without direct participation of an array of computational
scientists and computing professionals. A user friendly graphical user interface (GUI) gives the user
control over each simulation run, and hides the complexities of the workflow. The GUI also provides the
user with easy access to output of workflow results. Test runs of the workflows show considerable speed
up in model runs due to parallelization and workflow organization.
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ABSTRACT
The demand for accurate and reliable numerical simulations of complex phenomena is increasing exponentially across a broad range of scientific and engineering applications. Problems like modeling fractal
formation in macroscopic elasto-plasticity, simulation of biological systems, flow and transport in fractured formations are extremely challenging and require specific knowledge to address them. However,
despite of the differences, there is always the need to discretize the underlying partial differential equations (PDEs) to approximate the continuous problems in an algebraic system of equations whose solution
or eigen-solution is obtained numerically. In large scale simulations, the solution of linear systems or
eigenproblems is often by far the most time-consuming part of the entire process, taking up 80% ÷ 90%
of the total computational time. To address the request for larger simulations, involving billions of unknowns, the development of novel, technology aware, algorithms able to exploit modern HPC systems is
of paramount importance [1, 2]. The focus of this minisymposium is exploring the most recent methodologies available for solving sparse linear algebra problems on massively parallel platforms providing
researchers as well as practitioners a survey of the potentiality of HPC in real world applications.
REFERENCES
[1] Paludetto Magri, V.A., Franceschini, A. and Janna, C. A Novel Algebraic Multigrid Approach
Based on Adaptive Smoothing and Prolongation for Ill-Conditioned Systems. SIAM J. Sci. Comp.
(2019) 41:A190–A219.
[2] Koric, S. and Gupta, A. Sparse matrix factorization in the implicit finite element method on petascale architecture. Comput. Methods Appl. Mech. Engrg. (2016) 302: 281–292.
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Numerical simulation is a very common tool in a large number of applications, ranging from
structural mechanics, to underground processes, computational fluid-dynamics,
electromagnetism and many others. All these kinds of simulations usually require a very high
resolution with computational domains easily consisting of several millions or even billions of
unknowns. In this context, the use of supercomputers is unavoidable, and the development of
efficient and scalable linear solvers is a central research topic.
Algebraic multigrid (AMG) methods are often the best choice as preconditioners for the
iterative solution of large size 3D problems arising from the discretization of PDEs. The main
advantage of AMG methods is represented by their theoretical optimality, as, at least in the
ideal case, the number of iterations to converge does not increase with the problem size. AMG
optimality is obtained through the complementary action of the smoother, responsible to
dump the error components associated to high frequencies, and the grid hierarchy that takes
care of lower part of the spectrum.
Unfortunately, in ill-conditioned real-world problems the standard AMG method is far to be
optimal with its performance strictly related to a proper selection of the set-up parameters. In
this work, we propose M3E-LinSol as a massively parallel implementation of a novel AMG
framework [1,2] which is able to adapt all of its components to the problem at hand, from the
smoother set-up, to the coarse grid hierarchy and prolongation definition. This is achieved by
guessing and iteratively improving in a bootstrap fashion the near-null space of the system,
which allows for both testing the smoother and the prolongation operator as well as for
inferring the connection strengths between system unknowns.
The performance M3E-LinSol is assessed through the solution of several engineering
problems including structural mechanics, CFD and underground applications, on modern
super computers. It is shown that the proposed approach brings together both known and
novel algorithms with aim of improving AMG performance in ill-conditioned systems
requiring no other information but the system matrix.
REFERENCES
[1] V. A. Paludetto Magri, A. Franceschini, and C. Janna, A novel AMG approach based on

adaptive smoothing and prolongation for ill-conditioned systems. SIAM J. Sci. Comput.,
Vol. 41, pp. A190-A219, 2019.
[2] A. Franceschini, V. A. Paludetto Magri, G. Mazzucco, N. Spiezia, and C. Janna, A robust
adaptive algebraic multigrid linear solver for structural mechanics. Comput. Methods
Appl. Mech. Engrg, Vol. 352, pp. 389-416, 2019.
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The AGMG software package [1] offers a black box linear system solver tailored for systems from elliptic
PDEs and related problems.
It uses a multigrid technology, but does not require any information from the discretization nor any form
of regularity of this latter [2]. Coarser levels are automatically formed by aggregating the unknowns,
which leads to enhanced speed and increased robustness compared to other algebraic multigrid (AMG)
approaches [3].
AGMG is further capable to address challenging problems such as discrete Stokes equations [4], and has
been shown scalable up to several hundreds thousands of cores [5].
REFERENCES
[1] Y. Notay. AGMG software and documentation. http://agmg.eu.
[2] Y. Notay. An aggregation-based algebraic multigrid method. Electron. Trans. Numer. Anal., 37:123–
146, 2010.
[3] A. Napov and Y. Notay. Algebraic multigrid for moderate order finite elements. SIAM J. Sci.
Comput., 36:A1678–A1707, 2014.
[4] Y. Notay. Algebraic multigrid for Stokes equations. SIAM J. Sci. Comput., 39:S88–S111, 2017.
[5] Y. Notay and A. Napov. A massively parallel solver for discrete poisson-like problems. J. Comput.
Physics, 281:237–250, 2015.

3295

Algebraic
G.
Hülsmann
Multigrid
and A.Methods
Krechel for Constraint Problems
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Algebraic Multigrid Methods for Constraint Problems
G. Hülsmann¹ * and A. Krechel²
Fraunhofer Institute for Algorithms and Scientific Computing SCAI
Schloss Birlinghoven, 53754 Sankt Augustin, Germany

www.scai.fraunhofer.de/en/business-research-areas/fast-solvers.html
1
goesta.huelsmann@scai.fraunhofer.de
2

arnold.krechel@scai.fraunhofer.de

Key Words: Sparse linear algebra, Algebraic Multigrid, Contact problems.
ABSTRACT
The simulation of force interaction between different objects along contact surfaces produce
uncoupled finite elements connected via algebraic constraints. Efficient solvers are of main
interest for the generated linear systems. These linear systems consist of elliptic equations
related to the different objects and algebraic constraints along the contact surface between
these objects. The resulting saddle point structure in the matrix prevents the direct use of high
efficient linear solvers like algebraic multigrid methods [1]. We present different approaches
how to deal with such constrained linear systems.
Our main contribution is the combination of ideas from master-slave-elimination and sparseapproximate-inverses (SPAI) [2]. In using SPAI, we approximately eliminate the slave nodes
in such a way that we can solve the resulting coarse grid problem by classical algebraic
multigrid approaches. When applied as a two level method the new approach approximates
the limit case of direct solver in an algebraic multigrid context. The different ingredients for
the overall, resulting algebraic multigrid method w.r.t. coarsening, interpolation and
smoothing on the first and the subsequent multigrid levels will be described.
We compare our approach with a projection method [3] and implementations of multigrid
methods [4], [5] which require Uzawa as smoother.
REFERENCES
[1] K. Stüben, A review of algebraic multigrid, 2001 Journal of Computation and Applied
[2]
[3]
[4]
[5]

Mathematics, p. 281-309
M. J. Grote and T. Huckle, Parallel Preconditioning with Sparse Approximate Inverses,
January 1996 SIAM Journal on Scientific Computing.
P. Saint-Georges, Y. Notay, G. Warzée, Efficient iterative solution of constrained finite
element analyses, 1998 Computer methods in applied mechanics and engineering
M. F. Adams, Algebraic multigrid methods for constrained linear systems with
applications to contact problems in solid mechanics, 2002 Numerical Linear Algebra
with Applications
Bram Metsch, Algebraic Multigrid (AMG) for Saddle Point Systems, Dissertation 2013
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Numerical simulations are widely used in studying underground processes, as direct
measurements are extremely expensive or even unfeasible. Moreover, there is interest in
simulating processes occurred in the past or in forecasting future events. Typical examples are
the fluid flows in deep, porous formations, the geomechanical processes involved in the
compaction of reservoir rock or the evolution of sedimentary basins. All these phenomena take
place on domains extending for several kilometres in each direction and the simulation requires
at the same time, a high local resolution. The development of more and more efficient, robust
and scalable linear solvers to solve those problems more accurately and rapidly is a recognized
need.
In this context, special attention should be devoted to Graphical Processing Units (GPUs) that
are well suited for massively parallel computations providing a very good balance among four
crucial goals of any modern computing platform: performance, price, power consumption, and
ease of software development. As a matter of fact, most of the supercomputers deployed in the
last years is equipped with GPU accelerators.
Approximate Inverse preconditioned Conjugate Gradient (AI-PCG) is an ideal candidate for a
GPU-based HPC implementation due to its inherent perfect parallelism in both preconditioner
set-up and iteration stages. Factored Sparse Approximate Inverses (FSAI) have been already
successfully tested on GPUs [1,2] showing significant speed-ups with respect to the CPU
counterpart.
In this work we further investigate the performance improvement offered by GPU accelerators
over CPU for a distributed memory implementation of FSAI for massively parallel computers,
in particular, in underground and reservoir applications.
REFERENCES
[1] M. Bernaschi, M. Bisson, C. Fantozzi, and C. Janna, A FSAI preconditioned conjugate

gradient solver on GPUs. SIAM J. Sci. Comput., Vol. 38, pp. C53-C72, 2016.

[2] M. Bernaschi, M. Carrozzo, A. Franceschini and C. Janna, A Dynamic Pattern Factored Sparse
Approximate Inverse Preconditioner on Graphics Processing Units. SIAM J. Sci. Comput., Vol. 41,
pp. C139-C160, 2019.
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Computer clusters with thousands of processor cores are becoming more and more common and they
are going to form the backbone of most scientific computing for the future. In such situations all-to-all
communications among processors should be avoided or reduced as much as possible to avoid costly
synchronizations.
In this communication we propose an efficient parallel implementation of a polynomial preconditioner
for the Conjugate Gradient method applied to large and sparse linear systems. Namely, we develop
polynomial preconditioners obtained by exploiting a suitable Newton method applied to the solution of
the nonlinear matrix equation X −1 = A. It is theoretical shown that this approach is equivalent to the
construction of a sequence of the Chebyshev polynomials (see e.g., [1]), which are more popular in this
context.
Implementation of such preconditioners is aimed at reducing the number of scalar products, during the
PCG iterations, which are known to slow down the parallel performance as they require a collective
communication among all processors. Contrary to the recommendations given in the literature, we also
show that polynomials of high degree (up to a hundred) can be successively employed in the acceleration
of Krylov subspace solvers.
The implementation of such preconditioned PCG algorithm is performed with a Fortran 90 code and pure
MPI message passing protocol on the Marconi Supercomputer located at Cineca (Bologna, Italy).
Numerical results onto matrices of very large size arising from various engineering applications, and
particularly from Finite Element discretization of PDEs in structural mechanics problems show that the
proposed approach may substantially increase the scalability of the PCG algorithm.
REFERENCES
[1] Y. S AAD, Iterative Methods for Sparse Linear Systems. Second edition, SIAM, Philadelphia, PA,
2003.
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Half a century ago, James Wilkinson introduced iterative refinement, a method to improve the
accuracy of a linear system solution by iteratively computing error corrections in higher precision. Later, variants of the original method were proposed that allowed for the computational
bottleneck (the matrix LU factorization) to be performed in a lower precision arithmetic [1].
Iterative refinement is seeing its popularity growing again with the new promises of accessible
and eﬀicient hardware support for half precision arithmetic (e.g., with GPU tensor cores). In
that context Carson and Higham have recently proposed novel variants of iterative refinement
which employ up to three precisions and improve over the previous approaches by being more
robust and less sensitive to the conditioning of the problem [2].
In this work we investigate the usability of these techniques for the solution of large scale sparse
linear systems arising in real life applications. In such a context we need to take into account a
number of practical constraints related to memory consumption and performance. In particular,
we have to avoid time and memory consuming copies of the data and slow computation in
floating-point arithmetics which are not natively supported by the hardware.
Taking into account these different constraints leads us to study novel variants of iterative
refinement based on different combinations of precisions. Additionally, possible improvements
stem from the ability to compute the factorization in low precision arithmetic and store the
factors in higher precision without the need for an explicit cast; this is for example supported
by GPU tensor cores which compute matrix products in mixed (half/single) precision. We
will present the implementation of such techniques within the MUMPS sparse direct solver
(mumps-solver.org) and assess experimentally the potential of existing and new variants of
iterative refinement to accelerate the solution of large scale problems from industrial applications.
REFERENCES
[1] A. Buttari, J. Dongarra, J. Langou, J. Langou, P. Luszczek, and J. Kurzak. Mixed precision iterative refinement techniques for the solution of dense linear systems. The International Journal of High Performance
Computing Applications, 21(4):457–466, 2007.
[2] E. Carson and N. J. Higham. Accelerating the solution of linear systems by iterative refinement in three
precisions. SIAM Journal on Scientific Computing, 40(2):A817–A847, 2018.
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Many studies in compressible CFD are based on the computation of fixed points of the Navier-Stokes
(or RANS) equations. Such systems can be solved by an implicit time scheme [1] which requires an
efficient and robust inversion of extremely large sparse systems with block structures at each time step.
We are interested in the end of the non-linear process where CFL condition reaches large values and the
linear system starts to be particularly challenging to inverse. Such systems are sparse and non-symmetric,
thus GMRES appears to be the best candidate. This work deals with the study and the improvement of
preconditioning methods in compressible CFD in order to ensure the convergence of the GMRES.
Before dealing with preconditioner strategies, several properties of the operators are highlighted. While
the converence of symmetric matrices are known to be governed by their spectrum, non-symmetric matrices (especially non-normal matrices) are more complicated to analyse. Non-normality induces new
difficulties relying on eigenvectors and the conditioning of eigenvalues [2]. Matrices arising from compressible CFD problems have shown to be highly non-normal as the CFL condition increase during the
non-linear process. Largest eigenvalues are the most ill-conditioned making the convergence of GMRES
difficult to predict.
For the symmetric positive definite (SPD) case, often resulting from the discretization of elliptic partial differential equations (PDEs), convergence of algebraic multigrid (AMG) is well-motivated [3] and
AMG is among the most efficient solvers/preconditioners available. Furthermore, AMG scales in parallel to hundreds of thousands of cores, making it a key component in many high-performance computing
(HPC) environnement. Recent progress have made of the AMG a more appealing method even for nonsymmetric block matrices [4, 5]. Thus tests and studies of a multigrid preconditioner for the GMRES
method will be presented on industrial 3D turbomachinery cases.
REFERENCES
[1] A. Crivellini and F. Bassi (2011), An implicit matrix-free discontinuous Galerkin solver for viscous
and turbulent aerodynamic simulations, Computers and Fluids 50 81–93.
[2] L. N. Trefethen and M. Embree (2005), Spectra and Pseudospectra - The Behavior of Nonnormal
Matrices and Operators, Princeton University Press
[3] Y. Notay (2015), Algebraic Theory of Two-Grid Methods, Numerical Mathematics: Theory, Methods and Applications, 8, pp. 168–198
[4] M. Sala and R. S. Tuminaro (2008), A New Petrov–Galerkin Smoothed Aggregation Preconditioner
for Nonsymmetric Linear Systems, SIAM Journal on Scientific Computing, 31 , pp. 143–166.
[5] T. A. Manteuffel, J. W. Ruge, and B. S. Southworth (2018), Nonsymmetric algebraic multigrid
based on local approximate ideal restriction (lAIR), SIAM Journal on Scientific Computing, 40,
pp. A4105–A4130.
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ABSTRACT
Supercomputers have made available to researchers an unprecedented amount of computing
power. But "power without grip is useless": this availability of thousands of processors to
compute must be accompanied with a steep evolution in software development based on HPC
techniques, to open a completely new way of facing the most complex simulation problems of
Computational Physics and Engineering. Especially in technology niches such as industrial,
energy, environmental or biomechanical applications, treatment of complicated or coupled
phenomena of fluid and solid motions are always a big issue, which always require as much
computer resource as possible.
Thus the objective of this Mini-Symposium is to communicate and discuss issues and
perspectives of HPC simulation, targeting industrial applications which cover fields of such as
bio, automotive, aerospace, pharmacology, energy, environmental and so on. The expected
topics should include algorithms, simulation strategies, and programming techniques for the
kind of complex simulations of fluid/solid phenomena (usually including coupled
multiphysics) requiring massively HPC environment. Parallel issues such as the robustness
and performance analysis, and introduction of pre- and post-processing techniques such as
CAD integration, mesh generation or visualization are also welcome. It is preferable, but not
indispensable, that authors include some numerical results of the applications to discuss the
validity of the proposed methods.
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A fully explicit weakly compressible scheme for solving low Mach number gas-liquid two
phase flows[1] with interface-adapted AMR method is proposed to achieve large-scale and
high-resolution simulation by avoiding solving pressure Poisson equation. A fully explicit time
integration is developed by solving independent hyperbolic pressure evolution derived from
isothermal Navier-Stokes equation instead of pressure Poisson equation which has severe
scalability problem. The finite volume method is employed to maintain the conservation
properties of mass and momentum. We have developed a GPU code of the tree-based AMR
method, which can greatly reduce the computational cost to assign high-resolution mesh to the
region of moving interfaces. The simulation of two-phase oil-jet injected from a circular bent
̅𝐷𝐷/𝜈𝜈𝑙𝑙 =
nozzle is performed by using our solver in single GPU under the conditions of 𝑅𝑅𝑅𝑅 = 𝑈𝑈
̅
1000 − 2500 (Fig. 1), where the area-averaged velocity 𝑈𝑈 in the circular nozzle with the
diameter 𝐷𝐷 is employed as the typical velocity. The interface behaviour In our simulations, the
behavior of the gas-liquid interface being disturbed as the Reynolds number increases well
agrees with the experiment[2] (Fig. 2).

t = 0.0 s

𝑅𝑅𝑅𝑅 = 1000

Fig.1 The problem setting of oil-jet simulation

t = 0.090 s

𝑅𝑅𝑅𝑅 = 2000

t = 2.0 s

𝑅𝑅𝑅𝑅 = 2500

Fig.2 The simulation results of oil-jet
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Institute of Mathematics, Czech Academy of Sciences, Žitná 25, CZ-115 67 Praha 1, Czech Republic,
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We briefly recall the algorithm of the Multilevel Balancing Domain Decomposition based on Constraints
(Multilevel BDDC) [1]. Despite the fact that the extension of the method to multiple levels worsens the
convergence, it can significantly improve the scalability of the method. Our open-source implementation
of the Multilevel BDDC method, the BDDCML library, will be presented.
Next, we will discuss the combination of the method with the finite element method using an adaptive
mesh refinement (AMR). A particular focus will be on the treatment of disconnected subdomains, a
typical output of the mesh partitioning based on space-filling curves used by the p4est library [2].
We provide experiments for the Poisson problem on a cube (see Figure1) using up to 1.3 billion unknowns
and 2048 CPU cores. More details can be found in [3].
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Figure 1: A benchmark for a parallel adaptive computation: visualization of the exact solution (left), adaptively refined mesh partitioned into subdomains (centre), and convergence of the H 1 norm of the error on 2048 subdomains
for different polynomial orders (right), adaptive (colour lines) vs. uniform (grey lines) mesh refinements.
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This work is devoted to acceleration and upgrade of software architecture of the CFD code
NOISEtte [1] for scale-resolving simulations of compressible turbulent flows using edgebased high-accuracy methods (such as [2]) on unstructured hybrid meshes. The code has
multilevel MPI+OpenMP parallelization for tens of thousands of CPU cores that works fine
on manycores such as Intel Xeon Phi. However, attempts to improve performance and extend
the code to GPU-based hybrid systems have faced the problem: the code is too complex. It is
an in-house research code with plenty of numerical methods, schemes, models, most of which
are experimental and are not used in practical simulations. This chaotic zoo, combining 2D
and 3D cell- and vertex-centred approaches, leads to numerous conditional branches,
switches, redundant functional calls that slow down computations. Although the baseline
parallel algorithm is fully adapted to the stream processing paradigm, this immense amount of
code is too difficult to port efficiently to OpenCL (or CUDA) and maintain.
An approach to survive in the process of adaptation to modern (and perspective) hybrid
systems has been elaborated. It consists of various components, such as creation of a
simplified configurations of the code with a minimal set of functionality (schemes, models)
for resource-intensive simulations; combining different stages of the algorithm in order to
reduce memory traffic; collapsing upper and lower level routines in order to eliminate
function calls, switches, etc.; mixing single and double precision; creation of internal debug
and testing infrastructure for development and maintenance of OpenCL kernels; consecutive
extension of OpenCL kernels (from basic low-order explicit Euler to implicit high-accuracy
Navier-Stokes with turbulence models).
As a result, the code has become nearly twice as fast on CPUs and is capable of using GPUs
of both AMD and NVIDIA (this speeds up the code several times more). This approach will
be presented in detail, as well as examples of numerical simulations and discussion of
remaining problems. Particular technical solutions to be presented may be of interest to
colleagues who face similar problems with heterogeneous computing on CPUs and GPUs.
This work has been funded by the Russian Science Foundation, project 19-11-00299.
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The sibilant fricatives, one of the speech sounds, are known to be pronounced by turbulent
flow in the front part of a vocal tract. The turbulent flow is generated by forming a constricted
channel between the upper palate and grooved tongue tip. To clarify the sound generation
mechanisms, experimental measurements and numerical simulations were conducted on static
vocal tract geometries [1, 2]. However, detailed mechanisms of the flow transition and sound
generation with the formation of the constriction during tongue ascent and descent are still
unclear. Therefore, in this study, we conduct numerical simulation of flow and sound
generation in a simplified vocal tract model with a movable tongue for the articulation of [s]
using a volume penalization method and clarify effects of the flow transition on the sound
generation of the sibilant fricatives.
The simplified vocal tract model was designed based on medical images of a male Japanese
subject pronouncing sibilant [s] [3]. The tongue model was ascended and descended by 3 mm
with tongue speed of 40 mm/s to mimic the pronunciation /usui/ (thin in Japanese). The threedimensional compressible Navier-Stokes equations were solved by finite difference method.
The special derivatives were evaluated using the sixth-order-accurate compact scheme and the
time integration was performed using the third-order-accurate Runge-Kutta method. The
volume penalization method was applied to express the vocal tract walls and the tongue
movement on rectangular grids.
The results of the simulation showed that the far-field sound spectrum predicted by the finite
difference schemes and volume penalization method agreed well with the experimental
measurements. During tongue ascent, the flow gradually became turbulent, and there was a
delay to form the fully developed flow and sound sources after reaching the tongue position of
[s]. This indicates that the delay observed in the experiment [3] was caused by the flow
development at the constriction of the vocal tract [s].
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In order to make the best use of the increasing computing performance of modern computers,
new demand on scalability is put forward for the numerical methods. In the simulation of
incompressible flow, the implicit Poisson solver usually accounts for a large proportion of
execution time. In this work, a Navier-Stokes solver based on pressure evolution equation is
presented. This hyperbolic equation for pressure can be explicitly integrated in time by a local
spatial stencil. With the purpose to damp the acoustic wave and suppress oscillating solutions,
we iteratively compute the pressure evolution equation coupled with a projection step to correct
velocities. Due to the simplicity and locality of this iteration procedure, it does not increase the
amount of computation too much.
Volume of fluid (VOF) method is combined with Navier-Stokes equations to capture the
interface between two fluids. The system of equations in conservative form is discretized by
finite volume method. A consistent transportation scheme for mass and momentum is carefully
implemented, where the flux of volume fraction is evaluated by THINC/WLIC scheme and the
WENO scheme is employed for reconstruction of velocity. Time derivative is integrated by
third-order strong-stability-preserving Runge-Kutta scheme. To avoid pressure-velocity
decoupling when the pressure projection is performed on collocated grid, face-centered
velocities along face normal are first linearly interpolated from neighboring cells, then corrected
to divergence-free state by the pressure projection. Moreover, we propose to apply a projection
filter field on cell vertices to detect and remove the non-physical modes of velocity on
collocated grid.
Various benchmarking problems are calculated to validate our solver for robust simulation of
two-phase flow, including convection of a high-density droplet, droplet splashing on thin liquid
film and dam breaking on a wet bed.
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The FITspec code [1] is a software, which explores a database of 40,000 models of stellar
atmospheres, calculated with the CMFGEN code [2], with the purpose of finding the model
that best reproduces an observed star comparing a set of spectral lines and minimizing the
error. FITspec allow us to know the physical parameters of the star. For this work, we
developed a new version of FITspec, using an artificial neural network (ANN), which obtains
the physical conditions and the chemical composition (C, N, and O) in the atmosphere of a
star. The input data are generated by a module, which determines the parameters of the
spectral lines, such as wavelength limits and equivalent width (EW), mimics the perception
and experience of an astronomer (Fig. 1, left). The ANN (Fig. 1, right) fit a set of lines of
several elements, modifying the weight of each line to optimize the fit. The model calculated
by the ANN produces similar results to those obtained by an experienced astronomer.

Figure 1. Left: input data, the module of line analysis calculated the wavelength limits (dashed black lines), the
EW, and remove the secondary lines (solid gray line).Right: structure of the ANN.

Space- and Earth-based telescopes are generating large amounts of astronomical data, on the
order of petabytes. This ANN will be used to adjust observed spectra of massive stars of some
of such databases. This work has been partially supported by the European Union Horizon
2020 programme, under the ENERXICO Project, Grant Agreement No. 828947 and the
Mexican CONACYT- SENER-Hidrocarburos Grant Agreement No. B-S-69926.
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Biodegradable metals are gaining interest for biomedical applications in last decades. This is
due to their acceptable mechanical properties and their non-toxic contribution to body
metabolism [1]. Despite these advantages, their fast degradation rate and uncontrolled release
remain a challenge in practical biomedical applications. These issues are usually investigated
by conducting in-vitro and in-vivo tests of biodegradable metallic scaffolds and implants, which
requires conducting multiple experiments for different scenarios and situations. In this study,
we have developed a mathematical model to predict the biodegradation behavior of
biodegradable metallic materials, which makes it possible to study the corrosion of implants
and scaffolds in a simulated environment.
The developed model captures the release of metallic ions, the formation of a protective film
on the surface of the material, the effect of presented ions in the surrounding environment on
the thickness of this protection layer, and tracking of the movement of the corrosion front. The
corresponding computational model was constructed using the finite element method. Tracking
the moving front at the diffusion interface requires high numerical accuracy of the diffusive
state variables, which was achieved using a refined computational grid. This made the model
computationally intensive and in need of parallelization. Thus, an easy-to-implement approach
for parallelization was also developed to enable the model to simulate large scale systems with
higher performance and efficiency in high-performance computing (HPC) environments. The
weak-scaling and strong-scaling tests were performed to evaluate the performance of the
parallelized algorithm.
After calibrating the model with the data of magnesium degradation tests, results showed a good
agreement between the predicted biodegradation rates and the experimental data. The model
will be extended to include the chemistry of other metallic materials, and once fully validated,
it can serve as an efficient tool to assess the biodegradation behavior of metallic biomaterials.
In a wider scope, the developed model can be used for the high-performance simulation of
large-scale systems in which the movement of the system boundaries is controlled by reactiondiffusion phenomena.
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Analysis of dynamic phenomena such as crash, destruction, and explosion are classified into the
Lagrangian formulation and the Eulerian formulation according to the control of the analysis
mesh. Until now, Eulerian formulation has been proposed to facilitate the dynamic analysis that
is difficult to solve with Lagrangian formulation depends on the mesh deformation. And then, a
similar method was developed in our research group[1].
However, the full Eulerian method that applies the VOF method or the PLIC method as the interface capture method cannot avoid the numerical diffusion of the material interface and solid
internal variables by advection calculation. Besides, to capture an interface with high accuracy,
more cell divisions around one are required. Also, in the Eulerian formulation, the spatially
fixed Cartesian mesh does not always match the solid interface. Because of this problem, it is
said that it is difficult to provide a mechanical boundary condition or a geometric boundary condition on the solid interface. Under the above background, our research group[2] introduced the
method to represent solids in a fixed Cartesian mesh with particles based on High-Performance
Computing. As a result, it is possible to avoid the numerical diffusion of the solid interface and
the solid internal variables and to take measures against high computational costs. Furthermore,
the introduction of the Immersed Boundary Method into the definition of particles in the solid
region enabled the provision of geometric boundary conditions.
Likewise, numerical methods using both particles and mesh[3] have been developed in previous
studies. On the other hand, there are no studies that deal with geometrically complex and largescale structures or the elastoplastic behavior of large deformation solids in this present method.
Therefore, we developed the elastoplastic analysis for large deformation solids using marker
particles based on Eulerian formulation. And, we verified it using several numerical examples.
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We deal with numerical simulations of incompressible flows using the finite element method. Multilevel
Balancing Domain Decomposition based on Constraints (BDDC) is applied to non-symmetric systems
arising from the linearization of incompressible Navier-Stokes equations.
The BDDC method was introduced in [1] as an efficient method to solve large systems of linear equations
in parallel. In [2], BDDC was used with continuous pressure approximation for saddle-point systems
arising from the Stokes equations.
We combine the approach to build the interface problem from [2] with the extension of the multilevel
BDDC method to nonsymmetric systems. This algorithm is applied to the linearized system of algebraic
equations obtained by Picard iteration. The linear system is solved by the BiCGstab method using one
step of Multilevel BDDC as the preconditioner.
Numerical results for a benchmark problem of the 3-D lid-driven cavity and for an industrial problem of
oil flow in a hydrostatic bearing (see Fig. 1) are presented.

Figure 1: Decomposed computational mesh (left) and streamtraces in hydrostatic bearing (right).
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The geometry of an industrial-scale fuel-injector of an aircraft engine is considerably
sophisticated, and the computer-aided design (CAD) data is usually laden with geometric
imperfections: ‘dirtiness’. This makes mesh generation an extremely time-consuming task.
Furthermore, the computational load of the numerical mesh necessary to resolve the geometric
complexities and the boundary layers is enormous. Therefore, strategies to ease the mesh
generation and the computational load are necessary. To that end, we employ a hierarchical
Cartesian meshing technique known as building-cube method (BCM) to ease mesh generation
and an immersed boundary method to handle complex non-watertight geometries.
Focusing on the cold flow simulation of a fuel-injector of an aircraft engine, this study
presents an investigation of grid sensitivity on local grid refinement. The cold flow simulations
of fully compressible Navier-Stokes equations were carried out using BCM-based solver known
as CUBE. With PIV measurement data as the basis, a qualitative validation of CUBE and the
gird sensitivity analysis were conducted to optimize the region of local mesh refinement.
The time for mesh generation using BCM is insensitive to mesh resolution, and the total
time for mesh generation was about 30 min for all the meshes reported in this work. The results
of the simulation show qualitative agreement with PIV data. It was found that the pilot region
was the most resolution-dependent part of the injector flow. Our analysis indicates that a
minimum resolution of 0.00242D (where D is the diameter of the fuel-injector) is necessary to
resolve the injector flow.
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A parallel numerical model for two phase flow (water and oil) in porous media on non-orthogonal geometries is solved by using different Graphics Processing Unit (GPU) architectures to carry out a comparison
of the performance that can be reached by each of them. The mathematical model is based on the mass
conservation transformed equations for water and oil phases [2], which results in two coupled non-linear
partial differential equations (PDEs). The Finite Volume Method (FVM) is used to discretize the set of
PDEs that govern this problem and the Newton-Raphson method is utilized to linearize and solve them
simultaneously. Solution of the system of linear equations is computationally expensive and requires a
large amount of time as the number of unknowns increases. We take advantage of the current GPUs
computing technology for constructing massive parallel numerical algorithms for modeling multi-phase
flow in porous media [3], [4]. The construction of the Jacobian is directly done in the GPU, which reduces the information that needs to be exchanged between the CPU (Central Processing Unit) and the
GPU [4]. Libraries that include Krylov methods are used and tested. The numerical results indicate a
good acceleration by applying the GPU parallelism with the different architectures tested in this study
(Kepler, Pascal and Turing). Furthermore, this study also tries to identify which of these architectures is
the best option according to our computing needs and budget limitations.
REFERENCES
[1] Chen Z., Huan G., and Ma Y. Computational methods for multiphase flows in porous media. SIAM,
First ed., (2006).
[2] Maliska, C. R., Transfêrencia de Calor e Mecânica de Fluidos Computacional. Livros Técnicos e
Cientı́ficos, primeira edi., (1995).
[3] Trapeznikova M.A., Churbanova N.G., Lyupa A.A., and Morozov D.N. Simulation of multiphase
flows in the subsurface on GPU-based supercomputers. Parallel Computing: Accelerating Computational Science Engineering (CSE), Advances in Parallel Computing (2015) 25:324–333.
[4] Teja-Juárez V. L. and de la Cruz M. Luis. A graphic processing unit (gpu) based implementation
of an incompressible two-phase flow model in porous media. Geofisica internacional (2018) 573:205–222.
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Parallel Partitioned Approach on Fluid-Structure Interaction Simulations
Using the Multi-scale Universal Interface Coupling Library
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Fluid-Structure Interaction (FSI) is a phenomenon that appears in a wide range of scientific and
engineering disciplines at different scales. Due to the nonlinear, time-dependent and multiphysical nature of various FSI problems, numerical simulation has a distinct advantage over
other investigation methods. There are many in-house/commercial FSI solvers, but few of them
can achieve both numerical robustness and high scalability.
To develop an effective and robust method for FSI, we choose the partitioned approach to make
good use of the existing open-source codes to allow good flexibility and to reduce the effort of
maintenance of this framework. For a partitioned approach, a stable and accurate coupling
algorithm with good scalability is required. Therefore, the Multi-scale Universal Interface
(MUI) Coupling library [1] is employed as the interface coupling tool between fluid and
structure domains. The MUI library has been demonstrated to provide good scalability [2]. The
MUI library allows an arbitrary number of codes to communicate with one another over MPI
via a cloud of point data. In the present study, the two solvers OpenFOAM and FEniCS are
adopted as the computational fluid dynamics (CFD) and computational structure mechanics
(CSM) solvers, respectively. Three explicit/implicit coupling utilities for the FSI coupling have
been developed in the MUI library to achieve a tight and stable coupling. The coupling
procedure is demonstrated in Figure 1.
In order to demonstrate the performance of this approach, the simulation of a blunt trailing edge
hydrofoil with vortex-shedding induced vibration will be presented. The NACA0009
deformable hydrofoil, operated at zero angle of attack, were modelled at different chord-based
Reynolds numbers in the range of 1.6 × 106 ~2.2 × 106 to demonstrate the lock-in and the
lock-off regimes of the vortex-induced vibration. A comparison between the numerical
simulation and the experimental data is carried out. Detailed characteristics of the body
oscillation and vortex shedding will be also provided at the conference.

REFERENCES

Figure 1. Schematic of the simulation procedure

[1] Tang, Y.H., Kudo, S., Bian, X., Li, Z. and Karniadakis, G.E., Multiscale universal interface: a concurrent framework for
coupling heterogeneous solvers. Journal of Computational Physics, Vol. 297, pp. 13−31, 2015.

[2] Skillen, A., Longshaw, S. M., Cartland-Glover, G., Moulinec, C., & Emerson, D. R. Profiling and application of the
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multi-scale universal interface (MUI), 7th European Conference on Computational Fluid Dynamics (ECFD 7), 11-15
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Ausoni, Philippe. Turbulent vortex shedding from a blunt trailing edge hydrofoil. PhD thesis. The École polytechnique
fédérale de Lausanne. 2009.
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The DNA and cDNA sequencing methods has allowed the development of natural sciences
basic or applied. Since its implementation by the method proposed by Sanger [1], its subsequent
modification with the Chain Polymerization Reaction (PCR) [2] and currently, with the
sequencing of complete genomes and its expression in the form of ribonucleic acid by next
generation sequencing [3]. Millions of nucleotide sequences are organize with bioinformatic
approach [4] and afterwards, they are available in public databases such as GenBank [5].
To stablish the molecular, cellular and physiological function of the different regions of a
nucleic acid sequence or the assembly of genomes and transcriptomes have been develop
countless software supported by experimental results. The current software establishes: the big
data transcriptome results requested a lot of computing time [4]. On the other hand, a single
sequence as; intron phase and exon organization; the open reading frame translation with
degenerate codons and specific data from the GenBank sequence reports, shows differents
limitation in relation in biological data, graphic environmental, and specific capability to obtain
a specific data to be used in file formats as spreadsheets. To give a solution to all these
situations, a set of bioinformatic approach have developed:
To reduce the computing time organized a transcriptome with sequences obtained by Next
Generation Sequencing, High Performance Computing has use to parallelize the Hisat2 program.
The process it has validating with big data transcriptome sequences from hepatopancreas and
ovary of pacific Shrimp Penaeus vannamei sequenced with Illumina MiSeq technology.
GeInExOrf-v1. Designed to identify phase number of intron phase, the exons conceptual
translation and the amount of each one. The software was corroborate with different intronexon distribution and amount: Vitellogenin, Dopamine Receptor 2 (DR2) and G3PDH.
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DegCodon. Used to obtain all the amino acids options from Open Reading Frame whit
degenerate codons. The software performance has established with consensus sequences from
previous indicated.
BioDataTool Kit. Generate a spreadsheet in Excel format with all information of the GenBank
nucleic acid report, the nucleotide sequence is modified to Fasta format and nomenclature
designed by user to big data software. The results were validate with Influenza A/H1N1 virus
genes to: Hemagglutinin, Nucleocapsid protein and Matrix protein 1 and 2.
The implementation, benefit and limitation of each bioinformatic develop are discussed.
We thank projects CONACYT (National Council for Science and Technology) Basic Science
2015-255664, and the projects C-2015-02, 48708, 5713 from the Vice-Rectory of Investigation
of the Industrial University of Santander. We also thank the Advanced Computing and a Large
Scale Group of the Industrial University of Santander (SC3-UIS), supported by the Vice-Rector
for Investigation and Extension of the Industrial University of Santander, for their support.
Author contributions
N.M-A¹ Develop of GeInExOrf-v1 and DegCodon, R.D-B² Develop of BioDataTool Kit, N.CL3. Parallelization Hisat2 and validation of GeInExOrf-v1, C.A-C4 Validation of GeInExOrfv1 and BioDataTool Kit, M.A-R5 Validation BioDataTool Kit, M.P.G6 Validation of
GeInExOrf-v1, L.R.J-G7 hepatopancreas L. vannamei Next Generation Sequence and
validation of Parallelization Hisat2, L.B-R8 Leader in BioDataTool Kit, C.B.H.9 Leader in
GeInExOrf-v1, DegCodon and Parallelization Hisat2; F.M-P*10 Project Leader.
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A new analytical analysis is developed on the error in the interpolation formula of the
Smoothed Particle Hydrodynamic Method. Using the Poisson sum formula [1] in the ndimensional space, an analytical expression is obtained in the upper level of the SPH error,
and its functional dependence on the SPH interpolation parameters, commonly the smoothing
length ℎ, and the number of particles 𝒩𝒩 within the support of the kernel 𝑊𝑊(𝑟𝑟, ℎ) arises
explicitly from the consistency conditions. New integral consistency relationships are derived
for the approximation of particles, which corresponds to the Fourier transform of the weight
function,𝑊𝑊 𝑟𝑟, ℎ , in the label space of particle. The analysis provided that the mass of the
particle scales with h, such as 𝑚𝑚 ∝ ℎ! with 𝛽𝛽 > 𝑛𝑛, where n is space dimension [2]. This
implies that the successive limit 𝑁𝑁 ⟶ ∞ and ℎ ⟶ 0, together with the limit 𝑚𝑚 ⟶ 0 and
𝒩𝒩 ⟶ ∞, is necessary for complete convergence to the continuum, where 𝑁𝑁 is the total
number of particles in the discretization of space. Also reveals, as has been conjectured for a
long time, the similarity between SPH and quasi-Monte Carlo. For N≫1, the error for the
interpolation of SPH decays as 𝑁𝑁 !! regardless of the dimension of the space (see Fig. 1), in
addition in this regime the partition of the unit of the n-sphere volume of the support of kernel
is
ensured.
Fig. 1. Dependence of the 2D (solid circles) and 3D (solid
squares) error bounds given by
!
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, and the mean absolute errors (MAEs) between the
SPH, ℰ!"# = 1⁄𝑁𝑁 ∑!!!!|𝑓𝑓! − 𝑓𝑓(𝑥𝑥! )| where n = 2 in 2D and n = 3
in 3D, and 𝑓𝑓!! (𝑥𝑥, 𝑦𝑦) = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, in 3D add 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.
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Computational Fluid Dynamics (CFD) has been a successful tool for industry applications during the last decades. However, accurate solutions involving
complex flow phenomena such as vortex propagation and separated, turbulent
flows are associated with high computing costs. Large Eddy simulations (LES)
of complex geometries, such as cars, still require days of computing on large
machines in order to obtain statistically relevant information.
FDFLO is a High Order Cartesian Finite Difference (FD) code developed
for industrial LES applications. It has been optimized for speed, and is being
ported to GPUs at present.
The paper will present two cases: the first is the well-known Ahmed Body
benchmark. The second is a complete automobile model with all geometrical
details: external surfaces, engine, intakes, exhausts, other ‘internal’parts. Both
cases have been computed using high order FD discretizations in time and space.
For the second (and more realistic) case the solution was obtained using
a combination of shared (OMP) and distributed(MPI) parallel execution on
tens of thousands of cores and GPU’s. The results indicate that with sufficient
computational resources the aim of overnight industrial LES runs for complete
car configurations is achievable.

Figure 1: Ahmed Body, 4th order approximation in space and time. Left:
Instantaneous velocity. Right: Q-Criterion.
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The current status of LES and its readiness for aerospace applications were recently discussed in the
NASA CFD Vision 2030 report . The report recognised LES with the aid of wall models as one of the
pacing items ”for developing a visionary CFD capability required by the notional year 2030.” However,
at the same time, the report stated that ”LES requires additional development of the wall-modeling capability that is currently at a very low technology-readiness level.” This criticism is legitimate, as the
use of WMLES has been confined largely in academic research involving relatively low Reynolds number flows over essentially two-dimensional geometries, often having at least one direction of statistical
homogeneity. This is hardly the case in real-world. In the last years, a significant effort has been done
in BSC to increase the TRL level of LES by deploying low-dissipation strategies for the simulation of
scale resolving turbulent flows into large scale applications. The talk, will discuss the general strategy
followed covering numerical methods, physical based SGS closures, wall modelling and HPC strategies.
The current state in incompressible flows will be analysed using canonical and industry oriented cases
like the high-lift JAXA standard model or the DrivAer car. Examples of the LES application in a real
word project with Seat or active flow control for a full aircraft in stall from the EXCELLERAT CoE will
be given.
REFERENCES
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Journal for Numerical Methods in Fluids, 2019.
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ABSTRACT
Problem Solving Environment (PSE) is an emerging scientific and technological active area
in computing science. PSEs provide innovative computational facilities for easy incorporation
of novel solution methods to solve a target class of problems in computing environments,
distributed and heterogeneous resources, and collaborative environments.
Key issues addressed in this mini-symposium include PSE for Cloud environment, PSE for
collaborations, PSE for heterogeneous distributed system management, PSE for application
developments, PSE for scientific computing and PSE for education, as well as PSEs for
eScience-relating issues.
PSEs provide computational facilities to solve target problems in the novel way in the fields
presented above. For example, Cloud and distributed systems are complicated, and contain huge
information systems including heterogeneous computer hardware resources, application
software, middleware, experimental instruments, and so on. The PSEs are facilities to help users
work on the complicated systems. The PSE researches and technology have been intensively
explored, and at present the PSEs have started to realize the PSE dream.
REFERENCES
[1] S. Kawata: “Problem-Solving Environment (PSE) in Computational Engineering and
Science”, 13th World Congress in Comput. Mech. (WCCM2018), (2018), MS Keynote.
[2] C. Boonmee, S. Kawata, et al., “Visual Steering of Simulation Process in a Scientific
Numerical Simulation Environment -NCAS-“, Enabling Technologies for Computational
Science, Kluwer Academic Publishers, edited by E. Houstis, et al., (2000) pp.291-300.
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1

In this paper we present a Mixed Reality (MR) system for aiding field workers of utility
companies in outdoor tasks, such as a MR visualization for underground structures which
assist the design and construction stage.
We employed HoloLens which using SLAM technology that can simultaneously perform
three dimensional space recognition and self-position estimation. To solve the problem that
the reality is lost when superimposing the CG images under the ground surface, several
visualization methods are developed. The present system is shown to be a useful tool for the
design and construction stage for underground structures.
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In Japanese elementary school , programming education will begin in this year. After that, the
programming education in junior high school and high school are also planned. Thus, the
need for programming education is recently highly expected. However, it seems not
satisfactory when it comes to self-study environment.
The author has created a "problem-solving" programming education environment.
In this article, I would like to discuss the background and future prospects.
1. The “problems” I prepare are as follows:
1) Output
output “Hello”
2) Variables
put a number “1” into a variable “a” and then output “a”
put a character “hioki” into a variable “a” and then output “a”
3) Input
put a number into a variable “a” from a keybord, then output “a”
put a character into a variable “a” from a keybord, then output “a”
put a number into a variable “a” from a keybord, then output “a+1”
4) Repeat
output “Hello” 5 times
output numbers from 1 to 10
5) if else
input an integer “a”, output “pos” if a>0
input an integer “a”, output “pos” if a>0 , output “neg” if a<0, output “zero” if a=0
input two integers a and b, output the greater number
6) Maximum
input 10 numbers, output the maxmum/minimum number
2. The languages I prepare are as follows:
Scratch, C++, Python
3. Toppage of this Website is as follows:

4. First results in the university class will be presented.
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In this research, we propose a STEM education problem solving environment (PSE)
system using a card-based program development environment for hardware control. Recent
years, various ICT education environments have been developed. The spread of smart PAD
and ICT has dramatically changed education. Unfortunately, many students have difficulty
understanding abstract concepts in science, technology, engineering, and mathematics
(STEM) education. It is effective to control the actual hardware to deepen the intuitive
understanding with a real sense. However, a framework that can be used in a wide range from
advanced users beyond beginners is expected.
The system provides a card-based programming framework that makes it easy to
understand Robotic-Arm and Drone control programs. Blocks-based programming has
become the common language for introductory coding. GUI code visualization environment is
used in many primary education programming. [1, 2] The developed system uses a Web-based
system for the user interface (UI) and supports multiple platforms. The UI is implemented in
HTML, CSS, and JavaScript. This system includes Python as built-in code and executes the
program with translated basic-data in JSON format. The Web environment is used by
importing the eel library. The application is hosted on a local Webserver and is programmed
to call Python functions from JavaScript in HTML. The system can be extended by importing
a rich library of Python. As a new trial of card-based programming, "IF This Then That
(IFTTT)" used in smart speakers is implemented for the control structure algorithm and an
event-execution process. Furthermore, the nested loop structure is replaced with the cascading
arrangement of the card by using the design pattern based on the iterator as a template. This
enables learning of design patterns.
Examples of programs include templates with card functions, Drone-flying and
Robotic-Arm control. In addition, an API for Python machine learning is implemented, and
face recognition can be learned from image data captured by a camera. The Web API on the
network can be called from a program by specifying the URL in the link destination in the
JSON data that constitutes the card type UI. As a result, a wide range of users from primary
education to general users can be expected. We report on a next-generation programming
education environment using this system.
REFERENCES:
[1] D. Bau, J. Gray, C. Kelleher, J. Sheldon, F. Turbak, Learnable Programing: Blocks and Beyond,
Communication of the ACM, pp.72-80, June 2017.
[2] M. Matsumoto, M. Yasui, Development of Card Based Programming Education Framework, The
7th APCOM 2019, MS1601A, 17-20 December 2019.
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In this paper a review is presented on the PSE (Problem Solving Environment) concept in
computing science. Problem Solving Environment (PSE) is an emerging scientific and
technological active area in computing science. PSEs provide innovative computational
facilities for easy incorporation of novel solution methods to solve a target class of problems in
computing environments, distributed and heterogeneous resources, and collaborative
environments.
In the PSE concept, human concentrates on target problems and works on solutions, and a
part of application of solutions, which can be solved mechanically, is performed by
computers or machines or software. PSE provides integrated human friendly innovative
computational services and facilities for easy incorporation of novel solution methods to
solve a target class of problems. PSE is an innovative concept to enrich our e-Science, eLife, e-Engineering, e-Production, e-Commerce, e-Home, etc. The PSE-relating studies
were started in 1970’s to provide a higher-level programming language than Fortran, etc. in
scientific computations [1]. The trend at that time was natural to deliver more humanfriendly programming environment, and was resulting in PSE, CAE (Computer Assisted
Engineering), libraries, etc. At present PSE covers a rather wide area, for example, program
generation support PSEs [2], education support PSEs, CAE software learning support PSEs,
Grid/Cloud computing support PSEs, job execution support PSEs, e-Learning support PSEs,
etc.
This review paper includes the PSE definition, a brief history of PSE, example PSE study
activities, uncertainty management PSE and future research directions in PSE.
REFERENCES
[1] Shigeo Kawata and Yukio Umetani, A Review of Computer-Assisted Problem-Solving

Environment (PSE) in Computational Engineering and Science, Transactions of JSCES
(Japan Society of Comput. Eng. and Science), Paper No.20171001, 2017
[2] C. Boonmee, S. Kawata, et al., Visual Steering of Simulation Process in a Scientific
Numerical Simulation Environment -NCAS-, Enabling Technologies for Computational
Science, Kluwer Academic Publishers, edited by E. Houstis, et al., pp. 291-300, 2000.
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ABSTRACT
The emergence of computing platforms characterized by hierarchical parallelism is transforming computational simulation. To run effectively at scale in the presence of on-node accelerators, codes must
negotiate massive parallelism, data locality, and hardware resilience, among other concerns. This minisymposium focuses on the design and implementation of engineering mechanics applications and related computational / communication kernels on next-generation supercomputing platforms, in particular approaches that replace or complement the traditional MPI programming model. Examples include
strategies for performance portability across disparate hardware architectures, algorithmic advances for
solvers, load balancing, and asynchronous tasking.

Sandia National Laboratories is a multi-mission laboratory managed and operated by National Technology and Engineering Solutions of
Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energys National Nuclear Security
Administration under contract DE-NA0003525. SAND2019-10365 A.
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A Treatment of Compressible and Nearly
Incompressible 3D Linear Elasticity with
High-Order Finite Elements in Parallel
Arash Mehraban1
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Valaria Barra6
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Abstract This work represent an efficient scalable high-order finite element discretization of linear elasticity problem in parallel for 3D unstructured meshes. We
examine a residual and matrix-free Jacobian formulation of a high-order hexahedral finite element for compressible and nearly compressible (ν ≈ 0.5) displacementonly linear elasticity problem by exploiting the tensor product basis computation in
libCEED library package for high order finite elements. To ensure efficiency for higher
order FEA, we represent a matrix-free Jacobian based on the higher order element
where p-multigrid is employed before we assemble a sparser matrix for the operator
on Q1 elements for Algebraic Multigrid (AMG) preconditioning using the parallel
computing library PETSc. We determine the efficiency versus accuracy of employing
higher order polynomial FEA.

3336

Hierarchical
David
Littlewood,
Parallelism
Julia Plews,
for Transient
Nicolas Solid
Morales
Mechanics
and Reese
Simulations
Jones

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

HIERARCHICAL PARALLELISM FOR TRANSIENT SOLID
MECHANICS SIMULATIONS
David J. Littlewood∗ , Julia A. Plews, Nicolas M. Morales, and Reese E. Jones
Sandia National Laboratories
P.O. Box 5800
Albuquerque, NM, 87185, USA
www.sandia.gov
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Hierarchical parallelism plays an increasingly important role in scientific high-performance computing.
The use of on-node accelerators, in particular GPUs, significantly reduces turnaround times. This performance improvement enables the application of existing techniques to very large computational domains,
and improves the outlook for higher-fidelity approaches that have been considered intractable to date.
In this presentation, we review an ongoing effort to utilize GPU accelerators in the NimbleSM finite
element code for transient dynamic solid mechanics simulations. Focus areas include the constitutive
model, the calculation of stress divergence, and the computation of contact forces. The Kokkos software package for performance portability is extensively utilized, providing a parallel-for mechanism and
corresponding data structures that are configured at compile time for optimal performance on the target
architecture. Here, memory management plays an important role due to differences in optimal access
patterns across disparate architectures. An additional concern is the evolving nature of next-generation
hardware, which is addressed by encapsulating hardware-specific source code such that it can be altered
at a later date without the need for invasive changes to the computational kernels themselves. Our implementation strategy will be discussed, followed by performance analysis of explicit transient dynamics
simulations. The ability to utilize increased on-node parallelism is shown to be an important component
of next-generation engineering analysis codes.
REFERENCES
[1] H.C. Edwards, C.R. Trott, and D. Sunderland. Kokkos: Enabling manycore performance portability through polymorphic memory access patterns. Journal of Parallel and Distributed Computing
74(12), 2014.
[2] D.J. Littlewood and M.R. Tupek. Adapting material models for improved performance on nextgeneration hardware. Memorandum SAND2017-11100 O, Sandia National Laboratories, Albuquerque, NM and Livermore, CA, 2017.

Sandia National Laboratories is a multi-mission laboratory managed and operated by National Technology and Engineering Solutions of
Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-NA0003525.
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NUMA-AWARE STRATEGIES FOR THE HETEROGENEOUS
EXECUTION OF SPMV ON MODERN SUPERCOMPUTERS
Xavier Álvarez-Farré1∗ , Andrey Gorobets2 , F. Xavier Trias1 and Assensi Oliva1
1
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Key Words: High-Performance Computing, SpMV, Heterogeneous computing, NUMA-aware, Parallel
CFD
Large sparse matrices often appear when numerically solving partial differential equations. Hence, the
sparse matrix-vector product (SpMV) is a widely-used operation in the scientific computing community,
and its implementation for hybrid supercomputers stirs a great deal of interest [1, 2]. The heterogeneous execution of the SpMV kernel leads to many different data-management and computing operations. The halo update, which is an expensive operation that can critically affect the performance and
scalability, especially on hybrid supercomputers, must be concluded before computing the interface elements. Therefore, efficient execution strategies are required to minimise the overhead of communications. Roughly, heterogeneous execution strategies aim at handling computations and communications
on multiple hardware devices through multithread parallel regions with separate kernel queues. The
approach based on nested multithreading [3] hinders the efficient utilisation of multi-socket and nonuniform memory access (NUMA) architectures. In this work, we present a new approach based on flat
multithreading which effectively increases the performance of the CPU side on such configurations, not
prejudicing other devices.
REFERENCES
[1] W. Yang, K. Li, and K. Li, “A hybrid computing method of SpMV on CPU–GPU heterogeneous computing
systems,” Journal of Parallel and Distributed Computing, vol. 104, pp. 49–60, jun 2017.
[2] X. Álvarez, A. Gorobets, F. Trias, R. Borrell, and G. Oyarzun, “HPC2 –A fully-portable, algebra-based framework for heterogeneous computing. Application to CFD,” Computers & Fluids, vol. 173, pp. 285–292, sep
2018.
[3] X. Álvarez, A. Gorobets, and F. X. Trias, “Strategies for the heterogeneous execution of large-scale simulations
on hybrid supercomputers,” in 7th European Conference on Computational Fluid Dynamics, 2018.
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ABSTRACT
Since the beginning of computational aeroacoustics (CAA), several numerical methodologies
have been proposed, each trying to overcome the challenges that the specific problems under
investigation pose for an effective and accurate computation of the radiated sound. The main
difficulties that have to be considered for the simulation of flow induced sound include energy
and length scale disparity, preservation of the multi-pole character of the acoustic sources and
dispersion and dissipation occurring in numerical schemes. Currently available aeroacoustic
methodologies overcome only some of these broad range of physical and numerical issues
which not only restricts their applicability but also makes them problem dependent in many
cases.
The interaction effects and distinct properties of flow and sound engage scientist’s interests.
Inherently, the physics of flow and sound is described by the general compressible flow
equations. Therefore, one branch of aeroacoustic modelling treats flow and acoustics directly
as a united field by solving the compressible flow equations. The applications of direct
aeroacoustic simulations reach from airframe noise, to acoustic simulations of landing gears,
and turbomachinery. On the other hand, for low Mach number flows, hybrid approaches are
mainly used, where an incompressible flow computation is performed, and via an
aeroacoustic analogy or perturbation ansatz the acoustic sound sources are determined and
used to compute the sound propagation.
The main objective of this mini-symposium is to bring together engineers from fluid
dynamics and acoustics with physicists and mathematicians and focus on the physical
modelling and numerical simulation of flow induced sound. The goal is to have a vivid forum
for researchers to investigate in the multi-physical phenomena of aeroacoustics. Both,
fundamental as well as application oriented contributions are welcome.
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Title:

Aero-Vibro-Acoustic Simulation of a Simplified Car Model

Authors:
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Aim of the ongoing development of passenger cars is to predict the interior
acoustics early in the development process. A significant noise component results
from the flow phenomena in the area of the side window. The complex turbulent
flow field in the wake of the a-pillar and the side mirror is characterized by
velocity and pressure fluctuations. The flow field results in sound sources which
transmit noise into the passenger cabin. In addition to that, it excites the
structure, resulting in a radiation of structure-borne noise into the interior of the
car. In the present work, as a first step in solving this three part problem, a Large
Eddy simulation of the flow was conducted to investigate the sound generation
due to external air turbulence. For this purpose, a simplified model of an
automobile was used. In addition to the LES, a Delayed-Detached Eddy simulation
(DDES) and an unsteady RANS (URANS) simulation of the same model were
carried out. Finally a complete simulation of the fluid-structure-acoustic of the
flow around a car induced windnoise was done. All simulations are compared to
experimental data which is already available for this model.

Fig. Iso-surfaces of instantaneous pressure fluctuations on the side window
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To avoid thermoacoustic instabilities reliable prediction tools are required even in the early
design stages of economic and low-pollutant combustion systems. One of the required
modeling assumption for such tools is the description of the sound sources which are often
associated with the unsteadiness of the heat release of the flame. In a recent investigation of
two dimensional flames and a turbulent jet flame in an anechoic environment it was found
that the accurate prediction of the magnitude and phase of the acoustic pressure signal
requires the consideration of sources beyond the heat release source [1]. Since in industrial
applications swirl flames are of major interest the analysis of the sound generation from [1] is
extended by analyzing the sound sources of an unconfined and a confined swirl burner. The
numerically investigated swirl burner configuration is based on the experimental setup by
Moeck et al. [2]. The analyzed operating condition has a Reynolds number based on the
injector diameter downstream of the swirler of Re D = 8800 and the swirl number is S = 0.73.
First, the conservation equations of a compressible fluid are solved to determine the flow field
under reacting and non-reacting conditions. The solution determines the mean flow field and
the source terms of the acoustic perturbation equations (APE). The contributions of the
various sound sources are analyzed by solving the acoustic perturbation equations (APE) in a
computational aeroacoustics (CAA) simulation for each of the source terms. For the
unconfined swirl burner, the precessing vortex core (PVC) of the swirl flow is a dominant
sound source in non-reacting flow, whereas in reacting flow the unsteady heat release
dominates the sound field. This changes when the burner is confined. A self-excited
instability occurs at the quarter-wave mode of the burner and further sources, i.e., the
momentum source due to fluctuations of the pressure at the flame front and the energy source
due to velocity fluctuations at the flame front, become important to accurately predict the
sound pressure amplitude of the limit cycle.

REFERENCES
[1] K. Pausch, S. Herff, F. Zhang, H. Bockhorn, W. Schröder, Noise sources of lean
premixed flames, Flow Turbul. Combust. Vol. 103 (3), pp. 773–796, 2019.
[2] J. P. Moeck, J.-F. Bourgouin, D. Durox, T. Schuller, S. Candel, Nonlinear interaction
between a precessing vortex core and acoustic oscillations in a turbulent swirling flame,
Combust. Flame Vol. 159 (8), pp. 2650–2668, 2012
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Since the beginning of computational aeroacoustics (CAA) several numerical methodologies
have been proposed, each of these methodologies tries to overcome the challenges for an
effective and accurate computation of the radiated sound, which the specific problems under
investigation pose. For high Reynolds and low Mach number flows two main challenges
occur [1]: (1) the large disparity between the energy in the flow and the radiated acoustic
energy; (2) large disparity between the size of an eddy in the turbulent flow and the
wavelength of the generated acoustic sound. Hybrid schemes in CAA separate the flow from
the acoustic computation using, e.g., aeroacoustic analogies. Thereby, an optimal
computational grid can be used for each individual physical field achieving highest accuracy.
As a result, the two grids may be quite different according to the following criteria: (1) near
walls, the flow grid needs refinement to resolve boundary layers; (2) the flow grid is mostly
coarsened towards outflow boundaries to dissipate vortices; (3) the acoustic grid has to
transport waves and therefore needs a uniform grid size all over the computational domain.
Therefore, the numerical scheme should support flexible discretization in the sense of nonconforming grid techniques [2]. Thereby, each sub-domain can be meshed individually, and
the numerical scheme performs the coupling over the common interfaces by fulfilling the
physical transmission condition: continuity of the primary physical quantity and its flux. Here,
we apply Nitsche-type mortaring, which does not need the additional Lagrange multiplier and
handles the coupling by symmetrizing the bilinear form and adding an appropriate jump term.
The contribution will contain the fundamental steps to achieve at an efficient and stable
Nitsche-type mortaring formulation and its application towards two practical examples: (1)
human phonation; (2) axial fan.

REFERENCES
[1] Wagner, C., Hüttl, T., & Sagaut, P. (Eds.). (2007). Large-Eddy Simulation for Acoustics

(Cambridge Aerospace Series). Cambridge: Cambridge University Press.
doi:10.1017/CBO9780511546143
[2] C. Annavarapu, M. Hautefeuille, J.E. Dolbow, A robust Nitsche’s formulation for
interface problems. Comput. Methods Appl. Mech. Engrg. 225–228 (2012) 44–54
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INFLUENCE OF THE LENGTH OF A CYLINDER ON ITS AEOLIAN
TONE LEVEL: MEASUREMENTS AND MODELLING
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The tonal noise generated by the flow over elongated cylinders is measured using microphones in the
anechoic wind tunnel BETI of Institut Pprime. The effect of the length to diameter ratio of the cylinder
is assessed by varying the diameter from 6 mm to 20 mm within the constant width (750mm), open jet,
test section. The velocity is varied from 10 to 40 m/s, leading to a Reynolds number range of about 4,000
– 53,000.
A proper normalization is needed to obtain a good collapse of experimental data from nearly 20 studies
on the same evolution in 3 steps: for very short cylinders, the tone level does not depend on the length;
for semi-long cylinders, it follows the fourth power of the length to diameter ratio; for very long cylinder,
the length has no influence anymore . This sigmoidal evolution is noticed [1] for both the circular section
and the square section cylinders, and questions the classical modelling of the aeroacoustic process using
compact, coherent segments of cylinder associated with a coherence length [2] to account for spanwise
phase loss. Literature data from numerical simulation or experiment using end-plates exhibit a different
dependency on the length to diameter ratio, especially for semi-long cylinders.
REFERENCES
[1] Pinto, W.J.G.S. Modelling airframe noise: from aerodynamic topology to acoustic efficiency. Ph.D.
thesis, University of Poitiers, France, October 2019.
[2] Pinto, W.J.G.S. and Margnat, F. and Gervais, Effect of cross-section on flow three-dimensionality for
prismatic bodies and the associated noise emission in 25th AIAA/CEAS Aeroacoustics Conference
(Aeroacoustics 2019), AIAA Paper 2019-2531 (Delft, The Netherlands, 2019).
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FLOW ACOUSTICS
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LAUM, Le Mans Université, France, gwenael.gabard@univ-lemans.fr
4
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A non-overlapping domain decomposition method is proposed to solve large-scale models for the propagation of sound in nonuniform flows [1]. An additive Schwarz algorithm is used to split the computational domain into a collection of sub-domains, and an iterative procedure is formulated in terms of
unknowns defined on the interfaces between sub-domains. The discretization procedure is performed
using the p-FEM method with high-order, hierarchic shape functions [2].
We introduce and analyze the performance of appropriate transmission conditions between the subdomain interfaces in order to accelerate the convergence of the iterative procedure. The construction
of transmission conditions is based on local approximations of the Dirichlet-to-Neumann operator of the
governing equation [3]. They are designed to tackle both propagative and evanescent modes.
We show the benefit of the method on academic test cases and present its application on three-dimensional
parallel computations for the noise radiation by turbofan engine intakes. The computational costs of the
introduced domain decomposition are compared with standard methods from the industry.
REFERENCES
[1] A Lieu, P Marchner, G Gabard, H Bériot, X Antoine, and C Geuzaine. A non-overlapping schwarz
domain decomposition method with high-order finite elements for flow acoustics. Preprint HAL02371050, 2019.
[2] G Gabard, H Bériot, AG Prinn, and K Kucukcoskun. Adaptive, high-order finite-element method
for convected acoustics. AIAA Journal, 56(8):3179–3191, 2018.
[3] Y Boubendir, X Antoine, and C Geuzaine. A quasi-optimal non-overlapping domain decomposition
algorithm for the helmholtz equation. Journal of Computational Physics, 231(2):262–280, 2012.
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The construction of One-Way approximations for hyperbolic systems of equations is based on
the uncoupling, in the microlocal sense, between the waves propagating in a privileged direction
and its opposite. One-Way equations have been intensively used in geophysics, acoustics or
electromagnetics for almost fifty years and yet it had not been applied to more complex systems
like Euler or Navier-Stokes as this method requires approximations of pseudo-differential
operators that can be hard to obtain in this context.
Recently, Towne et al. [1] proposed a new formulation applied to these problems that showed
convincing results. The non-reflecting boundary condition used in this approach allows to get
rid of the analytical expression of the operators, which permits to apply a One-Way
decomposition to other systems. However, it still suffers from a limitation: a slow varying
hypothesis for the medium along the privileged direction.
We propose a new formulation of the One-Way Euler Equations based on this work coupled to
different methods like Bremmer series [2] to enlarge the scope to complex flows presenting
strong variations in the privileged direction. This new method is able to correctly capture the
reflections and refractions of waves generated by such discrepancies for a small extra
computational cost.

Figure 1 Axial velocity computed by different approaches on a strongly variating flow

REFERENCES
[1] A. Towne, T. Colonius, One-way spatial integration of hyperbolic equations, Journal of

Computational Physics 300 (2015) 844–861.
[2] M. V. de Hoop, Generalization of the Bremmer coupling series, Journal of Mathematical
Physics 37 (1996) 3246–3
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Via Brecce Bianche, 60131, Ancona, Italy, E-mail: m.serpilli@univpm.it
†

Department of Engineering, University of Ferrara
Via Saragat 1, 44122, Ferrara, Italy, E-mail: raffaella.rizzoni@unife.it
∗
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ABSTRACT
The presence of interfacial layers has a significant effect on the mechanical properties and the durability
of materials used in different field of engineering. The development of reliable models for materials
whose properties are interface controlled plays a crucial role in the optimization of currently used and
advanced materials. The present mini-symposium aims at providing a forum for an in-depth discussion
of new and recent analytical and computational models of imperfect interfaces in structures and in composite materials. Contributions concerning theoretical, numerical and experimental aspects are welcome
from scientists (including mathematicians, physicists, engineers) working in different fields of material
science and mechanics of materials. Topics to be covered include, but are not limited to, the following:
• multi-scale modeling of interphases, thin films and surfaces, contact laws;

• models of imperfect, sliding, debonding or cohesive interfaces in composite materials;
• deformation, damage, fracture and other dissipative processes at interfaces;

• advanced finite element methods for the computational modeling of interfaces and surfaces.
REFERENCES
[1] Geers M.G.D., Kouznetsova V.G. and Brekelmans W.A.M., Multi-scale computational homogenization: Trends and challenges. J. Comput. Appl. Math. (2010) 234(7): 2175–2182.
[2] Benveniste Y. and Miloh T., Imperfect soft and stiff interfaces in two-dimensional elasticity. Mechanics of Materials, (2001) 33(6): 309–323.
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We report work in progress on the asymptotic modelling of a composite body comprising two
linear elastic adherents in perfect contact with an adhesive of very small thickness ε. The
material of the adhesive presents a different behaviour in tension and compression under small
deformations [1], with elasticity coeﬃcients depending on ε. In traction, the adhesive is
modelled as a soft layer with elasticity coeﬃcients linearly rescaling with ε. In compression, a
diﬀerent rescaling of the elasticity coeﬃcients is assumed to prevent a possible interpenetration
of the adherents. We apply the method of matched asymptotic expansions to the equilibrium
problem of the composite body to study the behaviour of the adhesive in the limit of a vanishing
thickness ε. We obtain a classical spring-type law with a condition of non-interpenetration,
augmented by a condition prescribing that the contact force vanishes when the jump of the
displacement is strictly positive (i.e. in opening mode). Depending on special combination of
the elasticity coeﬃcients of the adhesive, the contact force might be positive at some points.
This remarkable occurrence leads to the emergence of adhesion forces [2].
REFERENCES
[1] A. Curnier, Q.-C. He and P. Zysset, Conewise linear elastic materials. J. Elasticity, Vol.

37, pp. 1−38, 1995.
[2] F. Lebon and R. Rizzoni, preprint, 2020.
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In the present study, we investigate some mathematical and numerical methods based on asymptotic
expansions with higher order for the modeling of bonding interfaces in the presence of linear coupled
multiphysics phenomena. The so-called multiphysic materials represent a class of materials in which
different physical behaviours are coupled together, such as piezoelectricity, thermo-elasticity or poroelasticity. The asymptotic expansion method is reviewed by taking into account the effect of higher order
terms and by defining a general multiphysic interface law.
After reviewing new recently proposed imperfect contact conditions [2], we present some numerical
examples designed to show the efficiency of the proposed methodology. The examples are framed within
different multiphysics theories such as piezoelectricity and thermo-mechanical coupling. The numerical
investigations are based on a finite element approach generalizing to multiphysics problems the procedure
developed in [1].
REFERENCES
[1] S. Dumont, R. Rizzoni, F. Lebon and E. Sacco, Soft and hard interface models for bonded elements,
Composites Part B: Engineering (2018) 153:480–490 .
[2] Serpilli, M., Rizzoni, R., Lebon, F., and Dumont, S. An asymptotic derivation of a general imperfect
interface law for linear multiphysics composites. International Journal of Solids and Structures
(2019) 180-181:97 – 107.
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The present work deals with the modeling of bonded interfaces in a thermoelastic composite by means
of the asymptotic analysis (see, e.g., [1, 2, 3]). The composite body is constituted by two thermoelastic
media (adherents) bonded together by a thin intermediate thermoelastic layer (adhesive). By considering
a small parameter ε, associated with the thickness of the adhesive, we apply the asymptotic expansions
method to the thermoelastic evolution problem by letting ε tends to zero. We characterize different limit
interface laws, considering also the contribution of the higher order terms of the expansion. The cases of
soft (lowly-conduting), hard (moderately conducting) and rigid (highly-conducting) interfaces are considered: the first is derived assuming the constitutive coefficients linearly depending on the thickness ε;
the second considers the constituve parameters independent of ε; finally, the last one assumes the mechanical properties depending on 1/ε. By using the approach developed in [4] for multiphysic materials,
we also identify a general thermoelastic interface law which comprises the above aforementioned models. Numerical investigations are performed in the framework of the finite element method, by comparing
the results obtained by modeling the adhesive as a continuum material (discretized in finite elements even
in the thickness) with the results carried out using the derived interface models.
REFERENCES
[1] Ciarlet, P.G. Mathematical Elasticity, Vol. II: Theory of Plates. North-Holland, Amsterdam (1997).
[2] Serpilli, M. Asymptotic interface models in magneto-electro-thermo-elastic composites Meccanica
(2017) 52(6):1407–1424.
[3] Dumont, S., Rizzoni, R., Lebon F., and Sacco, E. Soft and hard interface models for bonded elements Composite Part B (2018) 153:480–490.
[4] Serpilli, M., Rizzoni, R., Lebon F., and Dumont, S. An asymptotic derivation of a general imperfect
interface law for linear multiphysics composites Int. J. Solids Struct. (2019) 180–181:97–107.
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Over the last few decades, the presence of optic disc hemorrhage (DH) has been closely linked with
glaucoma, which is the leading cause of irreversible blindness world-wide [1]. Despite clinical and
experimental studies focused on the relationship between DH and glaucoma, the underlying mechanisms remain unclear. In this work, we address this problem by means of a multiscale/multiphysics
model, where the optic nerve head tissue is described as a deformable porous medium composed of a
deformable solid (comprising collagen, elastin, extracellular matrix and neural tissue) and an interconnected vascular porous space filled by blood. Intraocular pressure (IOP) acts as a boundary load on the
tissue, whose hemodynamic response is studied both analytically and computationally. Interestingly, the
model shows that abrupt time variations in IOP, which are physiological as they happen every time we
blink or rub our eyes, combined with lack of structural viscoelasticity, which has been found to be associated with glaucomatous damage in monkeys [2], could lead to microstructural damage and DH due
to local fluid-dynamical alterations [3, 4]. This conjecture is supported (i) theoretically, by exhibiting an
analytic solution that blows up in the case of purely elastic structure and time-discontinuous IOP, and (ii)
computationally, by providing trends in the solution as the blow-up case is approached in the limit.
REFERENCES
[1] Guidoboni, G. and Harris, A. and Sacco, R. (Eds). Ocular fluid dynamics. Anatomy, physiology,
imaging techniques, and mathematical modeling. Springer-Birkhäuser (2019).
[2] Downs, J.C. and Suh, J.K. and Thomas, K.A. and Bellezza, A.J. and Hart, R.T. and Burgoyne, C.F.
Viscoelastic material properties of the peripapillary sclera in normal and early-glaucoma monkey
eyes. Invest Ophthalmol Vis Sci (2005) 46:540–546
[3] Bociu, L. and Guidoboni, G. and Sacco, R. and Webster, J. Analysis of nonlinear poro-elastic and
poro-visco-elastic models. Arch. Ration. Mech. Anal. (2016) 222(3):1445–1519.
[4] Verri, M. and Guidoboni, G. and Bociu, L. and Sacco, R. The role of structural viscoelasticity in
deformable porous media with incompressible constituents: applications in biomechanics. Math
Biosci Eng (2018) 15(4):933–959.
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ABSTRACT
Although considerable progress has been achieved in the last decades on Contact Mechanics,
many problems are still open. The research field is still growing and diversified in many
directions. Indeed, the research in contact mechanics has many facets which can be classified
into understanding of physical phenomena, numerical simulations and industrial applications.
Areas of interest have a broad range. A general list of pertinent subjects includes: adhesion,
friction and wear, rolling contact in the area of multi-scale, multi-physics and coupled multifield problems. Furthermore, contact at nanoscales, contact dynamics and biomechanical
contact problems can be mentioned. Numerical simulation involves specific topics, like:
discretization techniques, constraint enforcement methods, contact detection algorithms,
discrete elements techniques, fast solvers for constraint problems.
The minisymposium will provide a wide forum for scientists and young researchers, which
allows discussion of the most recent advances and the perspectives for future developments in
contact mechanics.
REFERENCES
[1] P. Wriggers, Computational Contact Mechanics, Springer, 2nd Edition, Heidelberg, 2006.
[2] A. Popp and P. Wriggers (Eds.), Contact Modeling for Solids and Particles, CISM Courses

and Lectures, vol. 585, Springer, Wien, 2018.

[3] M. Raous, The Art of Modelling in Contact Mechanics, in F. Pfeiffer, H. Bremer,(Eds.),

CISM Courses and Lectures, vol. 570, Springer, Wien, 2017, 203-276.
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A dual pass stabilized mortar contact and mesh tying method is proposed. The method is fully
symmetric in that no bias is made when choosing the multiplier space. Using a mesh dependent
norm, the approach is shown to satisfy an inf-sup stability condition which is used to get an apriori error estimator. The method was implemented for 3D and is applicable for contact
pressures and tractions for tied constraints. The addition of stabilization requires some special
attention to show that the inequality constraints are treatable according to the standard KKT
conditions. In fact, it is shown that the proposed scheme is equivalent to a particular form of
intermediate surface constraint method. The examples compare the standard single surface
mortar with the dual approach when applicable. Several sensitivity studies of the stabilization
parameter are included in the results. A number of examples include nonlinear kinematics,
plasticity and self-contact and all performed well for the proposed approach.
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Unfitted finite element methods have become quite popular in the last two decades. As the methods
allow us to use relatively simple meshes, e.g., structured meshes, for the discretization of boundaries or
interfaces, only the associated finite element spaces are modified in order to incorporate the geometrical
details. In this work, we use Lagrangian Multiplier (motivated by Mortar discretizations) to enforce the
boundary conditions or the interface conditions. It is well-known that for this approach it is necessary
to choose the multiplier space in such a way that the discrete inf-sup conditions are satisfied. We follow
the vital-vertex strategy which satisfies the inf-sup condition in the unfitted finite element framework
to create a stable multiplier space [1]. The benefit of the Lagrange multiplier formulation over, e.g.,
Nitsche’s method, is that the discretization remains unchanged for either equality or inequality constraints
and only the solution method has to be modified. However, a constrained minimization problem needs
to be solved instead of a convex unconstrained minimization problem.
In order to solve this linearly constrained minimization problem - the constraints arising from the Lagrange multiplier discretization - we propose a tailored multigrid method. Our presented multigrid
method is an extension of the non-smooth multigrid method from [2]. Firstly, we extend the method
to the unfitted finite element framework and secondly, we extend the method to tackle more generic
linear bound constraints. We introduce a modified projected Gauss-Seidel method as a smoother that
can enforce the linear constraints locally, while monotonically minimizing the energy functional. This
ensures the global convergence of our method. For the transfer operators, we use a so-called pseudoL2 -projection in the unfitted finite element framework [3]. We shall demonstrate the robustness and
the efficiency of the proposed multigrid method in a series of numerical examples and show its level
independent convergence.
REFERENCES
[1] E. Béchet, N. Moës, B. Wohlmuth. A stable Lagrange multiplier space for stiff interface conditions within the extended finite element method, International Journal for Numerical Methods in
Engineering (2009) 78(8):931–954.
[2] R. Krause. A Nonsmooth Multiscale Method for Solving Frictional Two-Body Contact Problems
in 2D and 3D with Multigrid Efficiency, SIAM Journal on Scientific Computing (2009) 31(2) 13991423
[3] H. Kothari, R. Krause. A Multigrid Method for a Nitsche-based Extended Finite Element Method
arXiv preprint (2019) arXiv:1912.00496 (Submitted)
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Variations of dry friction with respect to sliding directions and with respect to sliding
trajectories have been observed on external surfaces of polymeric materials i.e. composites,
reinforced elastomers, semi-crystalline polymers, self-lubricating polymers and in polymers
with an oriented surface roughness due to machining processes. In the frame of continuum
thermodynamics, the axiom of objectivity and the Second Law of Thermodynamics restrict
the forms and constants of the friction constitutive equations. In this study unit vectors and
oriented angles of sliding velocities are independent variables in models of friction
anisotropy. Curvatures of sliding trajectories included in friction models describe sliding
induced heterogeneities. Various sliding trajectories are investigated: concentric circles,
Archimedean spiral, lemniscate of Bernoulli. Types of anisotropy and heterogeneity are
classified with the aid of friction tensors, symmetry groups and geometrical terms. Twocomponent models of dry friction on external surfaces of elastomers have adhesion and
hysteresis terms. Anisotropy effects are included in the adhesion component. The hysteresis
effects are approximated in the elastomer friction model by a dependence between the friction
force and time. The models of friction on surfaces of solids can be a useful tool to design selflubricating bearings, mechanical seals, artificial human joints, vehicle tires, etc.
Polymers are usually modelled as assemblies of great number of isolated individual microelements composing the materials. In dynamics of polymer melts, polymer solutions and gels,
polymer liquid crystals and in self-assembled polymers, the micro-elements move with a
highly anisotropic friction. It is an intrinsic property of polymeric materials. Two approaches
are applied for modelling of anisotropic friction in bulk polymeric materials: (a) continuum
based models, (b) microscopic-level models. In the continuum approach, models of
translational and rotational anisotropic viscous friction are used including types of anisotropy
important in dynamics of polymer chains. In the microscopic approach, dry friction models
are taken into account for sliding and rolling of rod-like macro-particles, and for sliding and
spinning of disc-like molecules. It is assumed that the micromechanical models of polymeric
macromolecules are in contact with a plane having anisotropic friction properties. The models
of friction in bulk materials can be used to simulate the polymer chain movements with
friction (Langevin equation of motion) and to simulate polymer processing.
REFERENCES
[1] A. Zmitrowicz, Development of friction constitutive relations for polymers, In: M.

Kleiber et al. (eds.), Advances in Mechanics: Theoretical, Computational and
Interdisciplinary Issues, CRC Press/Balkema, London 2016, pp. 623-626.
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In the case of very thin soft surface coatings, the coating layer contribution is often discarded in a largescale Finite Element Analysis (FEA). This is mainly due to the extensive numerical cost involved. However, to avoid failure of contacting coated parts one has to consider wear of the coatings themselves.
This adds additional layer of complexity to the problem. To overcome the excessive computational cost
introduced by the full discretization of the layer an alternative approach needs to be considered.
Inspired by the early work of Matthewson [1], using a polynomial expansion based approximation for
the surface layer together with FEA can lead to an improved numerical framework. By proposing that
the thin layer can be seen as a surface described by a dimensional variable ŷ, the displacement field in
the coating layer can be approximated by a polynomial expansion as u = Pi (ŷ)uui (x, z), where u i are the
unknown displacement modes. By integrating over the layer dimensional variable ŷ the initial two phase
problem is replaced by an interface problem. As the boundary of the substrate is discretized for FEA, the
interface stiffness contribution can be directly added to the global FE-system. Thus, making the method
easily suitable for usage with FEA. Furthermore, the only correction to KKT contact conditions is the
modification of the gap function to include the displacements on the contacting interface. As there is
no volumetric representation of the coating the removal of material due to wear can be described by
the change of layer thickness. Making it straightforward to connect the abrasive/adhesive wear rate to a
solution dependent field like shear stress or contact pressure as in case of Archard law. In addition, no
remeshing routine is required as the thickness of the layer is a mesh independent parameter.
The possibility of including the above mentioned methodology in a FEA based wear simulation is presented. This research work focuses on a specific tribology test (Cross-Cylinder) to investigate the abrasive wear of coated cylinders. The results of the numerical model are directly compared to Greenwood
[2] and physical test results. It is shown that there exists a significant cost reduction by considering polynomial based approximation of thin layers without loss of accuracy. Furthermore, the inclusion of wear
is straighforward as it scales down to controlling the evolution of just one internal paramater. Finally, the
compatibility with FEA is adressed on the example of implementation in commercial FEA software.
REFERENCES
[1] Matthewson M.J., “Axi-symmetric contact on thin compliant coatings,” Journal of the Mechanics
and Physics of Solids (1981) 29(2), 89-113.
[2] Greenwood J., Barber J., “Indentation of an elastic layer by a rigid cylinder,” International Journal
of Solids and Structures (2012) 49 (21), 2962-2977.
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The obstacle problem consists in computing equilibrium shapes of elastic membranes in contact with
rigid obstacles, see Fig 1. In addition to the displacement u of the membrane, the interface Γ on the
membrane demarcating the region in contact with the obstacle is also an unknown and plays the role of
a free boundary. Numerical methods that simulate obstacle problems as variational inequalities share the
unifying feature of first computing membrane displacements and then deducing the location of the free
boundary a posteriori. We present a shape optimization-based approach here that inverts this paradigm
by considering the free boundary to be the primary unknown, and compute it as the minimizer of a certain
shape functional using a gradient descent algorithm. In a nutshell, we compute Γ then u, and not u then
Γ.

Figure 1: Setup for the obstacle problem.
Our approach proffers clear algorithmic advantages. Unilateral contact constraints on displacements,
which render traditional approaches into expensive quadratic programs, appear only as Dirichlet boundary conditions along the free boundary. Displacements of the membrane need to be approximated only
over the noncoincidence set, thereby rendering smaller discrete problems to be resolved. The issue of
suboptimal convergence of finite element solutions stemming from the reduced regularity of displacements across the free boundary is naturally circumvented. Most importantly perhaps, our numerical
experiments reveal that the free boundary can be approximated to within distances that are two orders of
magnitude smaller than the mesh size used for spatial discretization. The success of the proposed algorithm relies on a confluence of factors— choosing a suitable shape functional, representing free boundary
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iterates with smooth implicit functions, an ansatz for the velocity of the free boundary that helps realize
a gradient descent scheme, and triangulating evolving domains with universal meshes. We discuss these
aspects in detail and present numerous examples examining the performance of the algorithm.

Figure 2: Comparison of conventional and proposed approaches in an example simulating a uniformly
forced elastic membrane contacting a spherical obstacle. The boundary of the exact coincidence set is
the red curve Γ. The first five images (from left to right) depict the boundary of the coincidence set
identified by computing the displacement field uh using a variational inequality approach. We observe
that the solution shows a noticeable error irrespective of the choice of tolerances for the height function
indicated by the parameter δ. The result computed by the proposed algorithm using an identical mesh is
shown in the extreme right. The computational cost of the two simulations are comparable. The errors in
the coincidence set computed by the proposed algorithm is 2 orders of magnitude smaller than the mesh
size, which should be compared with the error in a conventional variational inequality approach, which,
in principle, is bounded from below by the mesh size.

REFERENCES
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membranes with rigid obstacles. Int. J. Num. Meth. Engng. (2019) 117(4):371–404.
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Fatigue life prediction of spiral strand wire ropes used for instance in mooring systems of floating offshore wind turbines is a challenging issue. Accounting for dissipation mechanisms such as frictional
phenomena among wires is a key factor but generally leads to costly simulations. A common modeling
assumption consists in using beam finite elements to model each wire combined with a beam-to-beam
contact formulation [1]. However, even though wire ropes may undergo large displacements/rotations, a
finite-sliding tracking formulation is still time-consuming and often unnecessary.
In this work, a small-sliding tracking approach is chosen for the contact of non parallel beams with
circular cross-section. In spiral strand wire ropes, such pointwise contacts occur between adjacent layers
of wires with different lay angles. Contacting wires can undergo only relatively small sliding relative
to each other, but large displacements/rotations of the beams are permitted. Initial contact locations in
the undeformed model configuration can be easily determined by straightforward geometrical operations
from the nominal geometry. Beam meshes can be defined accordingly in order to locate mesh nodes
at these locations. Under small-sliding assumption, one assumes that beams remain locally straight in
the potential contact’s vicinity. In this case, the contact normal can be defined from the cross product
of beam tangent directors at the initial “master” contacting nodes and directly updated according to the
rotation vectors at these master nodes. This results in a smooth variation of the contact normal which is
crucial in the targeted applications.
This small-sliding contact formutation is implemented as a two-node user-element in commercial code
R
Abaqus�
v6.14 [2]. Numerical benchmarks and a tension-bending test on a multilayer wire rope are
presented in order to evaluate the accuracy and the efficiency of the approach.
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Turbine. Virtual Design and Validation, Lect. Notes Appl. Comp.Mech., Springer, (2020), to appear.
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The focus of this paper is to deal with large scale industrial problems in computational contact mechanics
in which some pathological contact points failed to stabilize their status (gap or contact) during Newton
iterations. This fact usually reveals that the contacting point is oscillating around the singularity zone or
grazing contact zone leading to the failure of the classical Newton method. The method proposed here
uses an adaptation of Clarke definition of generalized jacobian in a finite dimensional space [1].
Let a non-linear system F be Lipschitz near x, where x ∈ X, X = Rn and suppose S is any set of Lebesgue
measure O in Rn . The function F(x) has a set Ω f of points at which the last fails to be differentiable in
the classical sense. Then, the most important jacobian characterization results obtained by Clarke is:
∂F = co{lim∇F(xi ) : xi → x, xi ∈
/ S, xi ∈
/ Ω f }.
Even useful from mathematical point of view, this formulation needs to be adapted to the specific engineering purposes. To meet this target, a modified generalized jacobian solution method is presented and
it is implanted in a finite element code for solving structural problems in industrial nuclear applications
[2]. The new algorithm first detects these pathological points, classifies them and then applies a convex
combination of matrices over two successive Newton iterations. The procedure is rendered as general
as possible in order to facilitate its application to different contact constraints enforcements methods
as well as different contact element types. Node-To-Surface contact elements with an augmented Lagrangian variational formulation are used to demonstrate the efficiency of the method. For numerical
applications, it will be presented the outcomes of the new algorithm on a simulation of the structural
integrity of arrays of irradiated cracked bricks neighbouhood in UK Advanced gas-cooled reactors.
E-mail: dzifa.kudawoo@edfenergy.com
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SIAM,1983.
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Structures and Thermomechanics for Studies and Research, 1989 - 2019.
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Computational contact modeling techniques are highly relevant and challenging in most
engineering applications. When two independent bodies interact under load in a finite element
model, surface-to-surface contact elements are used by the more sophisticated FEA codes to
manage the interaction. The gap or penetration between the contact and the target element is
calculated with respect to the detection methods. There is no optimal detection method that
works best for all contact conditions, so a few codes offer several options for contact
detection about a contact detection point or on a projected area from the contact element face
onto the target surface. However, in some cases one detection method is obviously good for
the earlier stage of the deformation configuration but other detection methods will be suitable
for the later stage of deformation configuration.
The aim of this contribution is to develop a unified contact detection method which combines
different contact detection methods together. In conjunction with using symmetric contact
definition, the technique adds more contact constraint points at contact interface and results in
much less penetration and less mesh sizing sensitivity. In addition, both linear order and
quadratic order underlying elements are supported. 10 node quadratic tetrahedron is the most
common used element in today’s finite element models since the generation of elements can
be done fully automatically. Therefore, the whole modeling process is fully automatic without
too much user intervention. It robustly solves non-smooth contact conditions with mixed
surface-to-surface, edge-to-surface and corner-to-surface scenarios undergoing large
deformations. Challenging contact applications (such as interference fit, press fit, snap fit, and
snap through) were difficult to solved in the past but now are easily solved by the present
approach.
REFERENCES
[1] P, Farah, W.A. Wall, A. Popp, A mortar finite element approach for point, line, and surface
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The adoption of nonsmooth techniques for the study of the dynamics of flexible multibody systems
subject to contacts and impacts brings many advantages when compared to smooth alternatives as shown
by Brüls et al. in [1]. In that work, the nonsmooth generalized-α (NSGA) time integration scheme is
presented. It is an event-capturing technique based on the splitting of the involved fields into a smooth
and a (nonsmooth) impulsive contribution, where the former is integrated with second order accuracy
by means of the generalized-α scheme and the latter with first-order accuracy. The resulting scheme
offers an effective control of the numerical dissipation and it does not present any drift of the bilateral
and unilateral constraints at the position and velocity levels.
The robustness of the NSGA time integrator for problems involving nonlinear bilateral constraints and
flexible elements was improved by Cosimo et al. [2]. The main difference with its predecessor is that
the definition of the splitting is modified in order to ensure the decoupling of the smooth, the position
correction and the velocity jump sub-problems. However, in that work no constraints at acceleration level
were considered. Brüls et al. [3] presented a variation of the NSGA in which the contact constraints at
acceleration level were incorporated; nonetheless, they did not exploit any decoupling. In this work, we
investigate the incorporation of unilateral constraints at acceleration level in the decoupled version of
the NSGA. Several numerical examples are solved with the aim of determining the robustness and the
performance of the proposed algorithm.
REFERENCES
[1] Brüls, O., Acary, V., and Cardona, A., 2014. “Simultaneous enforcement of constraints at position and velocity levels in the nonsmooth generalized-α scheme”. Computer Methods in Applied
Mechanics and Engineering, 281, pp. 131–161.
[2] Cosimo, A., Galvez, J., Cavalieri, F. J., Cardona, A., and Brüls, O., 2019. “A robust nonsmooth
generalized-α scheme for flexible systems with impacts”. Multibody System Dynamics.
[3] Brüls, O., Acary, V., and Cardona, A., 2018. “On the constraints formulation in the nonsmooth
generalized-α method”. In Advanced Topics in Nonsmooth Dynamics. Springer International Publishing, pp. 335–374.
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In the past few years, NURBS-based isogeometric analysis (IGA) [1] has been established as an advantageous computational technology for various classes of problems, especially for contact problems where
the non-smooth description of the contact surface strongly influences the accuracy of the solution. This is
attributed to the distinguished intrinsic features of its underlying basis function [1]. However, the application of IGA to contact has turned out to be computationally expensive since the NURBS structure can
only be refined in a global manner due to its rigid tensor product nature. The interpolation order of the
NURBS that are used to describe the overall domain of the geometry is elevated in a uniform manner [1].
From the analysis point of view, employing higher-order NURBS for the description of the major part of
domain that does not come into contact may not be favourable since the accuracy of the contact solution
is primarily governed by the description of the contact interface [2]. To this date, in order to enable local
mesh refinement in the context of IGA, T-splines, NURBS-based hierarchical refinement, and the locally
refined (LR) NURBS based approaches have been introduced. Moreover, a NURBS-enriched formulation that integrates the NURBS with the standard FE discretization has also been introduced [2]. But, the
idea to refine the NURBS discretized geometry through controllable order-elevation remains unexplored.
In this work, we introduce a novel varying-order (VO) NURBS discretization method for 3D contact.
The proposed method makes use of higher-order NURBS polynomials for the evaluation of the contact
integrals while the minimum-order NURBS that are capable of representing the complex geometries
exactly are used for the description of the bulk domain. The method avoids the usage of higher-order
NURBS in the region away from the contact interface. Moreover, with this a large number of degrees
of freedom are introduced even with a fixed mesh across the contact interface. A number of numerical
examples are considered to demonstrate the performance of the proposed methodology. It is shown that
with the varying-order NURBS discretization method accurate solution can be achieved at a relatively
coarser mesh than that with existing discretization approach. Further, to obtain the results of same
accuracy the method requires lower computational cost as compared to existing discretization approach.
REFERENCES
[1] Hughes, T.J.R., Cottrell, J.A., Bazilevs, Y.: Isogeometric analysis: CAD, finite elements, NURBS,
exact geometry and mesh refinement. Comput. Meth. Appl. Mech. Engrg. (2005) 194:4135-4195.
[2] De Lorenzis, L., Wriggers, P., Hughes, T.J.R.: Isogeometric contact: A review. GAMM Mitteilungen (2014) 37:85 –123.
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Nitsche’s method, originally proposed in [5], allows to treat boundary or interface conditions in a weak
sense. The extension to the unilateral contact condition has been proposed in [1, 7]. An advantage of
Nitsche’s method is to allow a consistent approximation with no additional unknown and no discrete
inf-sup condition to satisfy. Unlike any other method, Nitsche’s method is at the same time variationally
consistent and therefore optimally convergent. Additionally, more advanced variants require an adjoint
term including the stresses computed from the test function to obtain, depending on a parameter, either
a symmetric variant or a skew symmetric variant, which is stable for any positive penalty parameter see
[2]. The aim of this talk is to present different Nitsche based models extended to unilateral contact for
plates. Our analysis is based on the interpretation of Nitsche’s method on a 3D structure with kinematic
assumptions of thin or thick plate theories. This approach is compared to the one of Gustafsson, Stemberg and Videmann [4] which consists of Nitsche’s method directly applied on a 2D plate model. To
simplify the presentation, we focus on the contact of an elastic plate with a rigid obstacle. The different
approaches are numerically compared in terms of efficiency and reliability. The here proposed approximation strategy has been implemented in the open-source finite element library GetFEM++ [6] and in
ESI Virtual Performance Solution for small and large elastic or hyperelastic [3] contact with or without friction. Some numerical examples, will demonstrate the efficiency and accuracy of the presented
extensions to Nitsche’s method for plate’s contact problems.
REFERENCES
[1] F. C HOULY AND P. H ILD, A Nitsche-based method for unilateral contact problems: Numerical analysis,
SIAM Journal on Numerical Analysis, 51 (2013), pp. 1295–1307.
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pp. 1089–1112.
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contact and self-contact, Comp. Meth. Appl. Mech. Engng., (2017).
[4] T. G USTAFSSON , R. S TENBERG AND J. V IDEMAN, A stabilised finite element method for the plate obstacle
problem, BIT Numerical Mathematics, (2018).
[5] J. N ITSCHE, Über ein variationsprinzip zur lösung von Dirichlet-problemen bei verwendung von teilräumen, die keinen randbedingungen unterworfen sind, Abhandlungen aus dem Mathematischen Seminar der
Universität Hamburg, 36:1 (1971), pp. 9–15.
[6] J. Pommier, Y. Renard. GetFEM++, an open source generic C++ library for finite element methods.
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3373

Development
Richard
Verwaerde,
and Identification
Pierre-Alainof
Guidault
a Non-Linear
and Pierre-Alain
Bolt Connector
Boucard

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

DEVELOPMENT AND IDENTIFICATION OF A NON-LINEAR BOLT
CONNECTOR
Richard Verwaerde∗,1 , Pierre-Alain Guidault1 and Pierre-Alain Boucard1
1
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Bolted joints are widely used in many fields of mechanical engineering, such as aerospace and the automotive industry. The need of an accurate description of geometric details often requires a very fine mesh
and a large number of solver iterations to accurately account for non-linear phenomena, and can lead to
time-consuming and costly simulations, that are not in good agreement with industrial needs.
Therefore, development of simplified models is necessary. Common engineering practices use two-node
connectors or user elements available in commercial FE codes to model the behaviour of bolted assemblies. Connector behaviour is generally identified from 3D calculations at a fine scale on an elementary
bolted assembly and/or from experimental campaigns, often costly and where non-linear phenomena
remain difficult to identify. For these reasons, identification is often limited to the elastic part of the
behaviour and a given set of loads and design parameters.
In this work, a non-linear FE connector and its dedicated identification methodology are proposed to
model the behaviour of a bolted assembly. Contributions of the different elements, such as the bolt or
the interface between the fixed plates, are separated. This makes it possible to introduce different nonlinear behaviours for each element and to separate the different mechanisms. Axial connector behaviour
models the preload effect and axial stiffness of the assembly [1]. Tangential behaviour of the connector
takes into account friction phenomena that occur in the vicinity of the bolt due to preload with an elastoplastic analogy for friction on one hand [2], and the bolt itself on the other hand. Identification of those
behaviours is performed on a generic 3D elementary bolted joint [3]. Comparisons between fine-scale
3D calculations and simulations with connectors on different bolted assemblies validated the proposed
approach. Encouraging computation time savings are observed, while maintaining a satisfactory quality
of the results. A sensitivity analysis of the connector parameters to several input factors (discretization,
preload, sheet thickness, etc.) is also presented.
REFERENCES
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bolted joints subjected to axial loading. Finite Elements in Analysis and Design (2007) 43:589-598.
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The present study proposes a thermomechanical surface contact formulation which is handled
in the frame of the finite element method, in order to model interfacial heat conductance in
correlation to contact forces between two CNT. To this purpose, both structural and heat FEM
models have been discretized using 2D quadrilateral elements along with contact elements
based on the Node to Node and Node to Segment formulations [1-4]. Numerical simulations
have been grouped in three categories based on the permitted sliding, initial contact angle and
overlapping between the CNTs, as well as end boundary conditions. The problem has been
treated as a nonlinear steady state problem and solved using a Newtown-Raphson scheme. For
the heat part Yovanovich constitutive law was implemented [5-8].
Extensive sensitivity analysis was performed with respect to a number of influencing
parameters, such as initial contact angle, boundary conditions and CNT overlapping. Based on
this analysis, the effect of initial CNT overlapping and approaching angle, on the total heat
exchange was quantified. It has been demonstrated that in most cases, increasing the total
contact force can produce an almost linear increase in heat exchange. However, in cases of
small approaching angles between CNTs an extensive contact force could heavily deform the
contacting geometries producing a non-linear heat exchange behaviour which is being
imprinted in the presented heat flow-contact force curves.
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Mortar methods are well known for their stability and their superior behavior when compared to pointwise taken conditions when it comes to discretizing equality constraints - as may arise from volume
constraints in embedded formulations. The implementation of Mortar methods, which are based on a
discrete L2 projection between non-matching meshes, however, requires substantial efforts on the technical side and software side - particularly when it comes to parallel computations.
In this talk, we will discuss the relation between pointwise constraints weak constraints (mortar) for embedded formulations and for contact problems. We will start with an embedded formulation for contact
with FSI, which is based on mortar coupling in volume and on surfaces. Our example will be 3D simulations of the elastic contact between the leaflets in a heart valve, embedded into a fluid. We will discuss
the advantages and disadvantages of fulfilling the volume constraints in a weak sense when compared to
pointwise coupling (”leakage”) and will also comment on the difficulties related to parallelizing mortar
projections.
We then will present a new approach for contact problems, which is based on taking ”too many” pointwise constraints. More precisely, we will present a symmetric, overconstrained, segment-to-segment
formulation linearized contact, that decouples the multiplier discretization from the displacement discretization and allows for a simpler implementation of multi-body contact than classical mortar methods.
We will show how this formulation is related to classical mortar strategies and that by overconstraining a
seamless transition between pointwise and weak constraints is possible. An efficient multilevel method
for the overconstrained formulation will be presented.
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The morphological instability and surface wrinkling of soft matter such as gels and biological materials
have attracted interest in many academic disciplines including soft lithography, metrology, flexible electronics and biomedical engineering. The aim of this work is to simulate the evolution of dynamic contact
patterns of bio-inspired soft material using an improved Bipotential contact model incorporating adhesive
bonding and debonding effects. We investigated in particular polydimethylsiloxane (PDMS), which is a
commonly adopted material for making bio-inspired adhesive structures, such as gecko-inspired adhesives, and mushroom shaped interface structures. It is available for a range of elastic modulus going from
a few tens of KPa to several MPa. Its value plays an important role in determining adhesion properties
of biological and artificial systems, and consequently has influence on its behavior in dynamic contact
circumstances.
In this work, frictional contact is studied using a Bipotential approach which is a non-smooth model based
on an extension of Fenchel inequality. Its application is widely found in non-associative multivalued
constitutive laws for dissipative materials. Furthermore, inspired by the work of Fremond, we introduced
a surface sticky state variable (denoted by β) to account for adhesive frictional behaviors of the contact
interface. The model is then enriched to address both the bonding and debonding processes of interface
adhesion, and therefore, allows us to simulate the complete cycle of dynamic contact systems.
In this paper, we simulated the evolution of the contact patterns of PDMS which slides on a smooth rigid
surface. The contact pattern appears finer with increased shear load time. Various parameters such as
the sliding speed, the elastic modulus (depending on the mixing ratio and curing temperature/time) and
normal pressure are all involved to decide the time and morphologies of the contact pattern.
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By combining selective integration of the X-FEM with a surface-to-surface discretization via the mortar
method, we construct a new method named MorteX which finds its applications in the field of interface
mechanics. The method shares a number of similarities with the fictitious domain method in the sense
that it can handle overlapping meshes in a consistent way. At the same time, the MorteX is equipped
with some original features related to handling of contact interaction and to the specific stabilization
of interfaces. We demonstrate how the MorteX method can be used (1) for the tying of geometrically
incompatible meshes, e.g. finely meshed local features, such as cracks, can be superposed over the fixed
mesh of a whole structure [1]; (2) for frictional contact between a boundary fitted mesh and a virtual surface passing through another mesh enabling flexible handling of complex interfaces especially in view of
shape optimization [2]; (3) for wear simulation, where material removal is captured by the evolution of
a virtual surface inside the host mesh. The MorteX method permits to avoid tedious remeshing in wear
applications and, as such, preserve the initial high quality discretization, and it also facilitates field transfer for materials involving history variables. The mixed formulation resulting from this framework can
be unstable in some situations. Therefore, in addition to the derivation of the computational framework,
we present a regularization technique, which consists in a coarse-grained interpolation of Lagrange multipliers. This regularization appears to be necessary when materials with very high stiffness contrast are
tied or contact across an interface with a relatively high contrast in finite element discretization. This
regularization of the mortar method, contrary to that of the Nitsche method [3], does not rely on material
parameters, but exclusively on the discretization contrast, rendering it fully automatized.
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Metal foams that is one of the cellular solids attracts attention as a functional material because
of its characteristics such as sound absorption, heat insulation and shock absorption[1]. In order
to develop the engineering use of metal foams, it is necessary to understand the effect of plastic
deformation of the metal foams on dynamic behavior of the mechanical system.
This study proposes an analysis method for systems with elastic-plastic bodies, which
introduces elastic-plastic theory into the motion analysis method of multi-body systems
developed by Pfeiffer et al.[2] The method of Pfeiffer et al. enabled efficient motion analysis of
systems with contact and collision by solving the contact problem described by the linear
complementarity problem (LCP). However, this method cannot consider plastic deformation.
When the internal stress of the elastic-plastic body reaches the yield stress, the plastic
deformation starts, thus the plastic strain rate is positive. On the other hand, when the stress is
in the elastic region, the plastic strain rate is 0. In this study, the plastic strain rate and the yield
stress are described by the complementarity condition and incorporated into the LCP of method
by Pfeiffer et al.
Numerical analyses were performed using a one degree of freedom model with two contact
points, and plastic deformation during contact was confirmed. The analysis results in the figure
show that Body 1 is plastically deformed by the contact force.

Fig. 1. Analysis Model.
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Substantial effort has been dedicated in recent years to the development of simulation tools to analyze
transmissions at system level in order to achieve better performance in terms of efficiency, noise, and
reliability. The main challenge is to capture the nonlinear system dynamics in a sufficiently detailed and
yet computationally efficient way.
Basic components of a transmission are gears, bearings, shafts, and the supporting structure, which are
mutually connected and influence each other. In some applications such as wind turbine gearboxes,
where large ring gears are involved, flexible deformations of gears with relatively low stiffness may
affect the gear contact forces and overall dynamics of the system in a non-negligible way.
This works presents a novel method to solve complex gear contact problems within a general-purpose
multibody dynamics framework while retaining static accuracy in terms of teeth bending and shear [1],
local contact nonlinearities [2, 3] and dynamic flexibility induced phenomena. The latter contribution
is the focus of the novelty presented and is implemented in an innovative way that avoids stiffnessrelated redundancies in terms of the mentioned flexibility contributions. Moreover, the method can take
into account various effects such as micro-geometry flank modifications and spatial misalignments. A
mathematical framework is created to assemble a nonlinear complementarity problem that is regularized
and solved with a Newton-like method to evaluate the contact forces acting between bodies in an efficient
manner.
The implementation is available in the multibody solver of the Siemens Simcenter 3D Motion platform.
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Computational contact mechanics provide insight into various physical phenomena, e.g. frictionless
contact, frictional sliding, or wear problems just to name a few. Although several numerical approaches
for the contact discretization are available, mortar methods are widely considered the favourite approach
due to their variational consistency, high accuracy, and outstanding robustness [1].
In mortar methods, the contact constraints are usually enforced via a Lagrange multiplier method. Since,
the solution vector now contains primary and dual unknowns, the linear system to be solved in every
Newton step is built of primal and dual variables and exhibits saddle point structure. Efficient iterative
solvers and preconditioners for saddle point systems are well established in the context of Stokes, Navier–
Stokes, or Oseen problems with algebraic multigrid preconditioners taking a leading role. In the context
of contact mechanics though, the constraint is imposed locally at the contact interface, posing specific
requirements for the aggregation scheme.
In this presentation, we will introduce a family of algebraic multigrid preconditioners for saddle point
systems arising from mortar contact formulations [2]. As key ingredients, a specialized interface aggregation strategy will be devised to form Lagrange multiplier aggregates along the interface, that are
consistent with the aggregates of the underlying volume discretization. Furthermore, we will propose
the use of segregated transfer operators to preserve the saddle point structure throughout all levels of
the AMG hierarchy and to incorporate the contact constraints into the coarse level correction. We will
discuss and compare various well established block smoothing techniques to be used as level smoothers
in the context of constrained interface problems. Numerical experiments will study different variants of
the preconditioner and demonstrate the robustness of the proposed methods.
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Thermomechanical contact problems are ubiquitous in engineering applications and range from heat
conduction across contact interfaces in micro-electronics to frictional heating of disc brakes as well as
metal forming processes. Recently, consistent discretization schemes for contact problems based on
Nitsche’s method have been investigated in more detail. Originally introduced for the weak imposition
of boundary conditions, a first application of Nitsche’s method to contact problems has been presented in
[1]. Later, Chouly and co-authors laid the groundwork by providing mathematical analysis of Nitschetype methods for contact problems [2] as well as a first extension to nonlinear elasticity [3].
This contribution presents an extension of Nitsche’s method to finite deformation thermomechanical
contact problems including friction [4]. The mechanical contact constraints are introduced into the weak
form using a stabilizing consistent penalty term. The required penalty parameter is estimated with local generalized eigenvalue problems, based on which an additional harmonic weighting of the boundary
traction is introduced. A special focus is put on the enforcement of the thermal constraints at the contact
interface, namely heat conduction and frictional heating. Based on our previous work on variationally
consistent mortar methods for thermomechanical contact problems, some comparisons of the two methods are drawn. For mortar methods, the contact constraints are enforced exactly by using Lagrange
multipliers, which have to satisfy a discrete inf-sup stability condition. Numerical experiments range
from simple frictionless thermo-elastic problems for demonstrating optimal convergence rates to complex thermo-elasto-plastic problems including friction (metal forming simulations).
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The transient wear process on a frictional interface of two elastic bodies in relative steady
sliding motion induces shape evolution of contact interface and tends to a steady state. Then
wear growth develops at constant contact stress and strain distribution. In the previous papers
these cases were analyzed for the fixed sliding velocity between the bodies and for fixed loads
[1,2,3]. The cases of periodic sliding under fixed normal loads were treated in [4]. The cases of
periodic loads for fixed or varying sliding velocity were investigated in [5]. The variational
procedure and minimization of the response functional corresponding to the wear dissipation
power were applied. The wear rule was assumed as a modified Archard law. The specific
examples were solved assuming fixed values of wear parameters in the contact domain. In the
present lecture the previous analyses are extended to such cases when the wear parameters can
vary along the sliding path and similarly, the sliding velocity and normal load can vary
periodically. The cases of ring segment-on rotating disk and translating punch–on strip are
considered, providing wear analysis with account for temperature effect.
Acknowledgements The work reported herein was supported in part by the Hungarian
Academy of Sciences, through National Research, Development and Innovation Office –
Grant No. NKFIH: K115701.
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The prediction of the resulting friction force in frictional contacts is still an unsolved task. Early works
on this topic by Greenwood & Williamson [1] and Bowden & Tabor [2] have at least led to a justification
for Coulombs friction law. Their results indicated that the real contact area is almost proportional to the
normal contact force in the case of pure elastic or plastic deformations. Coulombs friction law can then
be justified by the additional assumption that the friction force is proportional to the real contact area.
Nevertheless, a more modern and realistic way of treating the above problem is a contact simulation
on microscopic scale. Usually the problem is regarded as static and both contacting rough surfaces are
simplified to one single rough surface with equivalent properties. The resulting surface is then pushed
against a rigid flat wall where contact forces and real contact area are calculated [3]. In a more general
case the rough surfaces are sliding on each other, the formulated problem becomes time dependent and
frictional heat will cause thermoelastic-plastic displacements.
Within this contribtution a transient thermoelastic ideal plastic contact simulation for two rough surfaces
sliding on each other is presented. To this end each surface is modelled as halfspace for which the heat
conduction and Lamé-Navier equations are solved respectiveley. The solution process leads to a friction
force which depends on physical and geometrical properties only. It is found that the frictional heat
affects contact forces as well as real contact area.
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The cyclic impact force between a reed valve and the seat plate is the main reason of the valve failure
in many thermo-technical devices as compressors, engines, etc. According to experimental observations
the latter is due to fatigue and usually occurs in the leading part of the valve neck. In this work, a complex
numerical analysis is presented aimed to studying the external forces and internal stresses suffered by
the valve. In particular, the impact force between the valve and the seat is studied.
The numerical analysis relies on the coupled synergy of two different simulation concepts. In order to
do so, two codes are used: (1) first, the in-house CFD code presented in [1] is employed to simulate the
fluid-structure interaction between gas and valve, extracting reference data for valve displacement and
external gas pressures; (2) second, the analysis of the internal structure stresses, together with the impact
forces with the plate is implemented in a finite-element structural code developed in FreeFEM++ [2].
The impact force representation is based on the formulation presented in [3] where a conserving algorithm for frictionless dynamic contact/impact is developed. Due to the importance of obtaining an
adequate impact force, an exhaustive study is carried out on its characterization in terms of numerical
parameters, such as the penalty stiffness. Under this framework, the valve displacement and impact
velocities are verified. Hence, impact forces are analysed in different scenarios, obtaining interesting observations about stresses distribution, with a particular focus on the points where failure is experienced.
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The paper is concerned with the numerical solution of the shape or topology optimization
problems for elasto-plastic rather than elastic structures in bilateral frictional contact with a
rigid foundation. The small strain plasticity model with linear hardening and a von Mises
effective stress [1] is used. The displacement and stress of this structure are governed by the
system of coupled variational inequalities. The structural optimization problem consists [2] in
finding such shape of the domain occupied by the body in contact or its material distribution
to minimize the contact stress. Using the regularization of the stress projection operator on
the set of generalized stresses as well as the regularization of the friction this original
structural optimization problem is replaced by the regularized problem where the
displacement and stress of the structure are governed by the system of two coupled nonlinear
equations. The material derivative framework is used to calculate the shape derivative of the
cost functional with respect to domain perturbation. The Lagrange multiplier technique is
used to formulate the set of necessary optimality conditions. Generalized Newton method [3]
combined with the gradient method are used to solve numerically this optimization problem.
The level set method [4] and the calculated shape derivative of the cost functional are used to
describe the evolution of the shape of the structure's domain in the design space. The results
of computations are provided and discussed. They indicate that the proposed approach
generates minimal contact stress topologies.
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ABSTRACT
This minisymposium focuses on methods for modeling fluid-structure interaction (FSI) problems. The
goal of this minisymposium is to provide a forum for investigators to discuss state-of-the art solutions to
the modeling of, and numerical challenges unique to, FSI problems. Contributions detailing algorithm
development, software development, and/or applications are sought. In particular, presentations comparing and benchmarking the performance of FSI algorithms, describing the software implementation
details, and discussing interesting or novel applications are welcome. Presentations that compare and
discuss the merits and limitations of one approach to modeling FSI over another are especially encouraged, as are those focused on verification and validation methods.
Novel papers describing the application of FSI technology to problems of all scales are welcome. Targeted themes for this session include:
• The identification of problems requiring fully coupled FSI algorithms.
• Computational algorithms for solving FSI problems.

• Performance evaluation of original and commercial codes.

• Verification and validation methods, and benchmark problems.

• ALE formulations, fully Lagrangian or Eulerian formulations, moving-mesh methods.
• Discretization techniques and approximation spaces.
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Fluid-structure interaction (FSI) problems occur in many areas of engineering and applied science, and
their stable and accurate numerical simulation remains a challenging task. This talk focuses on a new
stable added-mass partitioned (AMP) algorithm for FSI problems coupling viscous incompressible flow
and compressible elastic solids. The hyperbolic system governing the solid is integrated using an explicit
upwind (Godunov) scheme. The equations for the fluid are integrated using an implicit-explicit (IMEX)
fractional-step scheme whereby the velocity is advanced in one step, treating the viscous terms implicitly,
and the pressure is computed in a second step. The AMP interface conditions for the fluid arise from
the outgoing characteristic variables in the solid, and they are partitioned into a Robin (mixed) interface
condition for the pressure and interface conditions for the velocity. The latter conditions include an
impedance-weighted average between fluid and solid velocities using a fluid impedance of a special
form. A similar impedance-weighted average is used to define interface values for the solid. Deforming
composite grids are used to effectively handle the evolving geometry and large deformations. The new
algorithm is verified for accuracy and stability on a number of useful benchmark problems in two space
dimensions, including a radial-piston problem for which exact solutions for radial and azimuthal motions
are found and tested. Exact traveling wave solutions for a solid disk surrounded by an annular region
of fluid are also derived and used to verify the AMP scheme. Fluid flow in a channel past a deformable
solid annulus is computed, and the errors are estimated from a self-convergence grid refinement study.
The AMP scheme is found to be stable and second-order accurate, without sub-time-step iterations, even
for very difficult cases of very light solids when added-mass and added-damping effects are large. Full
details of the approach are described in [1] following the analysis of suitable model problems discussed
in [2].
REFERENCES
[1] D. A. Serino, J. W. Banks, W. D. Henshaw and D. W. Schwendeman, A stable added-mass partitioned (AMP) algorithm for elastic solids and incompressible flow. J. Comput. Physics (2019)
399:108923.
[2] D. A. Serino, J. W. Banks, W. D. Henshaw and D. W. Schwendeman, A stable added-mass partitioned (AMP) algorithm for elastic solids and incompressible flow: Model problem analysis. SIAM
J. Sci. Comput. (2019) 41:A2464–A2484.
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Fluid-structure interaction (FSI) problems are frequently solved using partitioned simulation techniques
with black box solvers, reusing reliable and optimized codes. These problems can principally be reduced
to solving a root-finding problem. In case of strong coupling, pure Gauss-Seidel iterations between the
structure and flow solvers are unstable for lower modes [1]. In these cases, quasi-Newton techniques
are used, which construct an approximation of the Jacobian or its inverse by reusing information from
previous iterations and timesteps.
Four different quasi-Newton techniques are compared: the interface quasi-Newton algorithm with an
approximation for the inverse of the Jacobian from a least-squares model (IQN-ILS), the interface block
quasi-Newton algorithm with approximate Jacobians from least-squares models (IBQN-LS), the interface quasi-Newton technique with multiple vector Jacobian (IQN-MVJ) and the multi-vector update
quasi-Newton technique (MVQN). These coupling algorithms are differentiated based on whether the
approximation of the Jacobian is performed for the entire black-box system (IQN-ILS and IQN-MVJ) or
for both individual solvers (IBQN-LS and MVQN). Moreover, a distinction is made between methods
which perform the approximation with either least-square models (IQN-ILS and IBQN-LS) or multivector techniques (IQN-MVJ and MVQN).
Their performance is compared by solving a simple 1D flexible tube case, using the in-house coupling
software CoCoNuT. Both the memory usage and number of iterations between structure and flow solvers
in each timestep are examined. The techniques using a multi-vector approach require explicit matrix
construction, so that memory requirements scale quadratically, whereas the least-square techniques have
a matrix-free implementation, resulting in linearly scaling requirements. In terms of convergence they
are comparable.
REFERENCES
[1] Degroote, J.; Annerel S. and Vierendeels, J. Stability analysis of Gauss–Seidel iterations in a partitioned simulation of fluid–structure interaction. Computers and Structures. (2010) 88(5-6):263–
271.
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Turbulent channel flows over periodic hill were simulated with multiple-relaxation-time lattice
Boltzmann method at a wide range of Reynolds numbers. The simulation was conducted on
multi-GPU cluster with two-dimensional domain decomposition using message passing
interface (MPI). The pressure-driven flow was simulated by adding an external force to the flow
field in the streamwise direction and the curved boundary was mimicked by a modified bounce
back formulation. The results were compared with simulations from Breuer et al. [1].
REFERENCES
[1] Breuer, M., Peller, N., Rapp, C. & Manhart, M. Flow over periodic hills-numerical and

experimental study in a wide range of Reynolds numbers. Computers & Fluids, 2009, 38,
433-457O.C. Zienkiewicz and R.C. Taylor, The finite element method, 6th Edition, Elsevier,
2005.
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In the nuclear industry, the growth of computational resources does not compensate the cost increases
induced by the growing complexity of 3D multi-physics models. Indeed, the complexity of the mesh
is defined by a compromise between the desired level of accuracy and the available computing power.
When modeling the core of a nuclear reactor, geometrical details must be neglected in order to fit a
realistic calculation time. If a small geometrical feature has to be included, the meshing procedure
becomes much more costly as the details are refined. Consequently, alternatives must be developed as
numerical simulations tend to take an increasing place in the design of large scale projects like nuclear
reactors, and specifically, simulating nuclear accidents where full-scale experiments are not feasible.
In this context, this paper addresses the fast dynamic multi-modeling of compressible flows with fluid
structure interaction with a hierarchy of several grids using the Chimera method in a finite-volume framework. This method allows us to use independant grids that communicate making the overall grid generation less time consuming [1]. This technique can then be used to include small geometrical details with
additional physics like multi-phase flow and/or fluid-structure interaction, inside a simulation without
affecting the far-field time step and thus the computational time [2]. Indeed, different sets of equations
can be solved as long as the minimum requirements for both models are fulfilled, the Chimera method
handling the exchanges in limited zones through interpolations. This approach is quite relevant in a
nuclear application where both the physics and the geometries involve multiple scales and complexity.
This study focuses on the impact of the interpolation method on the solution while being transferred from
one mesh to another. The objective is to provide a multi-level method that is both accurate and robust
for an industrial application. The main contribution is to implement a second-order accurate Chimera
method for fast transient simulations, capable of dealing with immersed boundary method and multicomponent flows. Several test cases will be presented showing the efficiency of the present method.
REFERENCES
[1]

Joseph L. Steger, F. Carroll Dougherty and John A. Benek. A chimera grid scheme. Computer
Science (1982)

[2]

William D. Henshaw and Donald W. Schwendeman. Moving overlapping grids with adaptive mesh
refinement for high-speed ractive and non-reactive flow. Journal of computational Physics (2006)
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Fluid-structure interaction (FSI) problems involve analysis of the interaction between
deformable or rigid solid(s) and internal or surrounding fluid flow. In this work, we used
OpenIFEM [1], a high performance and modularly built open-source software to study fluidshell structure interactions. The modularity of the code construction is based the immersed
finite element concept where the solid and fluid domains are represented independently by
Lagrangian and Eulerian meshes respectively. In this work, the solid structure is represented
by shell elements. We used flat shell finite elements based on Kirchoff-Love plate theory where
a 3D solid is represented in 2D using the mid-surface of the solid [2]. A coupling wrapper is
developed to interface the shell solver with OpenIFEM. This wrapper facilitates information
exchange between the fluid and solid solvers and there is minimum intrusion/changes to the
existing code. Here, the shell structure is projected into a volume structure by projecting
the thickness along the surface normal directions. With this treatment, the fluid can identify
the location and the actual solid volume. Velocities and forces are then interpolated onto
these fluid cells from the shell surface. Traction boundary condition on the solid is computed
using fluid pressure and viscous stresses. Finally, the coupling is validated by simulating the
deformation of the elastic wall described using shell elements and subjected to a pressure
wave in a 3D rectangular channel.

References
[1] Jie Cheng, Yu Feimi, and Lucy T Zhang. OpenIFEM: A high performance modular opensource software of the immersed finite element method for fluid-structure interactions.
Computer Methods of Engineering and Sciences, 119:91–124, 2019.
[2] Stephan Herb. Fem code for fluid-structure coupling - structure solver implementing flat
shell elements. https://github.com/precice/fem-shell, 2016.
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For decades, flapping-wing flight has been researched to elucidate the aerodynamics of insect and bird
flight. Flapping-wing micro air vehicles (MAVs) that utilize insect and bird flight have also been researched and developed in the world. There are a wide range of applications such as working in disaster
prevention and recovery by flying into narrow or hazardous space. Among applications of flapping-wing
MAVs, aerial exploration on Mars with flapping-wing MAVs is gathering attention. Besides conventional
space probe such as orbiting satellites, landed spacecraft and rovers, aerial exploration could expand the
possibilities of the Mars exploration. For example, air vehicles could survey a wide range of area on
Mars. Also, air vehicles could be used to guide a rover in the optimal direction. However, the atmosphere of Mars is only 1.3% of the air density on Earth. In the atmosphere of low air density, low
Reynolds number regime causes decrease in the flight ability of conventional fixed-wing and rotarywing vehicles [1]. On the other hand, flapping-wing flight has high potential for the aerial exploration
on Mars because insects operate in the same low Reynolds number regime on Earth as that on Mars.
Therefore, flapping-wing MAVs are expected to be efficient, robust and compact flight vehicles for Mars
exploration [2]. Though flapping-wing flight on Mars has been researched by some researchers, there
are some challenges of the vehicle body, battery and control system design. Moreover, the effect of
flexible wing effect on Mars is still unclear. We used advanced parallel finite element analysis software
named ADVENTURE system (https://adventure.sys.t.u-tokyo.ac.jp) developed by our research group.
ADVENTURE system has been used in fluid-structure interaction analysis [3], [4]. In this research, we
simulated flapping-wing flight on Mars to investigate the effectiveness of flapping-wing MAV on Mars.
REFERENCES
[1] R. Shrestha, M.Benedict, V. Hrishikeshavan, I. Chopra, Hover Performance of a Small-Scale Helicopter for Flying on Mars, Journal of Aircraft, 53, 1160–1167 (2016).
[2] J.E. Bluman, C.K. Kang, D.B. Landrum, F. Fahimi, B. Mesmer, Marsbee - Can a Bee Fly on Mars?,
55th AIAA Aerospace Sciences Meeting, 0328 (2017).
[3] T. Yamada, G.-W. Hong, S. Kataoka, S. Yoshimura, Parallel partitioned coupling analysis system
for large-scale incompressible viscous fluid-structure interaction problems, Computers and Fluids,
Vol.141, pp. 259-268 (2016).
[4] S. Yoshimura, T. Yamada, Parallel partitioned simulations of real worldʟs coupled problems, Proceedings of Indian National Science Academy, Vol.82, No.2, pp.147-162 (2016).
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Several concepts have been developed for actuation of microvalves [1] to satisfy multiple
desired characteristics such as the reduction of flow leakage and power consumptions,
improved response time, high work density and ability to operate with both liquids and gases.
Shape memory alloys (SMA) are a class of smart materials operating with thermal microvalves
type. SMA allow for simple and compact structures with high output forces [2-3] and can
control high-pressure differences, while featuring relatively slow actuation speed and highpower consumption due to temperature changes.
We present an introduction to micro-scale valves, their advantages, and a review of the shape
memory alloys (SMA) microvalve design given by Dolphin Fluidics company.
We present relevant methodologies and techniques to study the microvalve model developed
by Dolphin Fluidic company, several computational fluid dynamics (CFD) [4] simulations to
describe the incompressible fluid behavior during valve opening/closing phases, the numerical
solutions proposed for the boundary conditions and iteration schemes used depending on the
flow regime and fluid type. The finite volume method (FVM) is used to discretize the model
through ANSYS Fluent solver to study fluid behavior, including pressure differences, velocity,
and forces at boundaries.
The numerical solution of fluid-structure interaction [5] models based on Euler and NavierStokes equations has become tractable during the past two decades in several fields of high
complexity such as aerospace engineering and micro-mechanics. The evolution of computers,
especially in terms of high performance such as CPU, RAM, and GPU, allows for solving
complex problems with a feasible and accurate manner [6].
We explore numerical methods for fluid-structure interaction problem within the Dolphin
Fluidics SMA microvalve, which is of a few millimeters size. This work is meant to present a
review of solution techniques for fluid-structure interaction problems during the operating
conditions [7] of the microvalve under investigation, including the opening and closing phases
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of the hyperelastic thin membrane. We describe those techniques in relation to the strength of
the coupling that depends on the nonlinearity of the problem, which is of great importance for
model stability. Moreover, we try to explain the numerical instabilities while using specific
fluid-structure interaction simulation schemes.
We will mainly focus on the subiteration methods [8] for the partitioning of the fluid-structure
system into an incompressible fluid domain and a structural field, and the implementation of
the technique within ANSYS software. Additionally, special attention will be given to the
added-mass effect of the fluid on the valve membrane and how to deal numerically with to help
to avoid issues of instabilities [9-10-11].
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microengineering 16.5 (2006): R13-R39.
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applications. McGraw-Hill Higher Education, 2008.
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Aerospace Engineering, 2010.
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[8] van Brummelen EH. Partitioned iterative solution methods for fluid–structure interaction. Int. J.
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[9] Farhat, C.,2004, CFD-Based Nonlinear Computational Aeroelasticity Encyclopedia of
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pp. 459–480.
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Heat exchangers are often composed of thousands of tubes composed in arrays with
stochastic design variables as a result of tolerance stack-up and assembly variation, and
may involve many thousands of contacts, at specific points, along edges, and along
surfaces. The analysis of the vibration characteristics of these structures by themselves
is challenging, as a result of the contact- and friction-induced nonlinearities, the
stochastic nature of the assembly, and the scale and number of components. In a heat
exchanger these issues are further complicated by the presence of flowing fluid around
and inside the tubes and in the gaps. Similar issues exist in the context of fabrics and
composite structures. Starting with the work of Merzari, et. Al. [1], and inspired in part by
the work of Hassan [2] and Pettigrew [3], a combination of methods are applied, including
verification via two-way-coupled fsi on representative subassemblies and one-waycoupled fsi via similarity methods, psd's, and simulation-tuned empirical models, to
analyse representative large-scale engineering heat exchangers and related structures.
Methods for improving the solution efficiency are explored, including Quasi-Newton
Methods, Fictitious Mass and Damping, and other acceleration techniques applicable to
partitioned solution schemes.
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Based on metamodeling [1], design optimization of products involving fluid and structures
generally requires substantial simulation runs, which greatly consumes manpower and time.
This research demonstrates an intelligent system to analyze fluid-structure interaction based on
the expert system theory that significantly reduces this cost. By changing design parameters, a
series of product models can be obtained. According to design characteristics, the new system
can intelligently match suitable computational models to compute the flow field of a specific
model. The pressure distribution is extracted from the results and transmitted to the solid region
by the fluid-structure interface to analyze the strength of the structure. The simulation results
of the fluid and solid domain are the input of optimization algorithms which pursue objectives
under constraints. The advantage of the proposed system is that the dependence on simulation
experience and intervention by the user is greatly reduced while obtaining accurate results.
The proposed system is applied to aid the optimization of the flow channels inside a hydraulic
manifold. Additive manufacturing makes the fabrication of the optimized design possible and
reduces the overall weight at the same time [2]. The object is the parametric model of the flow
paths and the wall structures constructed by the spline interpolation method. The design models
are computed by the system without human intervention. Based on the simulation results, the
metamodel is constructed. Using wall strength as a constraint and the reduction of pressure loss
and wall thickness as objectives, the optimization of a hydraulic manifold is achieved.
REFERENCES
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fikri.hafid@rte-france.com
Key Words: Fluid-structure interaction, Vortex-induced vibration, Aerodynamic coefficients
Asset management is a major challenge for RTE (Réseau de Transport d’Electricité), the French TSO
(Transmission System Operator), because electrical grid component maintenance and renewal represent
important economic issues. Thus, improved lifetime assessment could lead to substantial savings, while
still assuring a high quality service. The overhead cables are conductors with stranded wire assemblies,
which normally have a non-circular cross section. It is well known in the overhead lines community that
fretting fatigue in or around the clamp/conductor system leads to aging of the conductors, and the root
cause of this is generally attributed to aeolian vibrations.
Aeolian vibrations result from the interaction between the fluid (air) flow and the structure (overhead
conductor) dynamics, due to the lift and drag forces caused by vortex shedding. The cable motion will
in turn alter the vortex shedding. If damping of the structure is insufficient, the conductor can vibrate
under low-speed wind conditions (velocities of about 1 to 7 m/s). Assessment of the aerodynamic forces
applied to the cable is of most importance, as this will allow lifetime predictions to be made using further
structural analysis. However, the large range of conditions and span parameters seen across the RTE
network mean that simplified models will provide the most practical approach. These models contain
a range of coefficients relating to the lift, cable/vortex shedding frequencies and the fluid-structure interaction, which we would like to characterize. Experimental determination of these coefficients using
wind-tunnels is difficult and expensive [1], particularly in view of the wide parameter range.
Thus, numerical simulations are an essential tool for accurately determining the evolution of the modeling coefficients. We have developed a fluid-structure interaction tool capable of simulating overhead
cables by coupling fluid and structure simulation codes. Simulations with a variety of parameters have
been run to yield information useful in determining the modeling coefficients, and this will be presented
in the final article.
REFERENCES
[1] H. Li, W.L Cheng, F. Xu, F.C. Li, J.P. “A numerical and experimental hybrid approach for the
investigation of aerodynamic forces on stay cables suffering from rain-wind induced vibration”, J.
Fluids Struct., Vol 26, pp. 1195-1215, (2010)
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This abstract presents a coupling method for fluid-structure interaction problems called monolithic cosimulation (MCS). It is based on a monolithic formulation which is solved by a co-simulation algorithm.
The idea of the proposed method is to take full advantage of partitioned coupling, which is its easy
implementation and the use of the dedicated softwares for the fluid and solid, and of monolithic coupling, which are its stability and accuracy. The method is based on the GC coupling method, proposed
by Gravouil and Combescure for the structural sub-domains coupling, and extended later to the fluidstructure interaction problems. For instance, Nunez-Ramirez et al. has proposed a coupling of SPH
and Finite Elements. The aim here is to extend this coupling method to spatio-temporal discretization
methods available in standard softwares, as Ansys products, for each sub-domain. In this way, the structural sub-domain is discretized in space by the Finite Elements method in Lagrangian formulation and
in time by the Newmark implicit scheme (constant average acceleration method). The fluid sub-domain
is discretized by the Finite Volume cell centered method in ALE formulation and explicit second order
Runge-Kutta scheme. The coupling condition, written in terms of velocity continuity at the interface, is
driven thanks to the Lagrange multiplier method.
This method is validated using the one-dimension piston test case introduced by Piperno. Then it is implemented by the means of open source softwares. The structural sub-domain is computed by CalculiX,
while the fluid sub-domain uses OpenFOAM. These two softwares are currently usable together for FSI
using the library preCICE, a coupling library for partitioned multi-physics simulations. The idea is to use
the frame of preCICE to couple CalculiX and OpenFOAM by the MCS algorithm instead of a partitioned
one.
REFERENCES
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structural dynamics, Int. J. Numer. Meth. Engng, 102(3),1391–1417, 2015.
[2] Nunez-Ramirez, Marongiu, Brun, Combescure. A partitioned approach for the coupling of SPH
and FE methods for transient nonlinear FSI problems with incompatible time-steps, International
Journal for Numerical Methods in Engineering 109(10), 2017.
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ABSTRACT
In the framework of the Generation IV International Forum [1] gathering countries engaged in the development of future nuclear reactor designs, safety assessements have to be performed in order to demonstrate their reliability.
Regarding that purpose, numerical tools are intensively used by industry and research institutes to simulate transient phenomena, some of them being difficult to reproduce within an experimental mockup.
They can help therefore to provide major safety features in case of any reactor failure.
The work presented during the minisymposium will deal with the numerical study of a 2-phase flow
interacting with structures placed in an hexagonal lattice of a Sodium-cooled Fast Reactor [1]. This
hexagonal lattice consists in several rings of closed hexagons separated by a constant geometrical step.
Since the space between these structures is quite small (about 2% of each assembly’s characteristic
diameter), the movement of the assemblies caused by an external source of excitation could lead to a
complex Fluid-Structure Interaction (FSI) phenomenon. In the case where this excitation is high enough
in term of amplitude and/or frequency, it will be shown that the induced pressure decrease could involve
vaporization of the fluid (cavitation phenomenon) and may then lead to a different FSI behaviour.
A presentation of an analytical model predicting the pressure field of a 1-phase incompressible fluid in a
duct with moving boundaries had been performed at ECCM-ECFD 2018 [2]. This model has provided
initial setup parameters in order to reach the vapour pressure within the reactor core.
Using this preliminary study, we will then present the results in the fluid domain at a reactor scale in
2D in case of forcing movement of the boundaries. These results have been obtained using the software
Code Saturne and its Arbitrary Lagrange-Euler (ALE) module. In these results the fluid is, without
cavitation, modeled by the classical incompressible Navier-Stokes equations and the Merkle 3-equations
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model [3] is used when cavitation is assumed. In order to afford calculations at a large scale, a 1Dhomogeneization procedure of the fluid domain will be presented as well.
Finally we will deal with the case of FSI calculations which have been considered by means of an
internal coupling procedure using a spring-mass model for the structures. Numerical coupling between
Hydraulics and Mechanics is performed using a Newmark algorithm. Nevertheless the high ratio value
between the fluid added mass and mass of each structure renders such a calculation unstable without
any relaxation procedure. In order to overcome this limitation, a sub-cycling process with relaxed fluid
forces terms has been implemented will be shown. The extension to 3D of the FSI study using the beam
theory for the structures will be introduced.
REFERENCES
[1] https://www.gen-4.org/gif/jcms/c 9261/home
[2] S. Houbar, A. Gerschenfeld and G. Allaire, Towards numerical modelling of cavitating interwrapper liquid sodium in support of physical studies of Sodium-Cooled Fast Reactors. ECCMECFD, Glasgow, United-Kingdom, June 2018
[3] C. L. Merkle, J. Z. Feng, and P. E. Buelow, Computational modeling of the dynamics of sheet
cavitation Proceedings of the 3rd International Symposium on Cavitation (CAV 98) pp. 307311,
Grenoble, France, April 1998
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ABSTRACT
Fluid-structure interaction (FSI) is the interaction between a movable or deformable structure
and an internal or surrounding fluid flow, the dynamic behaviour of the fluid and the structure
are coupled with each other. It is one of the most important fundamental models which is of
very close relevance in many areas of engineering [1], such as in the fields of ocean
engineering, energy and power engineering, industrial manufacturing, even biomedical
engineering etc.
In addition, when there are multi-bodies [2] or multi-structures in the system, an impactcontact problem [3] would happen between the structures, which makes the interaction
relationships more complex. Furthermore, if the FSI takes place on the surface of the liquid
or there are gas phase around in the liquid, an interface force such as surface tension force
would be considered according to its Weber number.
The fluid-structure interaction, contact and interfaces are actually connected with each other
in engineering projects. Some mesh-based methods, such as Finite Element Method, and
meshless method, such as SPH, and even combined method, such as Particle Finite Element
Method were all employed to study these kinds of flow problems. Numerical models were
established and improved to solve typical flows, however, some complex flows such as
moored floating body and soft structure(s). etc., are attracting more concerns recently.
The contents of this Minisymposium is planned to focus on the fluid-structure interaction,
impact-contact and interface actions, including the topics on numerical methods/models,
accuracy/convergence and phenomenon/flow laws. Topics close to these topics are also
welcome.
Zhongguo SUN, who submits the MS proposal, is the Assistant Dean of the School of Energy
and Power Engineering in Xi’an Jiaotong University in China. He is the corresponding
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organizer and will keep in contact with the Conference Secretariat. Another two co-organizers
are from Technical University of Munich and École Centrale de Nantes, who are enthusiastic
on joining WCCM XIV & ECCOMAS2020 and organizing a great MS.
This Minisymposium is planned to have two sessions, and two consecutive keynote lecturers
(30 minutes each) followed by three invited papers (20 minutes each) will be included in each
session. Excellent scholars in this area from Span, German, France, UK, China, Japan,
Singapore and other country/area would be invited to join this MS and discuss the topic from
numerical methods/models to fantastic phenomenon/perspective laws. These discussions and
communications are expected to improve the investigation of methodologies and show
inspiring research results to promote innovation and cooperation.
REFERENCES
[1] E. Oñate, S.R. Idelsohn, F. Del Pin and R. Aubry, “The particle finite element method -

An overview”, Int. J. Com. Meth., Vol. 01, pp. 267-307, (2004).

[2] E. Oñate, S.R. Idelsohn, M.A. Celigueta and R. Rossi “Advances in the particle finite

element method for the analysis of fluid–multibody interaction and bed erosion in free
surface flows”, Comput. Methods Appl. Mech. Engrg., Vol. 197, pp. 1777-1800, (2008).

[3] P. Wriggers, T.V. Van and E. Stein, “Finite element formulation of large deformation

impact-contact problems with friction”, Computers & Structures, Vol 37, pp. 319-331,
(1990)
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Fluid-structure interaction modelling of a row of SFR fuel pins subjected to
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X. Ma¹, G. Ricciardi², V. Blanc¹, J.-M. Gatt¹, S. Bourgeois³ and B. Cochelin³
1

CEA, DEN, DEC, Cadarache, F-13108 Saint-Paul-Lez-Durance, xiaoushu.ma@cea.fr
2
CEA, DEN, DTN, Cadarache, F – 13108 Saint Paul Lez Durance
3
Aix Marseille Univ., CNRS, Ecole Centrale Marseille, LMA, Marseille

Key Words: Fluid-Structure Interaction, homogenization, variable unit cell
Vibration of fuel pins in case of earthquake is studied during design of Sodium Fast Reactor
(SFR) cores for safety concern. Wire-wrapped fuel pins restricted in an hexagonal tube, are
immersed in turbulent flow of coolant. During seismic excitation, the problem involves intricate
fluid-structure interactions and strong non-linearity caused by collisions between pins. In order
to simulate their dynamic response, a model accounting for only one row of pins based on
homogenization techniques is developed.
In this model, each pin and its surrounding fluid is taken as a porous media, as shown in Figure
1 [1]. Since in SFR, pins are only fixed on the bottom, unit cells are of variable volume,
depending on the relative displacements of pins and this variety is taken into account by the
generalized model in this article. The homogenization model results in coupled solid dynamics
and spatial averaged governing equations for fluid on each unit cell. The hydrodynamic force
arising from the averaged equations is classically expressed as the models developed by
Paidoussis [2].

Figure 1 Porous media of each pin
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During suction blow molding process [1], the extruded parison tends to undergo twisting
deformation within the mold cavity, as the air drawing flow around the deforming parison
exerts non-uniform shear stresses on its surface. Such twisting deformation can compromise
the specific radial and circumferential variations in parison thickness that are intentionally
generated during extrusion. The air flow domain, i.e., the gap between the mold cavity surface
and the parison free surface, changes continuously during the suction blow molding as the
parison deforms and slides within the mold cavity. Because the fluid and solid interact
through the air drag forces on the parison moving through the deforming annular air flow
domain, information has to be exchanged between both models (fluid and structure) at every
time step. This research is devoted in developing a fluid-structure interaction model for
predicting parison deformation during suction blow molding process, with a specific emphasis
on the suction stage. A fluid flow model, based on Hele-Shaw approximations, is formulated
to simulate the air drag force exerted on the parison surface. The rheology of the material of
the parison is assumed to obey the viscoelastic K-BKZ model. As the suction process also
involves the sliding of the parison within the mold cavity, a modified Coulomb’s law of dry
friction is used to simulate the frictional contact between parison and mold. The numerical
results of this study [2] allowed identifying a clear correlation between the twisting
deformation undergone by the parison during the suction stage, also observed experimentally
and the design parameters, namely, the air drawing speed, the geometry of the duct mold
cavity, and the parison/mold eccentricity. Our numerical results suggest that parison suction
within a duct mold belonging to a single plane does not induce twisting deformation, unless
the parison is displaced eccentrically with respect to the center of the cross-section of the
mold inlet. Conversely, parison suction within a warping duct mold cavity that belongs to
multiple planes necessarily induces twisting deformation whose amplitude depends on the
intensity of the air drawing speed, regardless of the eccentricity of the parison with respect to
the center of the cross-section of the mold inlet.

REFERENCES
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ABSTRACT
In the field of mechanical engineering, tribology effects play an essential role for robustness
and reliability in energy conversion processes. While many technical devices are intended to
operate at a high friction level (for instance brakes and clutches), most systems are designed to
run under conditions with low friction and minimized wear (such as bearings and joints). The
latter guarantees low mechanical energy loss (and thereby high efficiency factors) and high
durability. The most commonly used methods towards reaching this goal are: covering the
surface(s) with a hard and smooth coating or adding a lubricant. Conventional lubricants are
oils and greases, but also other fluids (such as alcohols, carbon hydrates or water) are also used
in practice. The transport of the lubricant through the contact zone between two solid surfaces
causes the buildup of a normal pressure transmitted by the fluid. Consequently, the two surfaces
tend to separate from each other, leading to a reduction of friction and wear.
This fundamental principle is influenced by contact geometry, associated materials, and load
conditions, and is typically depicted in the Stribeck curve, which displays variations of the
friction coefficient with respect to the respective tribological regime. Usually, the Stribeck
curve is divided into four characteristic regimes: “dry friction”, “boundary lubrication”, “mixed
lubrication” and “hydrodynamic lubrication”, corresponding to the portion of pressure
transmitted by solid-solid contact (from 100 % for dry friction to 0 % for hydrodynamic
lubrication).
The limited stiffness of tribological contact partners provokes deformation that significantly
influences the characteristic of the lubricant gap and, consequently, affects friction and wear.
In order to model this process, the coupled interaction between the fluid flow and the elastic
solid bodies must be taken into account. Due to the complexity of this field, and its inherent
economic significance, it has become the subject of an ever-growing body of research.
This Minisymposium is directed towards scientists interested in fundamental investigations of this type
of contact, as well as scientists interested in research on the macroscopic scale of practical lubricated
systems. Both, model-based and experimental research is welcome.
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Starved lubrication is an important strategy for minimizing the amount of lubricant needed, and
also inevitably occurs during idling and fail-safe lubrication. In this regime, however, the flow
of the lubricant and the related friction coefficients are yet to be fully understood. This research
aims to make fundamental contributions to the understanding of contact mechanics of partially
lubricated contacts. Recent experiments with a pin-on-disk tribometer examined the
microscopic behavior of partially filled gaps. Using a new experimental setup on a macroscale,
new insights into partially filled gaps with rough surfaces were gained.
This work presents the systematic analyses of the lubricant flow, friction coefficients, and other
variables over a wide range of friction parameters. Distinct friction behaviors were observed,
and similar effects occur on both the micro and macroscale. The experimental results show that
a typical Stribeck characteristic is visible regarding not only the relative velocity, but also
regarding the lubricant filling level in the gap. The fluid exhibits a variety of flow patterns for
various velocities and viscosities. The patterns relate to different friction regimes, such as dry
friction and mixed lubrication. It is concluded that the filling level is a valid parameter for
regulating the transition from dry friction to hydrodynamic lubrication. These findings are
quantified and it is shown that for the identification of the friction regimes the filling level is an
independent parameter in addition to the established parameters like speed, viscosity and
pressure.
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Within the scope of this work, the friction in the lubricating gap between elliptical contact zones
of two metallic surfaces operating under full-film lubrication was investigated. Both
experimental and simulative investigations were carried out. The experimental examination of
ﬂuid friction was carried out on a twin-disc-machine, whereby the load and slide-to-roll-ratio
were varied at constant hydrodynamic velocity and oil inlet temperature. As results of the
experimental investigation, traction curves are obtained which show the change of the
coefficient of friction or the shear stress respectively as a function of the slide-to-roll-ratio.
From the measured traction curves, the maximum shear stress is then obtained, which is used
for the numerical calculation of the ﬂuid friction using the EHL theorie and the viscosity model
according to Carreau, whereby the viscoelastic behaviour of the lubricant is considered. In this
work, two gear oils based on polyalkylene glycol were used as examples of lubricants used in
modern worm gearboxes.
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The modelling of lubricated contacts is still today based on the first approaches developed by
Osbourne Reynolds in 1886 and formulated in the equation named after him (Reynolds 1886).
His work has been extended by a great variety of other authors and many enhancements were
made to the original equation. To account for surface roughnesses in the macroscopic system
the use of so called shear flow factors as part of a multi scale model is well established. The
factors were first introduced by (Patir and Cheng 1978). The shear flow factors are computed
on a microscale problem and are transferred to the macroscopic. However, the effects of
partial filling in the gap are usually neglected.
This was addressed with a new model, the Partially Filled Gap Model (PFGM) (Müller et al.
2013). Studies with varying filling levels and different filling procedures were carried out for
several random topographies. Different procedures arranged the fluid in varying inital
distributions. The studies show a distinct behaviour for different parameters and reveal that
different distributions lead to different shear flow factors and different pressures. This
underlines that the global and local filling level has a very significant influence on the flow
factors and the resulting hydrodynamic pressure. While this influence is obviously more
apparent for smaller filling levels it is still relevant near fully flooded scenarios.
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Journal bearings play an important role in many technical applications. Regarding resource
efficiency, a reduction of power loss and an increase of load carrying capacity are of vital
importance. Therefore, development of suitable calculation models by taking the complex
thermo-mechanical processes in journal bearings into account is essential. In this article a
simulation environment for thermo-elastic-hydrodynamic (TEHD) analysis of journal bearings
and a test rig for validation of the simulation models are presented.
A simulation environment for TEHD analysis of large tilting pad journal bearings (TPJB) is
developed by coupling a THD model and a structural-mechanics model. In the THD model of
the bearing, the Reynolds equation and energy equation are solved for the lubricant film and
the minimum oil-film thickness and 3D temperature distribution in the bearing are determined.
In the structural-mechanics model, a 2D deformation field of the running surface is calculated
based on the finite element method.
For validation and improvement of the simulation models, experimental investigations are
carried out on a test rig with nominal bearing diameter 500 mm. Following Glienicke’s [1]
design it was build up in the 1980s to examine original sized journal bearings for large turbines
under operating conditions. Due to the design of the test rig (detailed description in [2]), both
the oil-film thickness and pressure distribution can be measured in a very high-resolution 2D
data field. By means of these unique possibilities of investigating TPJB in simulation and
experiment, it was possible, for example, to develop an axially concave profile for a TPJB to
compensate for the pad deformation [3].
The article concludes with an outlook of transferring the described investigation method to
different journal bearing design and smaller size. In addition to analysis of minimum oil-film
thickness and maximum bearing temperature, the influence of shaft misalignments on the load
carrying capacity and operational safety will be investigated. The simulation models will be
validated on a test rig with shaft diameter 80 mm.
REFERENCES
[1] J. Glienicke, Paper 13: Experimental investigation of the stiffness and damping coefficients

of turbine bearings, Proceedings of the Institution of Mechanical Engineers, Vol. 181, No.
2, pp. 116–129, 1966.
[2] N. Buchhorn, S. Kukla and B. Bender, Tilting-pad journal bearing in hybrid operation – a
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[3] S. Kukla, N. Buchhorn and B. Bender, Design of an axially concave pad profile for a large
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Tilting-pad journal bearings are widely used in turbomachinery industry. Due to the tilting
degree of freedom of the single pads, they inherently prevent instability of rotor-bearing
systems. Therefore, they are suitable for high-speed applications as practical instability only
arises if vibrational amplitudes become too high.
Dynamic behaviour of these bearings can be described by different model approaches in rotor
bearing analyses. Most commonly, the dynamic properties of the single pads are reduced to
global bearing coefficients by the pad assembly method based on the pioneering work of Lund
[1] in 1964. However, in case of tilting-pad journal bearings these coefficients do not only
depend on the concrete stationary operating conditions but also on vibrational frequency of the
dynamic system. Consequently, this description is not suitable to be applied in an eigenvalue
analysis as it does not provide a linear description of the bearing with constant coefficients.
Many researchers, e. g. [2] propose an application of an unreduced full coefficient dynamic
bearing model that considers the mass inertia of single pads, and therefore, describes pad
dynamics as a dynamic subsystem. These unreduced models accompany the advantage that the
previously mentioned dependency on vibrational frequency does not exist.
This study investigates the impact of mass inertia and fluid film properties on reduced stiffness
and damping coefficients in order to assess the source of frequency dependence. For this
purpose, a full coefficient model is developed and reduced for different ratios between rotating
and vibrational frequency. Predictions of this model are compared to the ones of a massless
approach. Results indicate that the described frequency dependency is predominantly
genetrated by the fluid film properties and not by mass inertia of the pads.
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In this study, journal bearing analysis using two phase flow CFD analysis is described. Journal
bearings are widely used for high speed rotating machinery such as turbines, compressors,
pumps and so on, and it is important for engineers to know where the existing area of lubricant.
Previously, Reynolds equation with some cavitation models has been used for calculating
journal bearing characteristics as appropriate model for bearing design. However, there are
insufficient case for actual machinery design. Because, in some case, the lubricant is not
sufficiently supplied from oil filler port, and in this case, gaseous phase significantly occurs in
the bearing gap. Moreover, it is considered to be influenced the state of oil supply roots. In the
past, the authors found that starved lubrication is useful for stabilising the rotor-bearing systems
than flooded lubrication conditions, and wide area of gaseous phase is confirmed by
experimentally [1]. However, much the reduction of supply oil quantity leas to temperature rise
and seizure of bearings. Therefore, it is important to estimate gaseous area in journal bearings
including supply oil systems.
In this study, some example of CFD analysis using two-phase flow algorithm on journal
bearings. Firstly, oil- air area analysis on journal bearing including one supply oil filler port
with experimental visualization verification. In this case, the effects of surface tension on
journal bearing analysis using the weber number is also discussed.
Second one is regarding stability of journal bearing with two oil filler port. By using two oil
filler port, it is found that the stability is realized easily compared with one oil filler port from
the experiment. That means that the stability is realized under large quantity of supply oil, thick
oil lubrication film and low temperature. However, the mechanism had not been unknown.
Consequently, using the two-phase flow CFD analysis was conducted, and then the reason is
found.
Third one is regarding the relation between thermal analysis and gaseous-phase area on journal
bearing under starved lubrication conditions. Experimentally, it was found that the temperature
in bearing clearance on the central line is lower than that on the side line surprisingly. Therefore,
two-phase flow thermal analysis was conducted, and then the mechanism was clarified.
Finally, the usefulness of two-phase flow CFD analysis is concluded.
REFERENCES
[1] H. Hashimoto and M. Ochiai, Stabilization method for small-bore journal bearing utilizing

starved lubrication. ASME J. Tribol, 2010, 132, 1–7.
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ABSTRACT
Many engineering problems depend on modeling the interaction of water waves and offshore structures,
such as for floating wind turbines, seakeeping analysis of ships, or understanding coastal hazards like
tsunamis. A wide variety of solvers can be useful, including (but not limited to) solvers based on potential flow theory, Euler equations, or Navier-Stokes equations. In most cases, the computational time
needed to consider real-world engineering problems is significant, even with high-performance tools, requiring advanced numerical algorithms, parallel computing, or both. The simulation of floating bodies is
particularly complex, with the possibility of wave breaking and often the need to couple multiple models
to handle viscous or inviscid aspects, or to handle mooring lines or other physical attachments while not
adversely affecting the computational speed of the final simulation.
This mini-symposium aims to bring together researchers specializing in mathematical or numerical details with those who focus on engineering applications, in order to exchange new ideas and results related
to wave-structure interaction. Of particular interest are applications of offshore floating structures, but all
papers involving free-surface flows are welcome, including different types of models (such as simplified
approaches to improve computational time), or those involving fixed structures.
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Abstract. Accurate modelling of wave-structure interaction is essential for a successful and reliable
design of offshore structures and their ancillary systems. However, the fidelity of mathematical models
is challenged when nonlinearities become significant, i.e. when the floater operates in severe sea states
and/or it shows large dynamic responses compared to the incoming wave. This is normally the case for
wave energy converters (WECs) because large motions are desirable for better power extraction, while
conventional offshore structures are usually designed to prevent large responses and ensure stability.
Fast computation is a further mandatory requirement for mathematical models that are used for design
purposes. This is particularly true for wave energy applications, since extensive parametric studies are
needed to minimize the cost of energy, i.e. increase power extraction capabilities while limiting capital and operational expenditures. Furthermore, model-based control strategies, essential for substantial
increase of the WEC performance, require representative mathematical models. The requirements of
accuracy and low computational time are usually contrasting, so an appropriate compromise should be
defined. This paper proposes a nonlinear Froude-Krylov (NLFK) force model for axisymmetric floaters.
The symmetry of the geometry (common for WECs) is exploited to achieve a low computational time
(about real-time computation). Furthermore, since NLFK forces are the main nonlinearities for such
devices, the obtained accuracy is higher than linear models. An open-source Matlab demonstration toolbox is introduced, called NLFK4ALL (doi: 10.5281/zenodo.3544848), which provides a ready-to-use
implementation of the NLFK approach in six degrees of freedom. Accuracy and computational aspects
of the method are here discussed, such as the complexity of the analytical description of the intersection
between free surface elevation and the floater, and the impact of tolerances on the convergence of the
numerical integration.
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1

INTRODUCTION

This paper purports to present an open-source demonstration toolbox, called NLFK4ALL [1], which
aims at providing a ready-to-use implementation of a computationally efficient integration method of
surface integrals over axisymmetric bodies. The content of the paper and toolbox are developed in
the context of nonlinear hydrodynamic modelling for wave energy converters. Therefore, most of the
discussion and considerations are related to the challenges and requirements of this specific area of
ocean engineering. However, the tools herein provided have general validity and broader applicability.
In fact, such a mathematical framework allows to displace an axisymmetric geometry in 6 degrees of
freedom (DoFs) and to compute arbitrary surface integrals on a time-varying portion of the body. In the
specific application case of the computation of NLFK forces, the integrand is the undisturbed pressure
field, but any other function could be integrated using the same mathematical framework.
The rationale behind the development of this methodology is the critical need for a better compromise
of accuracy and computational time with respect to state-of-the-art mathematical models in wave energy
conversion applications. Economic viability is the sine qua non condition for commercial competitiveness and industrial sustainability of the wave energy conversion sector and it can be achieved only
through substantial reduction of costs and increase in performance. Both such objectives can be accomplished only through holistic design, control, and optimization studies, the effectiveness of which
strongly depends on the accuracy of mathematical models [2, 3, 4]. However, a major limiting factor for
the feasibility of application of a particular mathematical model is the computational time.
Exploring the computation/fidelity continuum [5, 6], the NLFK approach aims at medium-high fidelity
at a low computational cost. Considering the power-production region, hence excluding extreme events
and survivability conditions, partially-nonlinear potential-flow-based models have the potential to realize
an appropriate trade-of between computational time and fidelity [7]. In particular, the dynamic response
of point absorbers (device relatively small compared to the wavelength) is mainly influenced by FroudeKrylov forces, while radiation and diffraction efforts are normally relatively small and linear [8]. Therefore, NLFK approaches for point absorbers are particularly accurate, where the undisturbed pressure
field is integrated onto the instantaneous wetted surface. However, mesh-based approaches, necessary
for geometry of arbitrary complexity, are renown to be slow, due to time-consuming re-meshing of the
submerged surface [9, 10]. If the floater is assumed to be axisymmetric (not a restrictive assumptions for
point absorbers, which are normally axisymmetric), a computationally efficient NLFK formulation exists, relying on the analytical representation of the wetted surface, hence needless of a mesh. If rotations
are negligible, algebraic solutions can be obtained [11], otherwise numerical integration is required [12].
Although a fair comparison is challenging, due to different coding languages (Fortran versus Matlab),
such numerical solution of the analytically defined NLFK forces for axisymmetric devices is between
one and two orders of magnitude faster than a mesh-based approach [13]. Although geometry of arbitrary complexity still require a mesh-based approach, such as [14, 15], the methodology presented in this
paper can be expanded to prismatic floaters, such as [16, 17], since the three-dimensional problem can
be reduced to a two-dimensional problem in the same way as for axisymmetric floaters.
The Matlab demonstration toolbox has the objective of providing the user with a set of scripts that can
quickly and pragmatically show the capability of this method. The code is completely open-source,
modifiable and reusable. This paper, after briefly presenting the theoretical background and computational performance of the method, details the numerical identification of the intersection between the free
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Figure 1: Generic profile of revolution in the BF (left); relative position between frames after displacement (right).

surface elevation and the buoy, and provides a critical discussion of the performance of the numerical
integration scheme and the impact of the choice of its absolute and relative tolerances.
2

Mathematical framework and nonlinear Froude-Krylov force computation

In this section, the general theoretical framework of the NLFK force integration is presented. Section
2.1 presents the two frames of reference, one world-fixed and one body-fixed, and the mapping function
from one frame to the other. Section 2.2 presents three different strategies to compute the upper bound of
the instantaneous wetted surface, namely the intersection between the incoming wave and the displaced
buoy. Although this mathematical framework described can be used to integrate arbitrary functions onto
the instantaneous surface, this paper focuses on NLFK forces only, which are defined in Section 2.3.
2.1

World and body-fixed frames

Two right-handed frames of reference are used hereafter:
• World-frame (WF): (x, y, z)

• Body-fixed frame (BF): (x̂, ŷ, ẑ)

A given position point p in the three-dimensional (3D) space can be expressed (decomposed) in either
the WF or the BF, and denoted by the notation pWF or pBF , respectively. The world-frame of reference
(x, y, z) is inertial, with the origin at the still water level (SWL), the x-axis positive in the direction of
propagation of the wave, and the z-axis positive upwards. The body-fixed frame of reference (x̂, ŷ, ẑ) is
not inertial, with the origin fixed at a reference point (RefP), usually either at the centre of gravity (CoG)
or at the SWL, with the z-axis pointing upwards along the axis of the axisymmetric body.
The lateral surface of a generic axisymmetric geometry can be described by means of cylindrical coordinates. Note that the whole wetted surface of a floating axisymmetric buoy may also need discs, which are
more conveniently represented with polar coordinates. Using cylindrical coordinates, the axisymmetric
geometry is defined by the revolution of a generic function f (ρ), between ρ1 and ρ2 , as shown at the left
side of Figure 1. Note that f (ρ) must be defined so that the origin of the BF (i.e. the RefP) is at ẑ = ρ = 0.
Therefore, the parametrization of the axisymmetric geometry, in the BF, is shown in equation (1). Note
that it is also possible to consider only a portion of the axisymmetric body by defining appropriate ϑ1
and ϑ2 , instead of the full revolution from −π to π.
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x̂(ρ, ϑ) = f (ρ) cos ϑ
ŷ(ρ, ϑ) = f (ρ) sin ϑ


ẑ(ρ, ϑ) = ρ

, ϑ ∈ [−π, π) ∧ ρ ∈ [ρ1 , ρ2 ]

(1)

The displacement of the RefP in WF coordinates is denoted by (xR , yR , zR )WF . The right side of Figure 1


shows the body after a displacement (xR , yR , zR )W
F and a rotation (φ, θ, ψ) . Note that such rotations
are considered about the three body-fixed axes and about the RefP. The 3-2-1 Euler rotation sequence
is applied, commonplace in ocean engineering [18, 19], with φ being the roll angle around the x̂-axis, θ
the pitch angle around the ŷ-axis, and ψ the yaw angle around the ẑ-axis. The 3-2-1 rotation matrix R is
defined as follows:




cψ −sψ 0
cθ 0 sθ 1 0
0
R = sψ cψ 0 0 1 0 0 cφ −sφ
(2)
0
0
1 −sθ 0 cθ 0 sφ cφ
Where c and s stand for cos() and sin(), respectively. Since rotations are defined around the RefP and
about the body-fixed axes, the rotation matrix R in (2) pre-multiplies the BF-position vector (x̂, ŷ, ẑ) ,
applying a rotation around the origin of the BF, which is also the RefP of the body. After the rotation,
the axes of the two frames are aligned, and the translation C = (xR , yR , zR + zRe f P )WF can be applied.
Note that C is the position of the RefP, in the WF coordinates, after displacement, hence also the relative
position of the two frames. While, in the R3 space, rotations and translations are applied sequentially, it
is more convenient to expand the space to R4 and apply rotations and translations with just one matrix R:



R

R=

 0 0

2.2

0

C 



1 

(3)

Intersection

The main advantage of the approach proposed in this paper is the ability to analytically represent the
instantaneous wetted surface, which implies the analytical definition of the intersection between the
body-surface and an arbitrary function for the free surface elevation (η). Since, as discussed in Sect. 2.3,
it is convenient to define the integrals in the BF, a mapping of the free surface elevation from the WF
onto the BF (η̂) is required. Finding such an intersection translates into finding ρ = η̂(ϑ), which is a
parametric representation of the free surface in the BF.
The 4D definition, in the WF, of the wave surface is Γ = (x, y, η(x), 1) . Consequently, Γ in the BF becomes: Γ̂ = R−1 Γ. The intersection is found by equating ρ to the third line of Γ̂, i.e. ρ = (0, 0, 1, 0)R−1 Γ.
However, Γ must be expressed as a function of parametric variables. It follows that the intersection is the
solution of the following nonlinear equation:
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Figure 2: World and body-fixed frames for a Corpower-like device after an arbitrary 6-DoF displacement, with
a steep wave of 5s period and 2m height (ratio between floater diameter and wavelength is about 10%). The
), linear approximation (
),
intersection with the free surface is shown using the constant approximation (
).
and exact solution (




(1, 0, 0, 0)R( f (ρ) cos ϑ, f (ρ) sin ϑ, ρ, 1)
 (0, 1, 0, 0)R( f (ρ) cos ϑ, f (ρ) sin ϑ, ρ, 1) 

ρ = (0, 0, 1, 0)R−1 
η ((1, 0, 0, 0)R( f (ρ) cos ϑ, f (ρ) sin ϑ, ρ, 1) )
1

(4)

Using the structural properties of R and applying the notation Ri j = R(i, j), equation (4) simplifies to:
f (ρ) (cos ϑ(R11 R13 + R21 R23 ) + sin ϑ(R12 R13 + R22 R23 )) +
+ρ(R213 + R223 − 1) + R33 (η(ϑ, ρ) −C(3))) = 0

(5)

The zeros of equation (4) represent the exact solution of the intersection between the body and the
free surface elevation, but a numerical solution to such a nonlinear problem is required. However, it is
reasonable to assume the free surface elevation to be either locally constant, or with a linear dependence
on x. In fact, in normal applications, the wave steepness is relatively low, and the wavelength is much
longer than the characteristic dimensions of the geometry. If η is assumed constant (horizontal), η(xR )
can be used as a reasonable approximation, accurate if the wavelength is much longer than the diameter
of the floater. Alternatively, a linear regression can be considered instead. Selecting an approximate
range of x where the buoy is located, a polynomial fit can be performed, so that η  p0 x + p1 . The
solution for a constant η is obtained for p0 = 0 and p1 = η(xR ).
In order to algebraically compute an approximated intersection, it is also assumed that f (ρ) is either
constant or linear, resulting in a cylinder or a cone, respectively. Hereafter, the more general solution for
a cone is given, with f (ρ) = mρ + q, which simplifies to a cylinder when m = 0. A solution with other
f (ρ) may be achieved, but they are not common application cases, since the vast majority of buoys, if
not the totality, is composed of cones and cylinders. Therefore, solving equation (5) with η  (p0 x + p1 )
and f (ρ) = (mρ + q), it is found that the intersection is given by:
ρ=

R33 (C(3)−p1 −p0C(1))−qh(ϑ)
R213 +R223 −1+p0 R13 R33 +mh(ϑ)

h = cos ϑ (R11 (R13 + p0 R33 ) + R21 R23 ) + sin ϑ (R12 (R13 + p0 R33 ) + R22 R23 )
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Figure 3: Comparison of the surge, heave, and pitch dynamic Froude-Krylov force per unit of wave amplitude,
under linear conditions, using a linear BEM code and the NLFK approach.

Figure 2 shows an example of a realistic wave energy converter, inspired by the Corpower device [20],
represented in both the world frame and body frame after an arbitrary 6-DoF displacement. The buoy
has a radius at the still water level of 4.2m and a freeboard of 3m. A steep wave is also represented,
with 5s period and 2m height (wavelength of 39m), in order to show the accuracy of the representation
of the intersection, represented using the three assumptions (horizontal, linear as in (6), or exact as in
(5)). In fact, the horizontal approximation is challenged if the ratio between the diameter of the floater
and the wavelength is relatively large (10% in this case). Although the constant-η approximation is not
significantly inaccurate, the linear approximation matches perfectly the exact solution.
2.3

Nonlinear Froude-Krylov force

The change of coordinates, from Cartesian to either cylindrical or polar, allows the transformation of
the 3D integral to 2D, as well as the representation of the normal vectors in parametric form. However,
note that the determinant of the Jacobian of the parametrization should be included in the integral [1].
Such a mathematical framework is used to compute NLKF forces in 6-DoFs, which are the result of the
gravity force and the integral of the undisturbed pressure field (static and dynamic) over the instantaneous
wetted surface. Since it is convenient to write the equation of motion in the body-fixed frame (in order
to have a constant inertial matrix), the NLFK forces are computed in the BF too. Moreover, it is both
simpler and computationally more efficient to map the pressure field into the body frame, by means
of the 4D rotation matrix R, shown in (3). In order to validate the modelling approach and to verify the
correctness of implementation, NLFK forces are computed in linear conditions and compared with linear
solutions from boundary element method (BEM) software. Linear conditions are ensured by forcing zero
displacement of the floater, and considering waves of 1mm amplitude. The successful validation is shown
in Figure 3.
3

Numerical integration algorithm and tolerances

Since the computation time is the main perk of the proposed method, it is crucial to optimize the numerical integration algorithm and assess the impact of the chosen tolerances on the resulting error and
computational burden. In this paper, the Matlab built-in function integral2 is used [21]. However, in
the toolbox, a modified version of integral2 is used, including pre-computing and made more specific
to the application case of the NLFK force calculation. Such a modification provides a reduction of the
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computational time between 40% and 50%. Moreover, a two-dimensional Simpson integration scheme
can further reduce the computational time to 90% of integral2. However, due to ongoing development,
this version is not considered here. Nevertheless, the purpose of the paper is to study the sensitivity of the
integration scheme to numerical tolerances, which are assumed to be insensitive to the code optimization.
Generally, the domain of integration is a generalized rectangle, with ϑ ∈ [0, 2π] and ρ ∈ [ρ1 (ϑ), ρ2 (ϑ)].
The algorithm applies a mapping function in order to transform the domain into a proper rectangle,
defined by α ∈ [0, π] and β ∈ [0, π]. Note that, due to the transformation of coordinates, the determinant of
the Jacobian of the mapping function must be included in the integrand. The domain is then divided into
4 sub-rectangles, each one individually refined until a desired accuracy is obtained. The 2D integration
is obtained through two linear quadrature formulae in cascade. A pair of a 3-point Kronrod and 7-point
Gaussian formulae is used, realizing degrees of precision of 5 and 11, respectively [21]. Each one of
these formulae simply applies a series of weights to the same function evaluations on a gridded selection
of points on the domain, but achieve different degrees of accuracy. Consequently, both the estimate of
the integral and the related error are obtained with just one set of function evaluations. Since the most
expensive part of the integration is the integrand evaluation at each point of the domain, minimizing the
computational time coincides with reducing the number of evaluations.
The algorithm continues to refine each sub-rectangle until either the absolute (Abs.Tol.) or the relative
(Rel.Tol.) tolerances are satisfied. In particular, if IG is the higher-accuracy integral estimation (obtained
with the 7-point Gaussian weights) and IK is the lower-accuracy integral estimation (obtained with the 3point Kronrod weights), the algorithm continues until |IK − IG | ≤ max (Abs.Tol., |IK | Rel.Tol.). Usually,
the accuracy and computational time of the integration are determined by the relative tolerance. However,
if the integral is sufficiently small, the absolute tolerance threshold becomes predominant. Therefore, it
is important to investigate the importance of such tolerances in the specific case of NLFK forces.
In normal operational conditions (excluding parametric resonance condition), a planar wave induces a
zero-mean planar (surge, heave, and pitch) hydrodynamic excitation (diffraction and dynamic FK forces)
on axisymmetric devices. However, NLFK forces also comprises of the static FK component, which has
zero mean in surge and pitch, but has positive mean in heave, equal to the static pressure integral over
the wetted surface. This can be seen in the two top graphs in Figure 4, showing a time trace over a period
of the heave NLFK force (top-left) and pitch NLFK force (top-right) for a representative regular wave of
2m height and 1rad/s frequency, impacting the Corpower-like device, kept fixed at the rest position.
Forces in Figure 4 are computed for all combinations of 3 relative tolerances (10−1 , 10−2 , 10−3 ) and 9
logarithmically-equally spaced absolute tolerances, between 10−2 and 10−2 . However, no difference can
be appreciated, showing that the accuracy of the integration is significantly insensitive to such a range
of tolerances (further quantification of the error depending on the accuracy is provided in Figures 5 and
6). Figure 4 also shows the computational time (tcomp ) for the evaluation of the individual NLFK force
component at each of the 200 time instants the wave period is divided into. In order to average out
stochastic variability of such small computational times, each tcomp is computed as the average of 100
measures. The computational time for heave is about 1.5ms and is insensitive to both tolerances and
to the value of the integral, which is always of the same order of magnitude (about 2 · 106 ). On the
contrary, tcomp in pitch is about constant only in regions where the NLFK force is large, and is equal to
about 2.8ms. Nevertheless, as the relative tolerance becomes smaller, there is a significant increase of the
computational time in regions where the force is almost zero, reaching peaks of 8.2ms (almost a 3-fold
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Figure 4: On the top left and right, respectively, the nonlinear Froude-Krylov forces in heave and pitch for a
Corpower-like device, fixed in the rest position, for a wave with 1rad/s frequency and 2m height. Below, the
computational time for each time instant, each one computed as the average of 100 samples, are shown for three
relative tolerances (from second to fourth rows) and 9 absolute tolerances (colour bar).

increase). Both height and width of such an increase are inversely proportional to the absolute tolerance.
Therefore, in order to reduce the computational burden, it is important to choose wisely the relative and
absolute tolerances, especially taking into account the values that the integral is expected to have.
A more throughout analysis of the sensitivity of the accuracy/computational time compromise to relative
and absolute tolerances is necessary. Similarly to Figure 4, considering the device at rest, one wave period
of a regular wave (frequency of 1rad/s and height of 2m) is divided into 200 instants, in order to take the
variability of the integrand into account. The nonlinear static and dynamic Froude-Krylov force (FFK )
is computed in all DoFs, since nonlinear FK model may be used to investigate floaters under parametric
resonance conditions [22]. One representative computational time to compute one time-instance of FFK
for each DoF (tcomp (DoF)) is computed as the mean of all the time instants over a period. Note that such
a measurement is averaged over 10 repetitions, in order to reduce stochastic variations.
A refined grid of absolute and relative tolerances is considered, taking all combinations of 33 logarithmically equally spaced tolerances between 10−4 and 104 . The integral using the smallest relative and
absolute tolerances is taken as the accuracy benchmark. An estimate of the error is the root mean square
error (rms) of the difference between the FFK at a given combination of tolerances and the benchmark.
Figure 5 shows the error estimate (on the top) and the time step for a single force evaluation (on the
bottom) for 5 DoFs (surge, sway, heave, roll, and pitch). Note that the standard deviation (std) of each
force component is reported on the top of Figure 5, in order provide a reference to weight the importance
of the absolute error estimate. Moreover, note that, since FFK in sway and roll is very small in absolute
value and several orders of magnitude smaller than other DoFs, a relative error metric could be mislead-
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Figure 5: Absolute error (top line) and mean computational time for single evaluation (bottom line) for the calculation of nonlinear Froude-Krylov forces in surge, sway, heave, roll, and pitch (from left to right). Values are
computed for a regular wave of 1rad/s frequency and 2m height, for a Corpower-like device fixed at rest position.

ing. On the other hand, the absolute error is more meaningful because it can be directly compared with
the inertial and dynamical properties of the system.
Figure 5 shows that the error in heave is negligible and significantly insensitive to the choice of tolerances; likewise the computational time shows small variations, from 1.2ms to 1.9ms per evaluation. Such
an insensitivity is due to the non-zero mean of the heave force, as already shown in Figure 4. Moreover,
it suggests that first approximations of the integration algorithm have already high accuracy, and few
refinements are needed, probably thanks to the smooth nature of the integrand function.
Similarly to heave, also surge and pitch show a relatively small absolute error, compared to the standard
deviation, apart from the upper bound of the relative tolerance range. Moreover, although insensitive
to the absolute tolerance, there is a significant degradation of the performance as the relative tolerance
increases. However, since surge and pitch FK forces have zero mean, the error increases when the integral
is close to zero (if the relative tolerances are too large). Likewise, similarly to Figure 4, since additional
iterations are needed to compute integrals close to zero, the computational time increases with decreasing
relative tolerances, ranging from 1.5ms to 5ms per evaluation (larger variability then the zero-mean heave
force). Note that, in general, surge and pitch require more time than heave.
Finally, note that the computational time required by the sway and roll DoF is significantly larger than
the other DoFs, and it is mainly depending on the absolute tolerance. In fact, for a vertical buoy at rest,
sway and roll FK forces are ideally null, and the algorithm requires a high number of iterations to obtain
the required accuracy. However, the dynamical system, due to its inertial properties, is insensitive to such
small forces and torques, so that large relative errors become irrelevant. On the other hand, a real system
is never exactly at a position equal to zero. Therefore, applying small perturbations to each DoF is not
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Figure 6: As in Figure 5, but with a perturbation of the device position of 0.01m in the translational DoFs and 0.5◦
in the rotational DoFs.

only more realistic, but can have a highly beneficial impact on the computational time without affecting
the dynamics of the system. In order to quantify this aspect, Figure 6 shows the same results of Figure
5, but assuming a small perturbation of all 5-DoFs, namely x = y = z = 0.01m and φ = θ = 0.5◦ . Such a
perturbation makes the standard deviation of sway increase from 1.1 · 10−7 N (see Figure 5) to 2.1 · 103 N,
which is still 2 orders of magnitude smaller than the surge force. Similarly, the small perturbation makes
the standard deviation of roll increase from 1.2 · 10−5 Nm (see Figure 5) to 2.5 · 103 Nm, which is still 2
orders of magnitude smaller than the pitch torque. However, the computational time of sway and roll
undergo a multi-fold decrease, from a maximum of 16ms in Figure 5 to a maximum of 4ms in Figure 6.
Moreover, the trends of the computational time maps of sway and roll become similar to the trends of
sway and roll.
4

Conclusions and guidelines

This paper presents a mathematical framework for computationally efficient calculation of surface integrals over a time-varying surface of an axisymmetric body. The specific application case herein discussed
is the calculation of nonlinear Froude-Krylov forces, for which there exist an open-source Matlab demonstration toolbox [1]. This paper details the strategy to compute the intersection between the floater and
the free surface elevation. The numerical integration algorithm is also investigated, highlighting the impact of the integrand characteristics on the computational time and accuracy. Furthermore, a sensitivity
to the relative and absolute tolerances is performed. In general, it is suggested to take into account both
the expected values of each computed force, as well as the dynamical properties of the system to define
the absolute tolerance, since floaters usually behave as low-pass filters. A reasonable starting guess is to
use an absolute tolerance about 6 orders of magnitude lower than the inertia and a relative tolerance of
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about 10−2 . However, it is highly suggested to perform further sensitivity analysis, since such tolerances
depend on both the system under analysis and the objective pursued by the numerical model. Finally,
in case of a multi-DoF simulation, it is suggested to avoid initial conditions of exactly zero, which significantly degrade the computational performance. Conversely, for virtually no change in the dynamic
response of the system, it is suggested to apply a small perturbation to the initial condition.
Acknowledgement This research has received funding from the European Research Council (ERC)
under the European Union’s Horizon 2020 research and innovation program under Grant No. 832140.
REFERENCES
[1] G.
Giorgi,
Nonlinear
Froude-Krylov
doi:10.5281/zenodo.3544848.

Matlab

demonstration

toolbox

(2019).

[2] G. Giorgi, R. P. F. Gomes, G. Bracco, G. Mattiazzo, Numerical investigation of parametric resonance due to hydrodynamic coupling in a realistic wave energy converter, Nonlinear
Dynamicsdoi:10.1007/s11071-020-05739-8.
[3] J. V. Ringwood, A. Merigaud, N. Faedo, F. Fusco, An Analytical and Numerical Sensitivity and
Robustness Analysis of Wave Energy Control Systems, IEEE Transactions on Control Systems
Technology (2019) 1–12doi:10.1109/tcst.2019.2909719.
[4] S. A. Sirigu, L. Foglietta, G. Giorgi, M. Bonfanti, G. Cervelli, G. Bracco, G. Mattiazzo, TechnoEconomic Optimisation for a Wave Energy Converter via Genetic Algorithm, Journal of Marine
Science and Engineering 8 (482). doi:10.3390/jmse8070482.
[5] F. Wendt, K. Nielsen, Y.-h. Yu, H. Bingham, C. Eskilsson, B. Kramer, A. Babarit, T. Bunnik,
R. Costello, S. Crowley, G. Giorgi, S. Giorgi, S. Girardin, D. Greaves, Ocean Energy Systems
wave energy modeling task : modeling , verification , and validation of wave energy converters,
Journal of Marine Science and Engineering 7 (379) (2019) 1–22. doi:10.3390/jmse7110379.
[6] E. Ransley, S. Yan, S. Brown, D. Graham, P.-H. Musiedlak, C. Windt, J. Ringwood, J. Davidson,
P. Schmitt, J. X. H. Wang, Q. Ma, Z. H. Xie, G. Giorgi, J. Hughes, A. Williams, I. Masters, Z. Lin,
H. Chen, L. Qian, Z. Ma, D. Causon, C. Mingham, Q. Chen, H. Ding, J. Zang, J. van Rij, Y. Yu,
N. Tom, Z. Li, B. Bouscasse, G. Ducrozet, H. Bingham, A blind comparative study of focused
wave interactions with floating structures ({CCP-WSI Blind Test Series 3}), International Journal
of Offshore and Polar Engineering 30 (1) (2020) 1–10. doi:10.17736/ijope.2020.jc774.
[7] G. Giorgi, R. P. Gomes, J. C. Henriques, L. M. Gato, G. Bracco, G. Mattiazzo, Detecting
parametric resonance in a floating oscillating water column device for wave energy conversion: Numerical simulations and validation with physical model tests, Applied Energy 276.
doi:10.1016/j.apenergy.2020.115421.
[8] G. Giorgi, J. V. Ringwood, Articulating parametric nonlinearities in computationally efficient hydrodynamic models, in: Proceedings of the 11th IFAC Conference on Control Applications in
Marine Systems, Robotics, and Vehicles, Opatija, 2018.
[9] M. Lawson, Y.-H. Yu, A. Nelessen, K. Ruehl, C. Michelen, Implementing Nonlinear Buoyancy and

3436

Giuseppe Giorgi, Giovanni Bracco and Giuliana Mattiazzo

Excitation Forces in the WEC-Sim Wave Energy Converter Modeling Tool, in: ASME 2014 33rd
International Conference on Ocean, Offshore and Arctic Engineering,San Francisco, CA, American
Society of Mechanical Engineers, 2014.
[10] H. Wang, A. Somayajula, J. Falzarano, Z. Xie, Development of a Blended Time-Domain Program
for Predicting the Motions of a Wave Energy Structure, Journal of Marine Science and Engineering
8 (1) (2019) 1. doi:10.3390/jmse8010001.
[11] G. Giorgi, J. V. Ringwood, Analytical representation of nonlinear Froude-Krylov forces for 3DoF point absorbing wave energy devices, Ocean Engineering 164 (2018) (2018) 749–759.
doi:10.1016/j.oceaneng.2018.07.020.
[12] G. Giorgi, J. V. Ringwood, Parametric motion detection for an oscillating water column spar buoy.,
in: Proceedings of the 3rd International Conference on Renewable Energies Offshore RENEW,
Lisbon, 2018.
[13] G. Giorgi, R. P. F. Gomes, G. Bracco, G. Mattiazzo, The effect of mooring line parameters in
inducing parametric resonance on the Spar-buoy oscillating water column wave energy converter,
Journal of Marine Science and Engineering 8 (1) (2020) 1–20. doi:10.3390/JMSE8010029.
[14] K. R. Tarrant, C. Meskell, Investigation on parametrically excited motions of point absorbers in
regular waves, Ocean Engineering 111 (2016) 67–81. doi:10.1016/j.oceaneng.2015.10.041.
[15] J.-C. Gilloteaux, A. Babarit, G. Ducrozet, M. Durand, A. H. Clément, A non-linear potential model
to predict large-amplitudes-motions: Application to the searev wave energy converter, Proceedings
of the International Conference on Offshore Mechanics and Arctic Engineering - OMAE 4 (2007)
934–940. doi:10.1115/OMAE2007-29308.
[16] G. Bracco, M. Casassa, E. Giorcelli, G. Giorgi, M. Martini, G. Mattiazzo, B. Passione, M. Raffero,
G. Vissio, Application of sub-optimal control techniques to a gyroscopic Wave Energy Converter,
in: Renewable Energies Offshore, 2014, pp. 265–269.
[17] S. A. Sirigu, G. Bracco, M. Bonfanti, P. Dafnakis, G. Mattiazzo, On-board sea state estimation
method validation based on measured floater motion, IFAC-PapersOnLine 51 (29) (2018) 68–73.
doi:10.1016/J.IFACOL.2018.09.471.
[18] T. I. Fossen, Handbook of marine craft hydrodynamics and motion control, John Wiley & Sons,
Chichester, West Sussex, PO19 8SQ, United Kingdom, 2011.
[19] G. Giorgi, CCP-WSI Blind Test Series 3: A Nonlinear Froude-Krylov Modelling Approach, 13th
European Wave and Tidal Energy Conference 30 (1) (2019) 36–42. doi:10.17736/ijope.2020.jc777.
[20] J. H. Todalshaug, G. S. Asgeirsson, E. Hjálmarsson, J. Maillet, P. Möller, P. Pires, M. Guérinel,
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This study focuses on a numerical analysis for the motion and the wave dissipation of lane
rope which is used in large swimming pool as a means to divide the pool. The lane rope is
connected with multiple floats and the tension acting on the float was considered as the
restoring force that is proportional to the distance from the initial position. A threedimensional analysis on how a wave is influenced by the shape and the rotation of the lane
rope float was performed. The wave dissipation effect was evaluated using the kinetic energy
of water. The result showed that the kinetic energy of water changed depending on the
number of blades and the rotation of the float.
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Fig. Schematic showing a moving lane rope floats
and water surface.
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Numerical simulations of the sloshing phenomena of the liquid inside of a tank with the regular and irregular tank motions are carried out. An in-house structured CFD solver [1] which is capable the moving
grid technique is used. The governing equations are 3D Navier-Stokes equations for the incompressible
flow. An interface capturing method based on the single phase level-set approach is employed to capture
free surface of the liquid. The LNG tank shape which has the experimental data is utilized [2]. The sway
motion of the LNG tank is taken account by the grid velocity which is introduced by the amount of the
displacement of the computational grid based on the tank motion. First, the regular sway motion is enforced to examine the occurrence of the swirling phenomena which the liquid rotates inside of the tank,
and the time histories of the pressure at the positions on the tank wall are validated. Next, the irregular
tank motion which is based on the RAO of the ship motion in irregular waves and the power spectrum of
the wave is enforced, and the difference of the hydrodynamic forces of the tank between the regular and
irregular motions are examined.

Figure 1: Left:Instantaneous view of free surface of the liquid inside of tank at swirling condition, right: time
history of hydrodynamic longitudinal and lateral forces
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A numerical model enabling the coupled resolution of the Navier-Stokes equations and the Laplace
equation in the context of waves-structure interactions is presented. The general purpose CFD open
source code Code Saturne developed at EDF R&D is used to model the complex water dynamics and
free surface deformations in the vicinity of structures, under different wave regimes. It solves the viscous
Navier-Stokes equations based on a co-located finite volume scheme. A Volume of Fluid (VOF) strategy
is used for free surface capturing. Further away from the structure of interest, the free surface is well
defined and it can be described by a fully nonlinear potential flow model relying on the more stringent
assumptions of inviscid fluid and irrotational flow. The code used for this task (a modified version of [1])
solves the Laplace equation by means of the Boundary Element Method (BEM), tracking the position
of the free surface with a moving mesh. The calculation domain is thus divided into two overlapping
regions, with the far wave field solved by the BEM and the near wave field with the VOF method. The
two domains exchange velocity and free surface position information as boundary conditions on the
matching interfaces. Overlapping zones are used as buffer zones to match free surface positions at the
end of each time step. We apply this coupling strategy in two-dimensional situations in the vertical plane
(x,z) to the propagation, reflection and run-up of 2D solitary waves, and use this well-defined test case to
study the behavior of the coupling algorithm in comparison to others (e.g., [2,3]), as well as to theoretical
and experimental results.
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ABSTRACT
The immersed boundary method (IBM) is a methodology for dealing with boundary
conditions at fluid–fluid and fluid–solid interfaces. It has been attracting growing attention in
the recent years due to its simplicity associated with mesh processing. Great effort has been
made to develop its new features and promote its applications in new areas [1].
The aim of this Minisymposium is to highlight the latest progresses in the IBM. We
encourage submissions on the strategies to address the challenges in the IBM such as high
Reynolds number flows, fluid-structure-acoustics interaction and fluid-structure interaction
involving multi-phase flows. The applications of the IBM in fundamentals and engineering
sciences are also welcome.
For any further request, please contact the Minisymposium organizer:
f.tian@adfa.edu.au
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The immersed boundary method has attracted growing interest in CFD research community due to its
simplicity in dealing with moving boundaries [1]. In the diffused interface immersed boundary method,
a discrete delta function is introduced to account for the boundary effects on the fluid, which causes
the diffusion of the boundary interface. Therefore, the diffused interface immersed boundary method
requires higher grid resolution in the vicinity of the immersed boundaries to get a better representation of
the boundary. A strategy for the application of diffused interface immersed boundary–lattice Boltzmann
method is introduced in the simulation of channel flow. The developed numerical method has been
examined in the simulation of Poiseuille flow, asymmetric stenosis and the fluid-structure interaction of
collapsible channel flow. Results show that the current solver is able to accurately predict the velocity
profile, pressure distribution and wall shear stress within the channel. The developed numerical method
is simple and efficient, which makes it easier to develop the three-dimensional fluid-structure interaction
solver.
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A monolithic projection framework for constrained FSI problems with the
immersed boundary method
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A monolithic projection framework for constrained fluid-structure interaction (CFSI) problems
is proposed to solve multi-structure and multi-constraint problems. Immersed boundary method
(IBM) in the continuous forcing form is used to evaluate the constraint force on the fluidstructure interface due to the no-slip boundary condition. Besides, constraints from material
properties and inter-structure dynamics are uniformly considered. All subsystems are
assembled into a monolithic system and solved efficiently with approximate LU decomposition.
The overall system structure and solving procedure are further represented using the call graph.
Decoupling procedure is then described as traversing the call graph, while different decoupling
sequences correspond to different call graph structures. Simulations of the flapping filament,
flapping flag, windsock waggling and parachute deploying cases are conducted to examine the
accuracy, efficiency and capability for enforcing bilateral and unilateral constraints of the FSI
systems, respectively. The results show the second-order accuracies both temporally and
spatially, over 10 times improvement in the maximum time step and 10 to 1000 times smaller
constraint solving error with the same time step. The decoupling sequence of the constraint
system is also tested, and the results show that the constraint error can be improved by
promoting the corresponding node in the call graph, while the error of the internal constraint
can still be bounded by the general second-order error estimation.

Figure 1: Isosurface of 2 = −1.0 for a falling parachute at different Reynolds numbers: (a)
Re = 200 ; (b) Re = 500 ; (c) Re = 1000 . Other parameters are kept the same, i.e.  s = 10 and

Fr = 0.2 , where  s is the relative density of the payload.
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In this paper we propose a new immersed boundary method for simulating the interaction between compressible fluids and moving structures. We take a partitioned coupling strategy which
consists of three parts: fluid solver, structure solver and fluid-structure boundary treatment.
The fluid solver is implemented by a second order finite volume scheme, while the structure is
solved by either a rigid body solver or an implicit finite element solver depending on problem
types. For the boundary treatment, we propose a prediction-correction method to impose the
boundary conditions. A multi-level marking algorithm is employed to determine the direction
from the inside of the structure to the outside. Following the direction, the predicted states of
the fluid are corrected through conservative transporting operations. The present method has
three remarkble features when compared with other immersed boundary methods: (1) It keeps
mass and energy conservative strictly, which is a significant condition to stablize the system
when solving the fluid-structure interaction(FSI) problems involving fast moving structures.
Additionally, the present method requires no geometric information of cut-cells when enforcing the conservation laws, overcoming the limitation of another conservative method reported
by [1]. (2) It avoids the cross-boundary fitting or interpolation, e.g., the moving least square
method[2], when imposing the no-slip condition. No singularity problem arises when treating
complex-shaped or moving structures. (3) It reduces the computation cost and supports distributed parallelization. We also demonstrate the parallelization strategy for the present method
in this paper. Several 1D and 2D numerical experiments show that our method is capable to
obtain convergent results, agreeing well with the published data. We conclude that the present
method has the potential to solve more complex FSI problems.
REFERENCES
[1] Monasse, L., Daru, V., Mariotti, C., Piperno, S., and Tenaud, C. A conservative coupling
algorithm between a compressible flow and a rigid body using an Embedded Boundary
method. Journal of Computational Physics. (2012) 231(7):2977–2994.
[2] Qu, Y., Shi, R., and Batra, R. C. An immersed boundary formulation for simulating highspeed compressible viscous flows with moving solids. Journal of Computational Physics.
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We present an embedded approach for the numerical solution of contact problems between multiple
elastic structures immersed in a fluid flow. This approach is designed to simulate the full dynamics of
a bio-prosthetic heart valve. We model the blood-valve interaction, the blood-aortic wall interaction,
and the contact among leaflets during the valve closure. The solid bodies are modelled as hyperelastic
anisotropic materials, whereas the fluid is regarded as a Newtonian flow. The mathematical modelling
of such material properties and the contact mechanics give rise to a large-scale nonlinear problem which
is both challenging and computationally expensive to solve. Furthermore, the assembly of such system
is also challenging due to the requirement of handling coupling conditions between solid and fluid and
the contact conditions between solid surfaces which are in contact, in particular in a parallel-computing
environment where the geometric data is arbitrarily distributed and unrelated.
Our approach employs a parallel-tree search algorithm for assembling the coupling and contact conditions [1] in combination with a fictitious domain approach inspired by [2]. In particular, we employ a
localized version of the L2 -projection for handling the fluid-structure volumetric coupling and a variant
of the mortar method for coupling the surfaces of the structures in contact.
The presented strategy is verified through numerical benchmarks and finally employed to model the
dynamics of a bio-prosthetic heart valve placed in the aortic root.
REFERENCES
[1] R. Krause, P. Zulian. A parallel approach to the variational transfer of discrete fields between
arbitrarily distributed unstructured finite element meshes. SIAM Journal on Scientific Computing.
(2016) 38(3):C307-33.
[2] M. G. C. Nestola, B. Becsek, H. Zolfaghari, P. Zulian, D. De Marinis, R. Krause, D. Obrist. An
immersed boundary method for fluid-structure interaction based on variational transfer. Journal of
Computational Physics. (2019) 398:108884.
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Jingtao Ma1 , Zhen Wang2 , Yi Sui2 and Fang-Bao Tian1
1

2

Engineering and IT, University of New South Wales, Canberra, ACT 2600, Australia
Engineering and Materials Science, Queen Mary University of London, London E1 4NS, UK

Key Words: Immersed Boundary Method, Lattice Boltzmann Method, Fluid-Structure Interaction, Viscoelastic Fluids
An immersed boundary-lattice Boltzmann method (IB-LBM) for fluid-structure interaction (FSI) problems involving viscoelastic fluids and complex geometries is presented [1, 2]. In this method, the fluid
dynamics and the constitutive equations of viscoelastic fluids are both solved by using the LBM [3]. In
order to enhance the numerical stability in solving the constitutive equations, an artificial damping is
introduced which does not affect the numerical results if the damping effect is much smaller than the
relaxation and the convective effects. The structure dynamics including 2D and 3D capsules, 2D and 3D
rigid particles and flags are solved by the finite difference and finite element method. The interaction
between the solid structure and the fluid is enforced by an immersed boundary method (IBM) [4]. The
overall framework of this method is very efficient for FSI problems involving high Weissenberg numbers
flows, large deformations and complicated geometries without any preconditioner. The present method
and models are validated by several cases including both 2D and 3D cases. The numerical results are successfully validated against the previous experimental and numerical results, demonstrating its excellent
performance in modelling FSI problems at high Weisenberg numbers. In addition, the present method
is also applied to simulate the deformation of 2D and 3D capsules in an Oldroyd-B shear flow, a 3D
flag flapping in an Oldroyd-B uniform flow, and elastic capsules movement in a contraction-expansion
channel filled with an Oldroyd-B fluid. The validations and applications provide well documented benchmarks which may be used to expand the currently limited data base of fluid-structure interaction benchmark study.
REFERENCES
[1] Ma, J., Xu, L., Tian, F. B., Young, J. and Lai, J. C. S. Dynamic characteristics of a deformable
capsule in a simple shear flow. Phys. Rev. E (2019) 99: 023101.
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boundary method. J. Comp. Phys. (2018), 375, 22–56.
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The flight strategy using flapping wing has recently drawn considerable attentions due to its high performance and low noise emission. Extensive studies were focusing on the wing aerodynamics, leaving
its acoustics not well studied. Uncovering the relationship between the aerodynamics and acoustics can
provide direct guides for engineering applications. In this work, an immersed boundary (IB) method and
its application on modelling sound generation by flapping wing are presented. In this method, the fluid
and structural dynamics are solved by a finite difference method and finite element method, respectively.
The no-slip boundary condition at the fluid–structure interface is achieved by using a diffusion-interface
penalty IB method. With the above proposed method, the aeroacoustics field generated by the moving
boundaries and the associated flows are inherently solved. Several validations including sound scattered
by a rigid cylinder/sphere, sound generation of flow around a stationary cylinder and sound generation by
a micro aerial vehicle are conducted. The sound generation by flapping wings is further studied by using
the proposed numerical method, where the prescribed motion of the wing leading edge, structure-to-fluid
mass ratio and the wing flexibility are systematically examined.
REFERENCES
[1] Wang, L., Currao, Gaetano M.D., Han, Feng, Neely, Andrew J., Young, John and Tian, F.-B.,
An immersed boundary method for fluid–structure interaction with compressible multiphase flows.
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[2] Wang, L. and Tian, F.-B., Numerical study of flexible flapping wings with an immersed boundary
method: Fluid–structure–acoustics interaction. Journal of Fluids and Structures (2019) 90:396–
409.
[3] Wang, L., Tian, F.-B. and Lai, J.C.S., An immersed boundary method for fluid–structure–
acoustics interactions involving large deformations and complex geometries. arXiv preprint,
arXiv:1905.00182. (2018).
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We present the development of an in-house fluid-structure interaction (FSI) solver and employ
the solver for state-of-the-art applications in energy harvesting and thermal augmentation. An
implicit partitioned approach is utilized to couple a sharp-interface immersed boundary method
based flow solver and a finite-element method based structural solver [1]. The implicit coupling
has been accelerated using a dynamic under-relaxation scheme. The solver was validated
against the FSI benchmark, proposed by Turek and Hron [2], in which a thin, finite thickness,
elastic splitter plate is attached to the lee side of a circular/square rigid cylinder, subjected to
laminar flow. In this two-dimensional benchmark, Reynolds numbers (Re), based on cylinder
diameter is 100 and the flow induces a wave-like deformation in the plate, and it attains a
periodic self-sustained oscillation. We discuss the modal analysis and spatial distribution of
strain in the plate for different cases of the plate length. Further, we employ the FSI solver for
analysis of vortex-induced vibration (VIV) of a cylinder, with applications in energy harvesting
and thermal augmentation. Benchmark validations for coupled VIV-thermal buoyancy at Re =
150 are carried out [3]. The suppression and agitation of VIV due to thermal buoyancy are
discussed along with lock-in characteristics and wake structures in the downstream. A
piezoelectric energy harvesting model is integrated with VIV of a D-cylinder and galloping of
the D-cylinder is utilized to demonstrate broadband energy harvesting. Finally, we discuss heat
transfer enhancement due to VIV and galloping of a D-cylinder in a heated channel, as a passive
thermal augmentation technique [4].
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pp 023603, 2018
[4] Soti A. K., Bhardwaj R., Sheridan J. Flow-induced Deformation of an Elastic Plate as
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Late-stage-kidney-disease patients rely on hemodialysis for the maintenance of their regular
lives. Arteriovenous graft (AVG) is one of the commonly used devices for dialysis. However,
this artificial created shunt may get clotted and eventually causes the dialysis to fail [1]. The
culprit behind the AVG clotting and failure is the intimal hyperplasia (IH), the gradual
thickening of vein-wall in the vicinity of the vein-graft conjunction The IH initialization is a
complicated biological, chemical, and physical process and is related to the alteration of the
wall shear stress (WSS) and wall normal stress (WNS) on the vein induced by AVG implant
[2]. As the progression of the IH, the vein lumen near the AVG opening gradually gets narrower
and narrower towards a full closure of the lumen. As a consequence, the blood flow through
the anastomosis and the resultant WSS, WNS, OSI are altered accordingly. In this work we
investigate the effects of the IH development, including its location and severity on the flow
and force fields in the AVG anastomosis. The stenosis is modelled in the shape of a Gaussian
function with different height, spread, and location. The blood is modelled as a viscous
incompressible fluid, and the blood flow (pulsatile) is modelled by the lattice Boltzmann
equations (D3Q19) [3-4]. The fluid-structure-interaction is modelled by the immersed boundary
(IB) framework [5-6]. Our computational results show that the IH severity has the most
influence on the WSS, WNS, and the axial OSI. The stenosis location and flow pulsatility have
little effect on flow and force fields. Our results indicate that the progression of the IH tends to
accelerate the closure of the vein lumen.
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When simulating the flow around bodies of complex geometrical shapes or moving solids the
body-fitted mesh generation becomes extremely costly and difficult. To avoid these difficulties,
the immersed boundary methods have been actively developed in the recent decades. This
alternative approach ensures the satisfaction of solid-wall boundary conditions without using
the body-fitted meshes. The Brinkman penalization method, one of the volume penalization
family, simulates solids as porous media. Originally it was developed for incompressible flows
and later adapted for compressible [1] and inviscid [2] flows. Despite the fact that these methods
are justified only for the problems with the Dirichlet boundary conditions, they can also be used
to model subsonic flows with adiabatic surfaces, i.e., the Neumann conditions for temperature.
However in the case of trans- and supersonic flows with adiabatic walls, the usage of these
methods remains questionable.
The characteristic based volume penalizastion method given in [3] allows us to generalize the
volume penalization techniques to the Neumann and Robin boundary conditions. Thereby it
provides the correctness of the mathematical model describing both inviscid and viscous transand supersonic flows with the adiabatic boundary conditions.
We implements this new approach on unstructured meshes and verify its efficiency by
simulating flows with shocks.
The work is supported by the Russian Science Foundation (Project 16-11-10350).
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The serrated trailing edges of a wing can affect the broadband noise and wide range studies
have been taken numerically or experimentally to discover its mechanism [1] [2]. But few of
them have involved the flapping wing. In this case, the noise emitted by two flat plate wings
under the prescribed motions (pitching and heaving) with straight and serrated trailing edge
respectively will be compared. The hybrid-splitting method couples the CFD and Farassat
formula 1A to obtain the acoustic pressure at a certain location, wherein the solutions from CFD
will act as the inputs for Farassat formula 1A. For the flapping wing, the Immersed Boundary
method is utilized to deal with the moving boundary.
The flow is set to be laminar and its Reynolds number is 1,000. The acoustic pressure at 90
degrees to the incoming flows at r = 100c (c is chord length) for the straight and serrated trailing
edge in time series is presented below. From Fig.1, it can be concluded that not much difference
has been found in this case.

Figure.1 Acoustic Pressure at r = 100c, for straight trailing edge (blue) and serrated trailing
edge (red)
REFERENCES
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We will present FsiPy, a parallel framework for testing different Non-Boundary Conforming (NBC)
Fluid-Structure Interaction (FSI) methods. The Immersed Boundary (IB) method introduced by C. Peskin in 1972 [1] gave rise to a wide variety of NBC methods for simulating FSI problems. These ramifications have been accompained by strong confusion regarding advantages and limitations of each scheme,
rendering the need for a systematic comparative study. To assess the performance of each method we
have considered an experimental approach: FsiPy is a Finite Element (FE) code in which different methods can be rapidly implemented, tested and optimized. It has been designed with an object-oriented approach which allows for a strong modularity among problems to be coupled, easing the implementation
of different FSI methods. MPI communication is used to parallelize among domain partitions, providing
further insight on the implementation of FSI applications with high computational requirements due to
complex geometries and/or large Reynolds numbers. In contrast to Boundary Conforming methods (eg:
Arbitrary Lagrangian-Eulerian), NBC methods are well suited for problems involving large movements
and/or deformations of the fluid-solid interface, such as those typically encountered in biomechanics. We
will present a performance assessment of multiple NBC FSI methods such as Peskin’s classic IB method
[2] and Zhang’s mIFEM [3]. We will also analyze the effect of using different functions to interpolate
variables between fluid and solid domains: FE and Kriging among other interpolators. Finally, potential
applications of FsiPy in High Performance Computing FSI simulations will be discussed.
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It has long been observed that fishes can adapt to different flow environments and achieve different goals.
Typical examples include point-to-point swimming to capture prays, holding position in a uniform stream
to feed on the microorganisms (Rheotaxis), and holding position in a Karman vortex street to save energy
(Baker and Montgomery, 1999; Liao, 2004). The realization of such behaviours has not been fully
understood and reproducing those behaviours in man-made fish-like robots remains a great challenge
(Liao, 2007).
In this work, we intend to reproduce these behaviours numerically by simulating the motion of a fully
self-propelled smart swimmer with a hybrid numerical method combining a deep reinforcement learning
algorithm with an immersed boundary lattice Boltzmann method (IB-LBM). The swimmer propels itself
by generating a wave propagating from head to tail. The amplitude and frequency of the wave can
be altered each half a period, which is called an action. The deep reinforcement learning algorithm is
responsible for choosing a specific action based on the information from the IB-LBM algorithm. Then
the IB-LBM algorithm simulates the interaction between the swimmer and its environment for half a
period and input new information into the deep reinforcement learning algorithm. Based on the new
information, the deep reinforcement learning algorithm chooses a new action. By repeating this process
again and again, the swimmer continuously learns to achieve its goals.
Our results show that the swimmer is able to achieve all these behaviours by continuously sensing its own
position, velocity or the surrounding pressure and correctly controlling the vortex in the environments. It
will provide a deeper understanding of the realization of those behaviours including the role of different
sensory information and the underlying vortex control mechanisms.
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The falling of a plate is a simply posed problem that offers complex fluid-structure interactions.
It also gives rise to different flow structures in relation to specific flight patterns of a plate such
as autorotating tumble, side-to-side flutter, or constant abrupt turning in a chaotic manner
depending on the Reynolds number (Re) and the non-dimensional moment of inertia (I*).
However, in actual falling flights such as tree leaves and organisms, the bodies possess
flexibility. It is thus of interest to depict how flexibility affects the flight pattern of a plate. Here,
direct numerical simulation is used to portray the unsteady FSI, as depicted in Fig. 1. A
structured Cartesian grid is adapted to facilitate a plate’s free trajectory in a large domain. The
Navier-Stokes equations are solved via the upper-lower decomposition method. The effect of
the flow on the solid plate is transferred through the immersed boundary (IB) method. A strictly
spatially dependent stencil of the IB is adapted to provide a solution to the fourth-order beam
equation via the pent-diagonal matrix algorithm. Comparing to the conventional method that
couples with the temporal domain, this enables stability of solution through a range of bending
rigidity, k, spanning from an effectively rigid plate at k=50 to a plate that behaves like a film at
k=0.01. At Re=80 and I*=0.7, a stiff tumbling plate becomes chaotic at k=0.02, and eventually
flutters at k=0.01. At Re=200 and I*=0.5, the originally tumbling plate engages to chaotic
trajectory at k=0.06, and finally flutters at k=0.01. The simulations suggest that the changes in
flight states occur within a relatively range of 0.01<k<0.1. As the flight states are closely related
to the torque effected on the plates by the fluid, the finding supports the fact that the flow
pressure and recirculation that incur on the plate become the sources of bending, as oppose to
rotation, of the plate.

Figure 1. Schematic of a falling flexible plate
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The oral route is used most frequently for drug administration in humans but it is also the most
complex way for an active pharmaceutical ingredient (API) to enter the body. This complexity
is because drug absorption via the gastrointestinal tract depends not only on factors related to
the drug and its formulation, but also the fluid dynamics and stomach motility [1]. The current
approach to assessing/quantifying drug dissolution relies primarily on in-vitro models. The USP
dissolution apparatus (I-IV) are the de-facto standard in this arena but a variety of studies have
shown the significant shortcomings of these devices for mimicking the conditions of the
stomach. In this regards, computational modeling of drug dissolution in biomimetic models of
the stomach have the potential to overcome many limitations of in-vitro models. In the present
study, we model the drug dissolution in the anatomical model of stomach using the immersed
boundary method based, fluid-structure interaction simulations. An anatomical model of human
stomach is constructed from in-vivo imaging “Virtual Population” data library (IT’IS
Foundation [2]). The present study is focused on modeling drug dissolution accompanied by a
liquid base. The liquid flow in the stomach is solved by the incompressible Navier-Stokes
equations using an immersed boundary method [3]. The drug (pill) trajectory and motion are
simulated via a six-degree of freedom (6DOF) model of Newton’s Second Law, and this
equation is implicitly coupled with the flow equations. The pill dissolution and release of API
are resolved by directly solving the convection-diffusion equation for the API concentration.
Simulations are performed for two different pill densities (specific gravity = 1.0 and > 1.0). The
pill trajectory, local API concentration, and overall dissolution rate are analyzed in details. The
effects of pill density and the interaction with the retropulsive jet on the dissolution
characteristics are also discussed.
REFERENCES
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ABSTRACT
Immersed methods do not require computational meshes to be conforming to the physical
domain in which the problem is defined. This feature has enabled immersed methods to
effectively tackle a large variety of problems such as, e.g., fluid-structure interaction
applications involving large displacements and topology changes, handling trimmed CAD
surfaces in isogeometric analysis, multi-phase flow applications in CFD, and challenging
optimization applications.
This mini-symposium aims at bringing together researchers with different backgrounds to
discuss and exchange new ideas and results related with immersed boundary/fictitious
domain/embedded methods. Topics of interest include, but are not limited to accurate
imposition of the incompressibility constraint at the discrete level, techniques for improving
the convergence rates of the velocity in L2 and H1 norms, accurate computations of shear
stresses at the interface, adaptive local refinement at the interface, techniques for faithful
immersed representation of complex geometries (recently grouped together under the term
immerseogeometric analysis), large-scale parallel implementation of immersed methods,
accuracy and efficiency comparisons between different immersed methods, accurate and
stable enforcement of constraints along the interface, reliable quadrature strategies for
intersected elements, novel numerical methods, and real-world applications of immersed
methods.
Keywords
Immersed methods, Fluid-structure interaction, Computational fluid dynamics, Complex
geometry.
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We recall a finite element version of the Immersed Boundary Method (FE-IBM) which, thanks the introduction of a Lagrange multiplier, can be considered as a Fictitious Domain formulation for FSI. The main
advantage of this scheme is that it allows to use totally independent meshes for fluid and solid so that the
Eulerian framework can be used in the fluid domain while for the solid the more convenient Lagrangian
description can be applied. This technique has been extended to cover also the case of compressible
solids.
In particular, we present some results on the stability of the monolithic scheme as well as of a time
splitting approach. We show theoretical and numerical results on error estimates both in space and time,
including higher order time advancing schemes.
Moreover, we shall discuss some computational aspects related with the evaluation of the matrix elements
coupling the two meshes.
The results presented in this talk have been obtained in collaboartion with Daniele Boffi, Luca Heltai,
Nicola Cavallini, Miguel A. Fernandez, Michele Annese and Sebastian Wolf.
REFERENCES
[1] Boffi, D. and Cavallini, N. and Gastaldi L. The Finite Element Immersed Boundary Method with
Distributed Lagrange multiplier SIAM J. of Numerical Analysis (2015) 53:2584–2604.
[2] Boffi, D. and Gastaldi, L. A fictitious domain approach with Lagrange multiplier for fluid-structure
interactions. Numer. Math. (2017) 135:711–732.
[3] Boffi, D. and Gastaldi, L. and Heltai, L. A distributed Lagrange formulation of the finite element
immersed boundary method for fluids interacting with compressible solids Mathematical and numerical modeling of the cardiovascular system and applications SEMA SIMAI Springer Ser. Vol.
16, (2018) 1–21.
[4] Boffi, D. and Gastaldi, L. and Wolf, S. Higher-order time-stepping schemes for fluid-structure
interaction problems arXiv:1907.00406[math.NA] (2019).
[5] Annese, M. and Fernández, M.A. and Gastaldi, L. Splitting schemes for the immersed boundary finite element method with Lagrange multipliers: stability and convergence analysis (2019) in
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Advances in computational fluid dynamics in engineering are often derived from
improvement of shape reproducibility for complex geometries. The combination of the
Cartesian grid and immersed boundary method have a possibility to expand the application to
more complex geometries; however there are cases where it cannot be applied to ‘dirty’
geometry data. The ‘dirty’ geometry has numbers of gaps, overlaps, intersections, or zerothickness surfaces. These make it difficult to calculate correct boundary conditions of
immersed body.
An immersed boundary method for computing viscous, incompressible flows at high
Reynolds number with dirty, highly complicated geometries is presented. The method
employs a ghost-cell technique and distributed forcing technique simultaneously to imposing
boundary conditions. An axis-projected interpolation scheme is used that avoids the searching
failure of fluid and solid identification. The current approach leads to topology-free immersed
boundary, which especially suit flow simulations of highly complex geometries having
difficulty on generating the calculation grid. This method allows handling ‘dirty’ data without
preparatory treatment work for geometry simplification or clean-up. Moreover, present study
employs a coherent structure model to formulate the turbulence viscosity.
The verification cases used in conjunction with the second-order central-difference scheme
results in first-order accuracy in finer domain, though the coarser domain retains second-order
accuracy. The method is fully parallelized for distributed memory platforms. The accuracy,
fidelity, and efficiency of the method are examined by simulating several basic flows and
comparing against experimental data and other established results.
Finally results from the simulation of full-vehicle aerodynamics case are presented to
demonstrate the ability of the method in modelling highly complex, non-canonical threedimensional flows.
REFERENCES
[1] R. Ghias, R. Mittal, H. Dong, A sharp interface immersed boundary method for

compressible viscous ﬂows, Journal of Computational Physics, 225(1), pp.528–553, 2007.

[2] K. Onishi, S. Obayashi, K. Nakahashi, and M. Tsubokura, Use of the Immersed

Boundary Method within the Building Cube Method and its Application to Real Vehicle
CAD Data. In 21st AIAA Computational Fluid Dynamics Conference. American Institute
of Aeronautics and Astronautics, Sandiego, CA, 2013.
[3] K. Onishi, Y. Ando, K. Nakasato, M. Tsubokura, Evaluation of an Open-grill Vehicle
Aerodynamics Simulation Method Considering Dirty CAD Geometries, SAE World
Congress Experience, Detroit, MI, 2018.
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Aortic valve stenosis is the most common valvular pathology, and the standard medical treatment is
the replacement of the native valve with mechanical or biological valve prostheses (also known as bioprosthetic valves). Computational simulations reduce the need to perform expensive preclinical tests to
optimize the design and reduce the associated risk factors. Furthermore, they allow for accurate estimations of the stress and strain fields, which are fundamental quantities in the study of the mechanical
and hemodynamic response. Hence, fluid-structure Interaction (FSI) simulations are necessary for augmenting our understanding of the relations between hemodynamic stimuli and mechanical response of a
bio-prosthetic heart valve.
In this work, we describe a novel computational strategy for FSI based on unfitted discretization methods
where fluid and solid are discretized independently [1]. The key elements of the proposed FSI framework
are 1) the solution of elastodynamics equations for the structure, 2) the use of a high-order discretization for the Navier-Stokes equations, and 3) the variational transfer [2] for coupling the solid and fluid
subproblems. The numerical verification of the proposed strategy shows its suitability for solving the
FSI of hyperelastic, inhomogeneous and anisotropic structures, immersed in incompressible laminar,
transitional, or turbulent flow. All these ingredients make our FSI framework suitable for biomedical
applications such as cardiovascular flow systems. We present a numerical verification of the proposed
FSI strategy and demonstrate its applicability to the simulations of bio-prosthetic aortic valves.
REFERENCES
[1] Nestola, M. G. C., Becsek, B., Zolfaghari, H., Zulian, P., De Marinis, D., Krause, R., and Obrist, D.
An immersed boundary method for fluid-structure interaction based on variational transfer (2019).
Journal of Computational Physics, 398, 108884.
[2] Krause, Rolf, and Patrick Zulian. A parallel approach to the variational transfer of discrete fields
between arbitrarily distributed unstructured finite element meshes (2016). SIAM Journal on Scientific Computing 38.3 : C307-C333.
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Our ability to numerically model and understand the complex flow behavior of multi-phase suspensions
has increased significantly over the last couple of years, partly due to direct numerical simulations that
compute flow at the scale of individual interfaces. Direct numerical simulations resolve the dynamics
of multiphase suspension in unprecedented detail and show that the presence of additional phases adds
significant stochasticity to suspension behavior.
In turbulent fluids, stochasticity emerges primarily from dynamic instabilities in the fluid phase. Superimposing the motion of small, spherical particles on the fluid motion in a Lagrangian framework,
which tracks particles but does not couple these back to the fluid phase, captures at least some of the
important components of the aggregate dynamics. In contrast, stochasticity in multiphase suspensions at
low Reynolds number emerges from the dynamic coupling between the immersed phases. A Lagrangian
approach is hence questionable and a fully coupled Eulerian model, where flow transports particles and
particles reroute the flow around them and interact, is required.
In this contribution, we develop a direct numerical approach to studying the dynamics of multiphase
flows in the Stokes limit. The model allows for the presence of both solid and gaseous phases in addition
to the ambient fluid and for different particle shapes. Our numerical approach uses distributed Lagrange
multipliers to enforce rigid-body motion in the solid domain and an immersed boundary method to
correctly enforce the no-slip constraint on solid-fluid interfaces. An important component of our model
is an efficient particle collision scheme that prevents overlap between particles with different shapes and
allows for the transfer of both translational and angular momentum during particle collision. We use
level sets with a topology-preserving advection scheme to track different interfaces, which allows us to
main a sharp interface without restricting interface deformation or changes in interface topology. We
verify and validate our numerical method through several benchmark cases.
Our simulations suggest that the behavior of multiphase suspensions at low fluid Reynolds number is
highly variable and depends sensitively on the characteristics of the immersed phases and the geometry
of the flow domain. We show that there is no meaningful dilute limit in which the phase interactions
can be neglected or captured by adjusting the effective rheology of the suspension in way that removes
dependencies on the properties of the immersed phase. Nonlinearities in suspension behavior emerge at
volume fractions as low as a few percent.
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The objective of our work is to find a suitable model to reproduce in silica the behavior of the
endothelial glycocalyx (EG) in blood flow in micro-vessels and its interaction with other elements in real physiological conditions. The EG is a polymeric structure made of proteoglycans
and glycoproteins anchored to the surface of the endothelial cells that lines the luminal surface.
The modelization of blood flow in micro-vessels is already a high complex numerical problem
that involves the solution of the Navier-Stokes (NS) equations for incompressible fluids interacting with highly deformable solids [1]. Including the EG complicates the subject further as
the use of complex constitutive models is needed. In order to tackle this problem, we present
a formulation based on the Divergence-Conforming Immersed Boundary method (DCIB) [2, 3]
which is coupled to a Coarse Grain Particle Model (CGPM).
In the DCIB method for the NS equations, the Eulerian velocity-pressure pair is discretized using
divergence-conforming B-splines, which leads to inf-sup stable, H1-conforming, and pointwise
divergence-free Eulerian solutions. The numerical method has a MPI implementation written
on top of PetIGA and PETSc. The interaction between the particles forming the polymeric
structure is managed by ESPResSo[4], taking advantage of its parallel implementation and wide
variety of short and long range interacting forces between particles. The proposed numerical
coupling strategy has been tested with different benchmark problems, including comparisons
with fully Dissipative Particle Dynamics (DPD) models. The method proves convergence and
scalability. More complex problems approaching the physiological conditions of blood flow in
micro-vessels have been also solved showing promising results.
REFERENCES
[1] Casquero H, Bona-Casas C, Gómez H. NURBS-based numerical proxies for red blood cells
and circulating tumor cells in microscale blood flow. Comput. Method. Appl. M. (2017)
316: 646–667.
[2] Casquero H, Zhang YJ, Bona-Casas C, Gómez H. Non-body-fitted fluid-structure interaction: Divergence-conforming B-splines, fully-implicit dynamics, and variational formulation. J. of Comp. Phys. (2018) 374:625–653.
[3] Casquero H, Bona-Casas C, Toshniwal D, Hughes TJR, Gomez H, Zhang YJ The
divergence-conforming immersed boundary method: Application to vesicle and capsule
dynamics. Submitted to J. of Comp. Phys.
[4] Limbach HJ,Arnold A, Mann BA and Holm C. ESPResSo – An Extensible Simulation
Package for Research on Soft Matter Systems. Comp. Phys. Comm. (2006) 174: 704–727
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A versatile immersed boundary (IB) method, based on direct forcing and a moving-least-squares interpolation [1], is used to investigate the aeroelastic instability of elastically-anchored wings invested by
wind or water current, with the ultimate goal of energy harvesting [2]. The numerical method is based
on a finite-difference solver for the Navier-Stokes equations parallelized with a hybrid MPI+OpenMP
scheme, and has been used for simulating multiphase and biological problems [3, 4]. The complex dynamics of rigid or deformable bodies, which are wet by the fluid, is solved by means of a spring-network
model along with an implicit strong fluid-structure coupling. Moreover, an adaptive tiling algorithm is
implemented so that the Lagrangian mesh over the wet bodies is automatically refined as the Eulerian
grid, used to discretize the Navier-Stokes equations, is refined [4]. Such features are tested and discussed
by considering a three-dimensional array of multiple flapping wings, whose investigation represents a
further step in the characterisation of this novel concept for aeroelastic energy harvesting.
REFERENCES
[1] de Tullio, M.D. and Pascazio, G., A moving-least-squares immersed boundary method for simulating the fluid–structure interaction of elastic bodies with arbitrary thickness, J. Comput. Phys.
(2016) 325:201–225.
[2] Olivieri, S., Boragno, C., Verzicco, R. and Mazzino, A., Constructive interference in a network of
elastically-bounded flapping plates. J. Fluids Struct. (2019) 90:334–353.
[3] Spandan, V., Meschini, V., Ostilla-Mónico, R., Lohse, D., Querzoli, G., de Tullio, M. D., and
Verzicco, R., A parallel interaction potential approach coupled with the immersed boundary method
for fully resolved simulations of deformable interfaces and membranes, J. Comput. Phys. (2017)
348, 567–590.
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232.
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Over the past twenty years immersed boundary (IB) methods have been constantly gaining popularity
in very diverse application fields. Their main strength, driving this expansion, is that they enable the
extension of efficient, conservative, structured solvers to complex flows with moving boundaries. Applications to high-Reynolds number wall bounded flows, however, are still limited due to the prohibitive
computational cost arising from the lack of flexibility in clustering grid points in structured grids.
We circumvented this problem by combining a direct-forcing IB method on adaptively refined meshes
with a hydrodynamic stress model. We solved the equations governing the fluid flow on a fixed Eulerian
mesh, and the equations governing the solid dynamics on a Lagrangian mesh. A moving least squares
reconstruction is used to transfer the flow variables from one mesh to the other. Both the Eulerian and
Lagrangian meshes are adaptively refined to reduce the number of mesh nodes and enforce the proper
boundary conditions [1, 2]. To further reduce the resolution requirements a hydrodynamic stress model is
proposed, where the near wall flow is modeled, rather than directly resolved, utilizing information from
the resolved flow further away from the wall. In particular, the near-wall model is based on the boundary
layer equations, where the effects of wall curvature are taken into account by assuming a linear variation
of pressure gradient within the boundary layer. Semi-analytical expressions for pressure and velocity are
found in a local curvilinear coordinate system. The coefficients in the semi-analytical expressions are
computed dynamically by using local flow information.
We will demonstrate that the model provides a way to properly compute the surface forces on fairly
coarse grids placing 1 − 2 points in the boundary layer. Applications of turbulent flows interacting with
finite-size particles (see for example [3]) will be presented, An extension of the approach to model a large
part of the logarithmic layer, common in the case of classical wall-models for large-eddy simulations,
will also be presented [4].
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Mech. (2019) 40:305-320.
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The study of soft-body motion in shear and Poiseuille flows is of particular interest when
studying blood flow in narrow microvessels (diameter below 100 microns). At this scale, the
layer of glycocalyx covering the vessel wall plays a crucial role to explain the Fåharæus
effect. The glycocalyx is a highly-hydrated fibrous meshwork of carbohydrates located at the
surface of endothelial cells and therefore is the outermost part of the endothelium. Its
malfunction is related to several diseases such as atherosclerosis, stroke, hypertension, kidney
disease, sepsis and cancer.
Our work studies the mechanical role of this soft and thin layer in cell-scale blood flow by
means of the divergence-conforming immersed boundary (DCIB) formulation proposed in
[1,2]. The DCIB method follows up on previous works [3-5] where discretizations of the
mathematical model proposed by the IB method based on non-uniform rational B-splines
(NURBS) and T-splines were developed. In the DCIB method, the Eulerian velocity-pressure
pair is discretized using divergence-conforming B-splines, which leads to inf-sup stable, H1conforming, and pointwise divergence-free Eulerian solutions. The Lagrangian displacement
is discretized using NURBS, which enables to robustly handle large mesh distortions. By
combining the generalized-α method and a block-iterative solution strategy, the DCIB method
results in a fully-implicit discretization, which is key to impose accurately the no-penetration
and no-slip conditions at the fluid-solid interface.
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interaction: Divergence-conforming B-splines, fully-implicit dynamics, and variational
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[4] Casquero H, Bona-Casas C, Gómez H. NURBS-based numerical proxies for red blood
cells and circulating tumor cells in microscale blood flow. Comput. Method. Appl. M.,
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ABSTRACT
The objective of this Mini Symposium is to discuss progress and recent achievements in the
numerical computation of fluid-structure-interaction problems, with an emphasis on new
innovative formulations, methods and algorithms leading to faster, more accurate predictions
and improved software design. The envisaged range of applications spans (but is not limited to)
aero-elasticity, hydro-elasticity, biomechanical FSI and noise/structural acoustics. In particular,
we welcome contributions in the vanguard of:
¥

error estimation;

¥

adaptive methods;

¥

immersed and unfitted methods;

¥

multiscale models;

¥

reduced order models and methods;

¥

novel iterative techniques;

¥

shape optimization and inverse methods;

¥

software engineering;

In addition, the Mini Symposium provides a platform for other state-of-the-art developments in FSI,
such as those pertaining to FSI with auxiliary-field interactions, e.g. FSI problems with (massive) self
contact, FSI problems with fracture (e.g. hydraulic fracturing, blast-induced FSI, etc.), and

elasto-capillary FSI.
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In the present work, an explicit partitioned approach is proposed for the solution of fluid-structure interaction (FSI) problems. An explicit version of the Particle Finite Element Method (PFEM) [1] is used to
treat the fluid problem, while a standard explicit dynamics finite element approach is used for the solid
part. Thanks to its Lagrangian nature, the PFEM can efficiently deal with free surface flows and large
displacements of the fluid-solid interface (see e.g. [1, 2]). A fast remeshing algorithm, typically used to
overcome the possible large distortion of the fluid mesh, has been coupled with a novel efficient runtime
mesh smoothing technique intended to guarantee a regular fluid mesh with a reasonably large stable time
increment. This smoothing algorithm is fully explicit and parallelizable, because it exploits the same
architecture of the fluid solver thanks to an elastic analogy. SIMULIA Abaqus/Explicit has been used
for the solution of the structural domain.
The two sub-problems have been coupled using a GC Domain Decomposition approach [3]. The fluid
and solid domains are solved independently, as in the case of no interaction, and then they are linked at
the interface using a Lagrange multiplier technique. Interesting features of the proposed method are: (i)
the use of different time-steps in the two subdomains (ii) the possibility of non-conforming meshes at
fluid-solid interfaces and (iii) a fully explicit solution scheme which guarantees a strong coupling [4].
The proposed approach has been validated with large scale 3D tests showing also possible applications
to engineering problems with fast dynamics and a high degree of non-linearity.
REFERENCES
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The mechanical interaction of an incompressible viscous fluid with an immersed thin-walled structure
appears in a wide variety of engineering fields (from micro-encapsulation to aeroelasticity) and is particularly ubiquitous in nature (from heart valves to the wings of a bird). Nitsche-XFEM based unfitted
mesh approximations (see, e.g., [2, 1, 4]) are very appealing from a mathematical and computational
point of view since they allow for weak and strong discontinuities (which guarantees optimal accuracy)
and are Lagrange multiplier free (no additional unknowns are introduced). This superior accuracy comes
at a price: these methods demand a much more involved computer implementation and require a specific
track of the interface intersections, with respect to traditional fictitious domain methods, particularly in
the 3D case with unstructured meshes (see [1, 4, 3]). Indeed, besides the evaluation of the intersection
between the fluid mesh and the evolving deformed solid mesh, the methods require (for consitency) the
evaluation of (volume and surface) integrals on the resulting cut elements (arbitrary polygons), which is
generally handled via local mesh generation (see, e.g., [1, 4, 3]). In this work, we present and extension
to the 3D case of the Nitsche-XFEM method introduced in [1]. Particular focus will be made on the
efficiency and robustness of the intersection algorithm, by avoiding to resort to blackbox mesh generators. Numerical results in 3D, motivated by bio-medical applications and involving dynamic interfaces,
illustrate the capabilities of the proposed approach.
REFERENCES
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B84, 2018.

3475

A Fully
S.
AlandEulerian Approach to Fluid-Solid Interaction in Elasto-Capillarity
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

A FULLY EULERIAN APPROACH TO FLUID-SOLID INTERACTION
IN ELASTO-CAPILLARITY
Sebastian Aland¹
1

Faculty Informatics/Mathematics, HTW Dresden, Friedrich-List-Platz 1, 01069 Dresden, Germany,
sebastian.aland@htw-dresden.de, www.alandlab.com

Key Words: FSI, two-phase flow, phase-field method, diffuse interface, elasto-capillarity
The interaction of an elastic substrate with liquid droplets is at small length scales dominated
by surface tension forces. Understanding how these forces deform the solid is crucial for the
design of new materials, structures and fabrication techniques [1].
In this work, we present a fully Eulerian approach to the interaction between a two-phase fluid
and an incompressible solid. The solid-fluid interface is represented by a matched Finiteelement grid and moved in the typical Arbitrary-Lagrangian–Eulerian way. As all equations are
formulated in a Eulerian frame of reference, we obtain a single momentum equation including
the solid and both fluid materials, which is very simple to solve monolithically.
We illustrate the numerical robustness of this novel method and compare it to the recent
experimental and numerical results from [2]. We conclude with the first numerical simulations
of a two-phase fluid interacting with a viscoelastic Kelvin-Voigt solid.

REFERENCES
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Immersed boundary type methods (IBM) have been the topic of a considerable amount of research in the
time since their first application by Peskin [1]. The robustness of the methods under large deformations
has surely contributed to their wide-spread use and their extension to full 3-dimensional fluid-structure
interaction (FSI) formulations.
An additional strength of the methods is their possibility to couple mixed-dimensional FSI formulations.
The present work proposes an immersed boundary type finite element formulation for the coupling of
3-dimensional flow with 1-dimensional geometrically exact beam theory.
The modelling of slender structures plays a role in a wide range of industrial processes and biomedical
applications. The treatment of such rod-like bodies with classical continuum-based finite elements poses
a challenge because it promptly leads to locking effects. As demonstrated in [2], geometrically exact
beam theory represents a computationally efficient way to obtain rather well-conditioned systems of
equations in such situations. This motivates the use of such reduced-dimensional methods also for multiphysics problems.
This work proposes a master/slave kinematics approach, commonly used in contact mechanics, to transfer coupling quantities between the 3-dimensional fluid mesh and the 1-dimensional beam discretization.
The coupling constraint, as it arises from the FSI formulation, is enforced via penalty method in a way
that also allows for the inclusion of highly non-linear phenomena, e.g. contact, in the structural model.
This talk will elaborate on the differences between existing IBM type methods and our newly proposed
formulation, i.e. the load and motion transfer schemes as well as the manner in which also complex structural models can be incorporated into the fluid-beam interaction (FBI) algorithm. Numerical examples
substantiating the above claims for one-way as well as fully coupled FBI problems will be shown.
REFERENCES
[1] C. S. Peskin. Flow patterns around heart valves : A numerical method, Journal of Computational
Physics. 1972, Vol. 10, No. 2. pp. 252–271
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Fluid-Structure Interaction (FSI) applications take place in a vast interval of engineering
applications, such as aero-elasticity (Airplanes, Formula1 …), pressure regulators, and
biomechanical systems (Heart valve, blood flow ...). When present in a fluid, the solid exhibit
deformation critical to its performance, based on the pressure of its surrounding due to the
inevitable interaction between both sides. Therefore, embedded and immersed approaches
have received a lot of attention recently, under different variations [1] dedicated for such
complex FSI problems.
In this work, we propose a novel adaptive immersed mesh method. It consists in integrating
the obtained results from a solid solver directly onto a full Eulerian monolithic framework.
The interaction between the two frameworks is ensured by computing the distance function
using a parallel immersed method, and the achieved accuracy at the fluid-solid interface
through anisotropic mesh adaptation [2]. The Variational Multiscale method is used as a
general approach for both the solid and the fluid-solid solvers [3]. Therefore, we show that the
fluid flow can handle both laminar and turbulent fluid flows, and that the transient solid solver
can model elastic/hyperelastic materials. Thus, several fluid and solid properties are tested in
several 2D and 3D numerical simulations to show the accuracy and robustness of the
proposed method.
REFERENCES
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Binary fluids are fluids that comprise two constituents, viz. two phases of the same fluid (gas or liquid)
or two distinct species (e.g. water and air). A distinctive feature of binary-fluids is the presence of a
fluidfluid interface that separates the two components. This interface generally carries surface energy
and accordingly it introduces capillary forces. The interaction of a binary-fluid with a deformable solid
engenders a variety of intricate physical phenomena, collectively referred to as elasto-capillarity. The
solidfluid interface also carries surface energy and, generally, this surface energy is distinct for the two
components of the binary fluid. Consequently, the binary-fluidsolid problem will exhibit wetting behavior [2, 3]. Elasto-capillarity underlies miscellaneous complex physical phenomena such as durotaxis [8],
i.e. seemingly spontaneous migration of liquid droplets on solid substrates with an elasticity gradient;
capillary origami [4], i.e. large-scale solid deformations by capillary forces. Binary-fluidsolid interaction
is moreover of fundamental technological relevance in a wide variety of high-tech industrial applications,
such as inkjet printing and additive manufacturing.
In this presentation, we consider a computational model for elasto-capillary fluid-solid interaction based
on a diffuse-interface model for the binary fluid and a hyperelastic-material model for the solid. The
diffuse-interface binary-fluid model is described by the incompressible Navier–Stokes–Cahn–Hilliard
equations [5] with preferential-wetting boundary conditions at the fluid-solid interface. To resolve the
fluid-fluid interface and the localized displacements in the solid, we apply adaptive hierarchical spline
approximations. A monolithic solution scheme is applied to enable robust solution of the coupled FSI
problem. We consider several aspects of the formulation and of the simulation techniques. To validate the
presented complex-fluid-solid-interaction model, we present numerical results and conduct a comparison
to experimental data for a droplet on a soft substrate [10, 9, 1, 7, 6].
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Membrane structures like tents bear loads while undergoing significant deformation. This makes them
vulnerable to ponding or accumulation of water on the structure. The ponding of membrane structures
is usually initiated by a seed event such as snow accumulation. In case of rainfall, the local deformation
from the seed event will be gradually filled causing further depression and leading to more water accumulation and so on, eventually causing a structural failure or collapse. Thus, it is important to analyze this
aspect while designing tent structures. Moreover, if the rain is accompanied by strong winds, the wind
flow around the structure may induce large oscillations. In 2011, during the Pukkelpop festival held in
Kiewit (Belgium), a strong wind interacting with ponding water led to huge vertical oscillations of tents
eventually resulting in the collapse of the structure. Studying such cases will involve fluid structure interaction (FSI) simulation involving a membrane structure, water and wind flow. As a pre-processing step,
one needs to find the static deformation of such structures under a given volume of ponding fluid. In the
present work, the static deformation of a membrane structure under ponding is calculated by partitioned
and monolithic methods. In the partitioned method, the structural solver and the volume-conserving
solver are coupled like a standard implicit partitioned FSI simulation. The volume-conserving solver
contains a plane representing the free surface of the water. The solver updates its position based on the
deformation of the underlying structure in order to conserve a given volume of ponding fluid, simulating
the quasi-static behavior of the fluid. In the monolithic method, in order to get the equilbrium configuration of the combined system, volume conservation is performed in every Newton-Raphson iteration
of the structural solver until convergence. Additionally, the linearized behavior of the ponding fluid is
added in the structural solver to acclerate convergence. It was found that the monolithic method had
faster convergence rates but the partitioned method apart from being modular was more robust as the
volume conservation is performed in the intermediate equilbrium shapes of the structure.
REFERENCES
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Temper rolling is a manufacturing technique for the production of aluminum sheets. It is aimed at
achieving a surface micro-structure that is favorable for the subsequent processes. To increase the roller’s
service life and avoid an adherence of the metal, a lubricant is used; unfortunately, this lubrication film
has an extensive influence on the quality of the final product.
From a numerical point of view, temper rolling is a surface-coupled multi-physics problem, characterized
by the non-negligible interdependency of the lubricant, the deforming structures, and the direct contact
between the roller and the metal sheet. An accurate simulation therefore requires solution techniques for
fluid-structure-contact interaction.
In this work, a partitioned approach is pursued, successively calling the in-house solvers XNS and
FEAFA. While XNS is based on the Deforming Spatial Domain/Stabilized Space-Time (DSD/SST) [1]
formulation of the incompressible Navier-Stokes equations, FEAFA solves the elasto-plastic problem
using isogeometric analysis. Therein, the high accuracy of the spline representation is beneficial for the
penalty-based contact model. To tackle the numerical instabilities caused by enclosed incompressible
fluids, e.g., in lubrication pockets, the two solvers are coupled via a Robin-Neumann scheme.
The main challenge of the structural contact, however, is the resulting topology change in the fluid domain: While classical approaches fall back on costly remeshing steps at regular intervals, the Phantom
Domain Deformation Mesh Update Method (PD-DMUM) [2] provides a more efficient remedy: The
idea is to have a virtual reservoir of inactive elements that do not contribute to the flow field computation; in case of topology changes, elements can cross the reservoir’s boundary to become active or
inactive, without any need for remeshing.
REFERENCES
[1] T. E. Tezduyar and M. Behr. A New Strategy For Finite Elements Computations Involving Moving
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We present a novel data-driven approach for the parameter estimation and numerical simulation in the
context of parametrized partial differential equations [1]. The method, which we proposed in a recent
paper, is based on the reduced basis method and machine learning. In particular, we consider a neural
network embedding a reduced basis solver as exotic activation function in the last layer.
We suppose that the value of the physical parameters is unknown or difficult to be directly measured. Our
method allows to estimate fields of interest, for instance temperature of a sample of material or velocity
of a fluid, given data at a handful of points in the domain.
The reduced basis solver accounts for the underlying physical phenomenon and it is constructed from
snapshots obtained by randomly selecting values of the physical parameters during an expensive offline
phase. The same full order solutions are then employed for the training of the neural network. As a
matter of fact, the chosen architecture resembles an asymmetric autoencoder in which the decoder is
the reduced basis solver and as such it does not contain trainable parameters. The resulting latent space
of our autoencoder includes parameter-dependent quantities feeding the reduced basis solver, which –
depending on the considered partial differential equation – are the values of the physical parameters
themselves or the affine decomposition coefficients of the differential operators.
We shows results of parameter estimation using PDE-DNN for a simple problem in structural mechanics
REFERENCES
[1] Dal Santo, Niccoló and Deparis, Simone and Pegolotti. Data driven approximation of parametrized
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Controlling vortex-induced vibrations (VIV) is important in ocean structures, in designing robust heat
exchangers,and especially in the offshore industry given the new emphasis on deep water drilling. In the
present work, we will discover active flow control strategies in suppressing vortex induced vibration of
cylinders by varying the mass flow rates of two jets on the sides of a flexible mounted cylinder. We will
combine reinforcement learning algorithm with high-fidelity simulations to achieve effective suppression
of the vortex street and the vortex-induced vibrations for flexibly mounted structures. Specifically, we
will use a deep learning neural network to construct an agent that controls jets by collecting information
from the state of the entire flow field environment. Then the agent will adopt the reinforcement learning
algorithm to optimize the control strategy in aiming drag reduction and stable vortex street. Through this
active discovering, the agent can finally learn how to vary the flow rate of jets and effectively realize the
drag reduction and vibration suppression of flexible-mounted cylinder.

3484

Jean-François
Effects
of Structural
Deü, Christophe
Geometrical
Hoareau
Nonlinearities
and Roger
OnOhayon
the Hydroelastic Vibrations of Liquid-Storage Flexible Tanks
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

EFFECTS OF STRUCTURAL GEOMETRICAL NONLINEARITIES ON
THE HYDROELASTIC VIBRATIONS OF LIQUID-STORAGE
FLEXIBLE TANKS
J.-F. Deü, C. Hoareau and R. Ohayon
Conservatoire national des arts et métiers, LMSSC
292 rue Saint Martin, 75003 Paris, France
jean-francois.deu@cnam.fr
Key Words: Fluid-structure interaction, Hydroelastic vibrations, Geometrical nonlinearities,
Follower forces, Prestressing, Added-mass effect, Reduced order models.
This work deals with the nonlinear modeling of elastic structures containing internal liquids with free
surface for the design of flexible tanks. The objective is to predict the effect of geometrical structural
nonlinearities on the hydroelastic vibrations of fluid-structure interaction problems. Firstly, we propose
to address the quasi-static equilibrium state of the nonlinear coupled system by using the finite element
method. The effect of the incompressible internal fluid on the structure is modeled by hydrostatic
follower forces without meshing the internal fluid domain. In order to take into account the evolution of
the wetted surface during the non-linear deformation of the structure, a level-set approach is adapted to
the fluid-structure interface elements considering the fluid volume conservation, thus avoiding any
remeshing. Then, the linearized vibrations of the fluid-structure coupled problem around the prestress
state is studied. We will show that the structural vibrations are not only influenced by the added-mass
effect, but also by the initial prestressed state of the structure. Reduced order models will be finally
proposed to study the influence of structural nonlinearities on the vibrations of the coupled system.
Several numerical examples will be also presented to illustrate the effectiveness of the developed
approaches.
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I. Introduction
Modern aircraft design requires high accuracy of flow separation prediction. However,
solving flow field using RANS equation fails to give satisfying results [1]. To improve the
prediction of Reynolds stress, a data-driven method based on machine learning technology is
used for turbulence modeling. In this paper, a deep neural network is constructed to connect
mean flow features and Reynolds stress. Menter k-ω SST is used as the baseline model. The
input features are selected based on physical knowledge of flow which should have
completeness, compactness and realizability. Two different treatment of output features,
either implicit (eddy viscosity field) or explicit (Reynolds stress field) are studied. The
training and validation databases are DNS results of periodic hills with different slopes[2].
II. Results and Conclusion
The prediction Reynolds stress results on the test set is shown in Fig. 1. Embedding the
corrected Reynolds stress into the CFD solving process, the correction of mean flow is shown
in Fig. 2. The performance of flow separation is significantly improved.

Fig. 1 Prediction of Reynolds stress on test set

Fig. 2 Correction of mean flow on test set
As a conclusion, a data-driven frame on turbulence modeling is carried out and the
results prove the effectiveness. But the smoothnes problem needs further consideration.
REFERENCES
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Aircraft buffeting is an aeroelastic phenomenon characterized by random pressure oscillations impacting
on the aircraft tail structures caused due to the unsteady airflow in the wake of the wing during the different flight missions. Because of its dynamic nature, numerical modeling of aircraft buffeting has been
challenging due to the aerodynamic nonlinearities and complex aircraft structural components. To numerically model and predict the buffeting phenomena, a high-fidelity fully-coupled framework for compressible flow fluid–structure interaction (FSI) modeling and simulation using non-matching interface
discretizations is developed in this work. Finite element based Navier–Stokes equation of compressible
flow and the isogeometric analysis (IGA) based rotation-free Kirchhoff–Love shell structural formulation are considered to model the physics involved. FSI methodology is developed to handle the different
non-matching discretizations at the interface and a projection method is used for the transfer of kinematic and traction data between the fluid and structure subdomains. The developed method is validated
for its accuracy through an FSI benchmark problem and is applied to simulate flow around full-scale
aircraft and the buffeting of its horizontal stabilizer. The FSI framework is also extended to model the
aircraft maneuvers based on arbitrary Lagrangian–Eulerian (ALE) approach to simulate realistic timedependent flight profiles and study the unsteady loads and its effects acting on the horizontal stabilizer
of the aircraft.
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Ocean currents are chaotic time-varying flows that impact the climate at timescales ranging from weeks
to decades. Turbulent transport of temperature and salinity, for example, impacts weather system
formation, sea ice melt, ecosystem health and the dispersion of microplastics. The study of large
(mesoscale) transport barriers has significantly improved our understanding of these physical processes,
but our knowledge is still limited in regions where the influence of sub-mesoscale dynamics on ocean
transport increases. This scale-dependent knowledge is directly linked to data-availability and model
development.
Lagrangian ocean drifters provide the most reliable measurements of ocean surface velocities available,
but there is minimal control on where their measurements are made, thus providing limited temporal
coverage for any given region. Thanks to satellite altimetry measurements, complementary Eulerian
velocity data is available with global coverage. This data is itself limited by the spatial and temporal
resolution possible with satellite altimetry measurements. Furthermore, as the velocity data is estimated
from sea surface height (SSH) anomalies, the global Eulerian data only approximates the geostrophic
component of ocean currents. This approximation neglects smaller sub-mesoscale motions that do not
have significant SSH signatures, or simply removes them during smoothing and interpolation from raw
satellite track measurements.
Our research capitalizes on a reduced-order approximation of the computationally expensive MaxeyRiley equation for asymptotic inertial particle dynamics in unsteady flows [1]. This framework provides
us a starting point to attempt to deterministically model drifter trajectories, and provides us details of
the variables influencing the higher-order truncated terms. We then harness the rich dynamics available
in ocean drifter datasets to train a recurrent neural network (LSTM) to account for the difference between
the MR velocities and real drifter datasets. In an earlier study, this blended machine learning and
reduced-order model approach was very successful in representing inertial particle trajectories in
turbulent DNS flows while only using a limited laminar data set for training [2].
In the present study, the blended approach provided significant model improvements over a purelydeterministic model for single-step and multi-step predictions. Drifter trajectories were more accurately
predicted around both mesoscale and sub-mesoscale features that were sometimes entirely missed by
the MR equation. The effect of varying training and testing datasets was evaluated, as was the effect of
seasonality in the Gulf of Mexico. Addressing this question of the domain of applicability helps our
understanding of the extrapolative power of this data-driven method. We found the model is robust to
different flow features, seasons and weather systems.
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ABSTRACT
The fish school or the bird flock in which individuals maintain regular formation is a
common phenomenon in nature[1-4]. Investigating the fluid-structure interaction in fish
school and bird flock may be helpful for the design of the bio-inspired aircraft and
watercraft[5-8]. This paper is proposed a lateral-free flexible filament which whole can flap
freely in the lateral direction, and investigate the flapping characteristics and the flow
structures of the filament in the wake behind a pitching foil, as shown in figure 1, we will
study the hydrodynamic mechanism through simulating the two-dimensional
incompressible viscous flow by the immersed boundary method[9-11]. In addition, a
finite-difference method[11] is employed to calculate the interaction force between the
filament and the surrounding fluid. Previous studies have shown three distinct flapping
states are observed for the filament in different vortex streets: flapping between Kármán
vortices(M1), flapping outside reversed Kármán vortices(M2) and static in compact
Kármán vortices(M3) by our group[12].

Figure1. Schematic views of the mathematic model of a free-flapping filament behind a pitching foil. The leading edge
of the filament is only fixed in the x-direction and is free in the y-direction, and the other parts of the filament are free.
c: Chord of the flapping foil (c=1.0, d=0.4); L: Length of the filament (L=1.0); θ: Maximum pitching angle; U∞: Initial
velocity of the flow (U∞=1.0); D: Distance between foil and filament.

In this paper we will focus on two main parameters of filament: the density and the
length of filament.
St  fd / U  , Ad  2 c (sin  ) / d , Dr 

w
f

Drag coefficient of filament is increased with the increasing of filament’s density,as
shown in figure2, under some parameters movement model of filament changed into M2
from M1, as shown in figure3, inertia force was the main reason that caused the change
of filament’s drag coefficient. When the length of filament become larger, the filament
could impose larger influence on fluid, then drag coefficient of the filament got increase
almost linearly as shown in figure 4. The model simulates the phenomenon of nature to a
certain extent and reveals the mechanism,The next step is to explore the free moving
filaments, which will further reveal the mechanism of the pairing motion.

Figure.2 The drag coefficients
under different Dr, ,L=1.0,
D=2.0

Figure.3 vorticity contours of foil-filament system, a-f
correspond to Dr=0,0.6,0.8,1.0,1.2,1.4 respectively,
and St=0.16,Ad=1.5,L=1.0,G=2.0
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Figure 4 The drag coefficient under
different, L,St,and Ad, Dr
=1.0,G=2.0
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In this presentation, we consider optimization settings for nonlinear, nonstationary fluid-structure interaction [1]. Some recent related formulations can be found in [2]. The problem is formulated in a monolithic
fashion using the arbitrary Lagrangian-Eulerian framework to set-up the fluid-structure forward problem.
In the optimization approach, either optimal control or parameter estimation problems are treated. In the
latter, the stiffness of the solid is estimated from given reference values. In the numerical solution, the
optimization problem is solved with a gradient-based solution algorithm. The nonlinear subproblems of
the FSI forward problem are solved with a Newton method including line search. Specifically, we will
formally provide the backward-in-time running adjoint state used for gradient computations. Our algorithmic developments are demonstrated with some numerical examples as for instance extensions of the
well-known fluid-structure benchmark settings and a flapping membrane test in a channel flow with elastic walls. These examples are computed with the help of our open-source library DOpElib (Differential
Equations and Optimization Environment) [3].
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Coupling algorithms that treat individual solvers as black boxes allow the reuse of existing simulation
software and, thus, the fast and flexible setup of complex coupled scenarios. During the last decade,
interface quasi-Newton methods [1] have proven to be very powerful black-box coupling algorithms for
strongly-coupled fluid-structure interaction. These methods show high efficiency in terms of coupling
iterations per timestep, and good stability and robustness - even for significant added-mass effects. The
associated time integration of the coupled problem, however, has not yet received enough attention.
We, therefore, combine interface quasi-Newton coupling with waveform iteration [2]. This means that
we do no longer apply the quasi-Newton acceleration on a single stage in time, but on a complete time
interval. This way, we get a very powerful framework, which allows to handle non-matching or even
local adaptive timestep sizes and allows to get to higher order in time.
In this talk, we introduce the mathematical basis of our new approach and show second order timeintegration for simple fluid-structure interaction scenarios with non-matching timestep sizes.
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Many flow phenomena in technical processes, e.g., lubricant film formation in rolling bearings, involve
moving boundaries, which can cause topological changes of the fluid domain. These topology changes
are important to consider when solving the flow problem. These problems can be defined as a surfacecoupled multi-field problem resulting from the non-negligible interaction of fluid, deformable structures
and potential solid contact.
If the changes of the fluid domain are described explicitly — by using interface tracking — the domain
deformations are described directly through the movement of its boundaries. The mesh is restricted to
the fluid domain and conforms with its boundaries. This ensures an accurate approximation of the fluid
interface and allows precise imposition of boundary conditions along the moving boundary. However, in
case of large displacements, the quality of the calculation grid may deteriorate significantly and a new
mesh may be necessary.
Instead of deforming the computational mesh to the boundary movement, the unstructured space-time
method (UST) — one type of the Stabilized Space-Time Finite Element Method [1] — directly generates
an unstructured triangulation of the space-time domain, e.g., by Delaunay triangulation. An advantage
of this method is the full flexibility of unstructured meshes in space and time. Here, the topology change
can be directly considered by discretization of the entire space-time continuum [2]. This makes UST
attractive for solving problems of the field of fluid-structure-contact interaction. To solve this problem in
the long term, an FSI solver based on UST has to be developed first. The current progress of this work is
presented.
REFERENCES
[1] T.J.R. Hughes and G. M. Hulbert, Space-time finite element methods for elastodynamics: formulations and error estimates. Computer Methods in Applied Mechanics and Engineering 66.3, 339363, 1988.
[2] M. v. Danwitz, V. Karyofylli, N. Hosters and M. Behr, Simplex space-time meshes in compressible
flow simulations. International Journal for Numerical Methods in Fluids 91.1, 29-48, 2019.
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REDUCED ORDER MODELLING OF FLUTTER-INDUCED ENERGY
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C. Hoareau1 , L. Shang1 and A. Zilian1
1

Institute of Computational Engineering, FSTC, University of Luxembourg , 6 Avenue de la Fonte
L-4364 Esch-sur-Alzette, Luxembourg, christophe.hoareau@uni

Key Words: Reduce Order Model, Flutter, Nonlinear Dynamics, Multiphysics, FEniCS
This study focuses on the reduced order modelling of flutter-induced piezoelectric energy harvesters
(PEHs). PEHs can convert ambient fluid flow energy into electrical energy. In order to evaluate and
then maximize the output power, the first challenge is to predict accurately the dynamic behavior of the
immersed electro-mechanical structure. Two coupled phenomena (i.e. direct piezoelectricity effect and
nonlinear aeroelasticity) must be considered here. The second challenge is to allow a real-time feedback
under varying conditions to select optimum parameters (e.g. material or geometry ones) and to study the
associated system sensitivities. A promising approach for optimal design and operation of such devices
is to develop a parametrised reduced order model [1] based on an underlying high-fidelity fluid-structure
model.
In this study, the high-fidelity model consists of a geometrically nonlinear elastic electro-mechanical
model for the structure and the Navier-Stokes equations for the incompressible fluid. A monolithic
velocity-based formulation [2] with moving fluid mesh will be performed with the open-source finite
element software FEniCS [3]. This establishes the so-called off-line phase, from which a rich data base of
states capturing the Limit-Cycle Oscillations [4] of the structure is obtained. The on-line approximations
will then be constructed in a given range of parameters, with particular attention on the chosen fields
(e.g. the displacement of the electro-mechanical structure and the velocity and pressure fields of the
fluid). The difference in time, memory consumption and accuracy of the low-order solutions between
monolithic and partitioned snapshots will be discussed.
REFERENCES
[1] Berkooz, G. and Holmes, P. and Lumley, J. L. The proper orthogonal decomposition in the analysis
of turbulent flows. Annual review of fluid mechanics. (1993) 25(1):539–575.
[2] Ravi, S., and Zilian, A. Simultaneous finite element analysis of circuit-integrated piezoelectric energy harvesting from fluid-structure interaction. Mechanical Systems and Signal Processing. (2019)
114:259–274.
[3] M. S. Alnaes and J. Blechta and J. Hake and A. Johansson and B. Kehlet and A. Logg and C.
Richardson and J. Ring and M. E. Rognes and G. N. Wells. The FEniCS Project Version 1.5.
Archive of Numerical Software. (2015) 3.
[4] Dunnmon, J. A., Stanton and S. C., Mann, B. P. and Dowell, E. H. Power extraction from aeroelastic
limit cycle oscillations. Journal of Fluids and Structures. (2011) 27(8):1182–1198.
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REDUCED ORDER MODELS FOR FLUID–STRUCTURE
INTERACTION: MONOLITHIC AND PARTITIONED APPROACHES
M. Nonino1 , F. Ballarin1 , E. Karatzas1,2 , G. Rozza1 and Y. Maday3
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The aim of this work is to present three parts of advances and results on the application of model order reduction to the field of fluid–structure interaction (FSI) problems. In the first part, we deal with a transport
dominated FSI problem. The solution manifold has thus a slowly decaying Kolmogorov n-width, and
this decreases the effectiveness of the reduced basis method by increasing the number of basis functions
necessary to build a good approximation space. We present a preprocessing procedure, carried out in the
offline phase, that allows to decrease the Kolmogorov n-width of our problem. We presents results that
show the comparison of the performances of the classical offline stage and the new offline stage of the reduced basis method, in three test cases: a time dependent CFD problem (parametric and non-parametric),
and a non-parametric time dependent FSI problem. This work is carried out in collaboration with Prof.
Y. Maday. The second part is focused on a partitioned approach to FSI problems. We implement an algorithm that is based on a semi-implicit coupling scheme with Robin type boundary conditions, taking into
account both an ALE formulation and a geometrical parametrization of the domain. Finally in the third
part we show preliminary results concerning the application of CutFEM to FSI problems: from Stokes
to Navier–Stokes and finally considering a fully coupled multiphysics problem. This work is carried out
in collaboration with Dr. Efthymios Karatzas at National Technical University of Athens.
REFERENCES
[1] Nonino M., Ballarin F., Rozza G. and Maday Y., Overcoming slowly decaying Kolmogorov n-width
by transport maps: application to model order reduction of fluid dynamics and fluid–structure
interaction problems, preprint, arXiv, 1911.06598, 2019.
[2] Ballarin F. and Rozza G., POD–Galerkin monolithic reduced order models for parametrized fluidstructure interaction problems, Int. J. Num. Meth. Fluids, (2016), 82:1010–1034.
[3] Ballarin F., Rozza G. and Maday Y., Reduced-order semi-implicit schemes for fluid-structure interaction problems, Model Reduction of Parametrized Systems, MS&A, (2017), 17: 149–167.
[4] Cagniart N., Maday Y. and Stamm B., Model Order Reduction for Problems with Large Convection
Effects, Contributions to Partial Differential Equations and Applications, 2019, 131–150.
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ROBUST ACTIVE FLOW CONTROL OVER A RANGE OF REYNOLDS
NUMBERS USING DEEP REINFORCEMENT LEARNING
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An artificial neural network (ANN) is trained through deep reinforcement learning (DRL) to perform
robust control of the 2D flow around a cylinder in a configuration similar to [1]. For this, the proximal
policy optimization (PPO) method is used to control the mass flow rate of four synthetic jets symmetrically located on the upper and lower sides of a cylinder immersed in a two-dimensional flow domain.
The learning environment supports four flow configurations with Reynolds numbers 100, 200, 300 and
400, respectively. After training, the ANN is able to actively control the flow and reduces the drag by
approximately 5.7%, 21.6%, 32.7%, and 38.7%, when Re=100, 200, 300, and 400 respectively. More
importantly, the ANN can also effectively reduce drag for any previously unseen Re in the range from
60 to 400. We emphasize that only four values of Re were used during the training process, while the
control is successful for any Re in that range, which highlights the generalization ability of the ANN and
is of great importance for practical applications. The averaged drag with control is further compared with
the drag value when using a symmetric boundary condition at the equatorial plane of the flow domain,
and the results indicate that the control strategy is close to the theoretical optimum [2].

Figure 1: Left: illustration of the efficiency of the control over a range of Res. Right: drag obtained at Re = 400.

REFERENCES
[1] Rabault, J., Kuchta, M., Jensen, A., Réglade, U., & Cerardi, N. (2019). Artificial neural networks
trained through deep reinforcement learning discover control strategies for active flow control. J
Fluid Mech, 865, 281–302.
[2] Bergmann, M., Cordier, L., & Brancher, J.-P. (2005). Optimal rotary control of the cylinder wake
using proper orthogonal decomposition reduced-order model. Phys Fluids, 17(9), 97101.
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ABSTRACT
Surface tension acts at the interface of two immiscible fluids, leading to the minimization of
the contact area. This quantity is therefore of primary importance in a wide range of
phenomena determining, for example, the shape, breakdown or coalescence of droplets or
bubbles. Consequently, it is a crucial parameter for understanding, modelling and simulating
many industrial processes. Furthermore, when a third phase is considered like a solid
substrate, capillary effects appear at the triple junction, acting as an additional driving force.
Among other things, these effects control the behaviour of a droplet on a solid surface, or a
liquid against a wall, and play an important role in many natural or industrial processes.
From the point of view of computational mechanics, surface tension and capillarity are
problematic in a large number of ways. Basically, a simulation with surface tension must be
stable, efficient and accurate: parasitic currents are under control, the time step is not
drastically constrained by spatial discretization, and a "good" coupling is ensured between the
fluid mechanics problem and the interface geometry. Fulfilling these criteria requires making
several choices when elaborating the numerical strategy. First, the moving fluid-fluid
interface must be accurately described. This is generally achieved by using Level-Set or
Volume-Of-Fluid approaches. However, the surface tension term depends on the mean
curvature (Laplace’s law), given by the second-order derivatives of the surface
parameterization. Several options exist to calculate this term: a nodal projection of first-order
derivatives, a higher order approximation of the function describing the interface, … Second,
by definition, the surface tension is specified on an interface, i.e. on a manifold of dimension
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d-1, d=2 or d=3. This can be done in two ways: either by transforming the surface term into a
volume term using a smoothed Dirac’s delta (CSF), or by locally reconstructing the interface
using the Level-Set function, for example. Finally, the jump in fluid properties (e.g. viscosity
and density) at the interface induces a discontinuity in the pressure gradient, while the
pressure is discontinuous due to the curvature. Depending on the choice made to impose the
surface force, different strategies can be defined and combined to treat these weak and strong
discontinuities: smoothing the material properties, enriching locally the quadrature rules,
adapting the mesh, enriching the approximation spaces (E-FEM, X-FEM), …
The objective of this mini-symposium is to provide a review of the latest advances in the
computational mechanics community in the modelling and simulation of flow involving
surface tension. Of course, the points listed above are not exhaustive, and all contributions on
the subject are welcome. Furthermore, considering a third phase, e.g. a solid substrate, implies
an additional complexity: the description of the interface between these phases (triple
junction). This results in capillarity and wetting phenomena.

3502

A Collision
Erfan
Pirmorad
Model
and
forMarkus
Simulation
Bussmann
of Particle Interactions at Fluid-Fluid Interfaces

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
January 11-15, 2021

A Collision Model for Simulation of Particle Interactions
at Fluid-Fluid Interfaces
Erfan Pirmorad and Markus Bussmann*
Department of Mechanical & Industrial Engineering, University of Toronto
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Particle-particle and particle-surface interactions at interfaces between two fluids are ubiquitous in
nature and in a wide range of industrial applications including particulate, granulation and
agglomeration processes. For instance, interactions and collisions of granular particles, or so-called rafts,
at the interface between two immiscible fluids at micrometer scales are of great research interest, with
potential benefits to the medical and pharmaceutical sciences such as drug encapsulation and delivery,
micro-nano fabrication, and environmental science. The fluid-fluid interface can have a significant
impact on particle collision dynamics and can change collision characteristics, such as the coefficient of
restitution (COR). Yet when modelling particulate flows, no existing particle collision model completely
takes into account the effect of the interface when the particles are very close. Here we introduce a
soft-sphere contact collision model for resolved numerical simulations of particle collisions in interfacial
flows, implemented in a code that couples a sharp moving interface Immersed Boundary method (IBM)
to a Volume-of-Fluid (VoF) method. Lubrication and capillary corrections are applied when two particles
are very close, to avoid the under-prediction of both lubrication and capillary forces during a collision.
The model is validated against previous numerical and experimental work via a simulation of spherical
particles colliding with a wet flat surface, and then is used for simulation of wet particle-particle
collisions. Finally, a demonstration of particle interactions during agglomeration at a water-oil interface
is presented.
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A P1/P1 FINITE ELEMENT FRAMEWORK FOR TAKING INTO
ACCOUNT CAPILLARY EFFECTS IN BIPHASIC FLOW
SIMULATIONS
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Capillary effects are involved in many areas of engineering. For example, they can affect significantly
the manufacture of structural composites by liquid resin infusion [1]. In this context, this work aims to
simulate capillary flows in a fibrous microstructure using a finite element (FE). Fibres are considered
as rigid and are represented by holes in a 2D computational domain. Both liquid and gas are assumed
to be Newtonian and incompressible fluids. Flow is then described in terms of velocity and pressure
by Stokes equations supplemented with appropriate conditions at the liquid - gas, liquid - solid and
gas - solid interfaces, and importantly, the static mechanical equilibrium of the triple junctions. All
these conditions are treated as Neumann conditions in the weak form of the equations. The FE strategy
adopted here, detailed in [2, 3], is based on a continuous and piecewise linear approximation of both
velocity and pressure fields on an unstructured simplicial mesh. The FE formulation is then stabilised
by using a Variational MultiScale method. In addition, the discrete pressure space is enriched in the
elements cut by the liquid-gas interface, in order to accurately capture the pressure jump. Moreover, the
CFL-like constraint on the capillary time-step, is overcome by considering an interfacial shear stress that
dissipates surface energy and prevents the propagation of capillary waves. Finally, the moving interfaces
are captured through a level-set methodology. This FE framework is used to perform capillary rise
simulations with different 2D microstructures. A method is proposed to calculate a capillary pressure.
This quantity, which corresponds to an average of the capillary effects, can then be considered at ab
upper scale, in Darcy’s equations for example [1].
REFERENCES
[1] K. Andriamananjara, N. Moulin, J. Bruchon, P.-J. Liotier, S. Drapier. Numerical modeling of local
capillary effects in porous media as a pressure discontinuity acting on the interface of a transient
bi-fluid flow, Int J Mater Form (2019) 12:675–691.
[2] L. Chevalier, J. Bruchon, N. Moulin, P.-J. Liotier, S. Drapier. Accounting for local capillary effects in two-phase flows with relaxed surface tension formulation in enriched finite elements, CR
MECANIQUE (2018) 346:617–633.
[3] J. Bruchon, Y. Liu, N. Moulin. Finite element setting for fluid flow simulations with natural enforcement of the triple junction equilibrium, Comput. Fluids (2018) 171:103–121.
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Multiphase flows are present in a large number of applications such as liquid composite
molding, additive manufacturing, reservoir engineering, etc. In this work, two innovative
residual-based variational multi-scale formulations for multiphase flow modelling have been
implemented in an adaptive finite element code. The Navier-Stokes equations are solved using
stabilized finite elements [1] with quadratic interpolation for the velocity and linear for the
pressure. The interface is modelled using the Level-Set (LS) method with quadratic
interpolation, which is coupled to the Navier-Stokes equations using a Continuum Surface
Force (CSF) model for surface tension [2]. Consistent linearization and robustness of the
formulation with all stabilization terms is achieved using local numerical differentiation and
automatic time-step control.
The difference between the two formulations is in the mesh velocity. The first formulation is
Eulerian, so that the mesh is fixed and an additional advection equation is solved for the LS
function simultaneously with Navier-Stokes equations in a fully implicit scheme. The second
formulation is Lagrangian, so that the mesh moves at the fluids’ velocity and there is no autoadvection term in the Navier-Stokes equations. In this latter case an LS function is still used to
represent the interface, but the CSF term in the Navier-Stokes equations is explicit.
Moreover, the mesh is persistently adapted to the finite element solution using a strategy
inspired from Hessian-based error estimators for linear interpolation [3], but extended to deal
with the quadratic interpolation used for the velocity and the LS function. This is of great
interest for the Eulerian formulation, as it increases drastically the accuracy and conservation
properties of the quadratic interpolation used for the LS function. For the Lagrangian
formulation, mesh adaption is combined with a mesh motion algorithm [4] to simultaneously
ensure a good accuracy and prevent the creation of degenerated elements.
Simulations of multiphase flow problems with surface tension are proposed to compare the two
formulations and discuss in general the relevance of adaptive higher-order Eulerian or
Lagrangian formulations for different applications.
REFERENCES
[1]
[2]
[3]
[4]

Y. Bazilevs, V.M. Calo, J.A. Cottrell, T.J.R. Hughes, A. Reali, G. Scovazzi,
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Fluids. 179 (2019) 777–789.
A. Loseille, F. Alauzet, Continuous Mesh Framework Part I: Well-Posed Continuous
Interpolation Error, SIAM J. Numer. Anal. 49 (2011) 38–60.
M. Shakoor, P.-O. Bouchard, M. Bernacki, An adaptive level-set method with
enhanced volume conservation for simulations in multiphase domains, Int. J. Numer.
Methods Eng. 109 (2017) 555–576.
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Numerical modeling of two-phase flows is an area of active research due to its importance for a wide
range of industrial applications. One such application is the prediction of the liquid water evacuation in
polymer electrolyte fuel cells (PEFCs), which demands, among other requirements, accurate representation of droplets in contact with solid substrates. In such cases, a challenging issue is to find a robust
way of imposing an experimentally consistent condition at the contact. To date, due to the lack of clarity
in the physical mechanism, there is no systematic approach to model the moving contact-line [1]. In the
present work, the well-established molecular kinetic theory [2] is implemented within the framework of
a pressure-enriched finite element method originally developed for modeling general two-phase flows
with surface tension [3]. The evolution of the interface as well as the movement of the contact-line are
captured benefiting from the level-set method. Here, instead of using a spatially-smooth representation
of the surface tension and the (unbalanced) Young stress at the contact-line [4], an element splitting
procedure is executed to enable the integration of the respective terms on the interface and along the
contact-line. Besides the implemention of the slip model at the contact-line, Cox’s relation [5] is acquired to take into account the generally unresolved sub-elemental hydrodynamics. The present method
is applied to the simulation of a liquid droplet spreading on a solid surface and the result is verified by
comparing to the data from the literature. The mesh-independence of the result is also addressed.
REFERENCES
[1] Seveno, D., Rioboo, R. and Conti, J. Dynamics of wetting revisited. Langmuir (2009) 25:13034–
13044.
[2] Blake, T.D. The physics of moving wetting lines. J. Colloid Interface Sci. (2006) 299:1–13.
[3] Hashemi, M., Ryzhakov, P. and Rossi, R. An enriched finite element/level-set method for simulating
two-phase incompressible fluid flows with surface tension. Comp. Meth. App. Mech. Eng. (2020)
37:113277.
[4] Zhang, J. and Yue, P. A level-set method for moving contact lines with contact angle hysteresis. J.
Comput. Phys. (2020) 418:109636.
[5] Cox, R.G. The dynamics of the spreading of liquids on a solid surface. Part 1. Viscous flow. J. Fluid
Mech. (1986) 168:169.
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Final properties of metallic parts depend on the microstructure obtained at the end of thermomechanical
processes. During annealing, grain growth (GG) is one of the principal mechanisms that take place.
During GG, grain boundary movement tends to reduce the interfacial free energy. The grain boundary
velocity, v, is frequently described by the relation v = −µγκn where µ, γ, κ and n are respectively the
grain boundary mobility, grain boundary energy, the mean curvature and the normal outward vector.
Based on the first principle of thermodynamics, an expression for the grain boundary velocity has been
developed with an inclination dependent energy [1]


2γ
∂
(1)
v = −µD : κn with D = γmαβ +
˜ β φ∂∇
˜ αφ
∂∇
where D is a diffusive coefficient tensor and mαβ are the components of the flat metric of the Riemannian
manifold (M , m). This new velocity equation captures the torque terms proposed by Herring [2].
Given different functions of γ, it is possible to obtain analytical models to describe the velocity of the
boundary. An analytical solution is proposed for one anisotropic boundary configuration. A sensitivity
analysis with respect to the mesh size and the time step is discussed. Numerical and analytical results
have shown good agreement for the position and the velocities of the boundaries. This work is an improvement of the classical formulations used to simulate grain growth. Additionally, the analytical model
can be used as a benchmark to compare numerical approaches where anisotropic grain boundary properties are involved. Future studies will be oriented to generalize this formalism to the polycrystal case with
multiple triple-junctions. Also, the impact of temperature, chemical composition and crystallography
reported in the literature will be studied as parameters affecting the mobility.
REFERENCES
[1] Fausty, J. and Murgas, B. and Florez, S. and Bozzolo, N. and Bernacki, M. A new level set-finite
element formulation for anisotropic grain boundary migration. Submitted in Acta Materialia.
[2] Herring, C. Surface tension as a motivation for sintering. Springer. (1999) 37:33–69.
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We introduce the sharp interface models for moving contact lines with surfactant, polymeric
fluids, and elastic membrane. A continuous model with the boundary conditions is derived for
the dynamics of two immiscible fluids with moving contact lines based on thermodynamic
principles. Both front tracking based finite element method and immersed boundary based finite
difference method are developed to solve the resulting free boundary problem. We also discuss
the model reduction of the multiscale moving contact line problem by the technique of
asymptotic analysis.

REFERENCES
[1] Z. Zhang and W. Ren, The distinguished limits of Navier slip model of moving contact line

problem in Stokes flow. SIAM J. Applied Math., Vol. 79, pp. 1654−1674, 2019.

[2] Z. Zhang and W. Ren, Simulation of moving contact lines in two-phase polymeric fluids.

Comput. Math Appl., Vol. 72, pp. 1002−1012, 2016.

[3] Z. Zhang, S. Xu and W. Ren, Derivation of a Continuum Model and the Energy Law for

Moving Contact Lines with Insoluble Surfactants. Phys. Fluids, Vol. 26, 062103, 2014.
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This study focuses on investigating the eﬀect of protruding branching duct on laminar ﬂuid
ﬁeld in vertical dividing pipe junction of heat exchanger. The ducts under study, main and
branch side are of minichannel scale where the corresponding diameters are 3.96 and 1.6 mm
respectively. First, numerical validations are given based on the experimental measurements
of Cho et al. [1] for the case of non-protruding branching duct (h=0, β≠0) and also comparing
with Poiseuille ﬂow for non-protruding case with no ﬂow in the branch side (h=0, β≠0) where
good agreements were found in each case. Second, the degree of protrusion in pipe branching
duct is characterized studying and analysing three cases of protrusions (h = D/4, h = D/2 and h
= 3D/4). The eﬀects of branching ﬂow rate ratio β and the inlet Reynolds number on local
pressure changes and the velocity proﬁle are presented and examined in both main and
branching ducts. Finely, the inﬂuence of the extent of protruded branch on velocity ﬁeld and
the overall pressure drop are documented as expected. The results show a strong eﬀect of
protrusion on hydrodynamic ﬂow: pressure ﬁeld, velocity proﬁle and ﬂow circulation in both
main and branching ducts.
REFERENCES
[1] 1] Y. I. Cho, L. H. Back and D. W. Crawford. Experimental Investigation of Branch

Flow Ratio, Angle, and Reynolds Numbers on the Pressure and Flow Fields in Arterial
Branch Models. J. of Biomechanical engineering 107 (1985) 256-267.
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PRESSURE DISCONTINUITY
N. Moulin1 , K. Andriamananjara1 , J. Bruchon1 , P.-J. Liotier1 and S. Drapier1
1
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Capillary effects define the ability of a liquid to maintain contact with a solid. They play a key role
in the description of liquid flows in porous media. Such phenomena are related to the surface tension
between the liquid and the surrounding media such as air, and to the liquid-solid and air-solid surface
energies. During flows in a porous medium, the competition between viscous and capillary effects may
lead to infiltration issues and void formation. Here we focus on capillary effects occurring in porous
media such as fibrous reinforcements during infusion process of composite parts, especially in Liquid
Resin Infusion process. In this work, capillary forces are modelled by a capillary pressure considered
mathematically, as a pressure discontinuity applied on the fluid front [1]. Our aim is to develop a robust mathematical and numerical framework to simulate fibrous media impregnation. At macroscopic
scale, fibrous media are described by homogeneous media and the flow is subsequently formulated using
Darcy’s equation. A Finite Element discretization of the Darcy’s equation is considered and a pressure
enriched space is locally introduced at the fluid interface in order to capture the pressure discontinuity
[2]. Then, a Variational Multi-Scale Stabilization method is selected to take into account the subgrid
effects on the FE solution and hence ensure the consistency of the finite element formulation. The fluid
front is represented by a level set function, convected with the fluid velocity thanks to a finite element
scheme stabilized with a SUPG method. Both convergence and implementation are first validated with
the Method of Manufactured Solution and the model yields a good convergence. Second, a comparison
with experimental measurements [3] in the case of capillary wicking of water into carbon reinforcements
shows a good agreement between experimental and numerical results.
REFERENCES
[1] K. Andriamananjara, N. Moulin, J. Bruchon, P.-J. Liotier, S. Drapier. Numerical modeling of local
capillary effects in porous media as a pressure discontinuity acting on the interface of a transient
bi-fluid flow Int. J. Mater. Form., (2019) 12(4):675–691.
[2] R. F. Ausas, G. Buscaglia, S. R. Idelsohn. A new enrichment space for the treatment of discontinuous pressures in multifluid flows, Int. J. For Numer. Meth. In Fluids, (2012) 70(7):829–850.
[3] M. F. Pucci, P.-J. Liotier, S. Drapier. Capillary wicking in a fibrous reinforcement - Orthotropic
issues to determine the capillary pressure components, Composites/A, (2015) 77:133–141.
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Mesoscopic Modeling
Sorting cells based on their intrinsic properties is a highly desirable objective, since changes in cell
deformability are often associated with various stress conditions and diseases. Deterministic lateral
displacement (DLD) devices [1] offer high precision for rigid spherical particles, while their success in
sorting deformable particles remains limited due to the complexity of cell traversal in DLD devices. We
employ mesoscopic hydrodynamics simulations to better understand flow properties of red blood cells
(RBCs) traversing through different DLD devices. In particular, we demonstrate prominent advantages of
sharp-edged obstacles for probing deformability properties of RBCs [2]. Furthermore, we will illustrate
how single cell dynamics governs its motion through DLD devices, which can serve as a possible sorting
strategy [3]. Interestingly, good sensitivity to changes in intrinsic properties of RBCs requires fine-tuning
of flow conditions, including flow strength and device geometry. We expect that similar mechanisms
should be applicable for the development of novel DLD devices that target intrinsic properties of many
other cells.
REFERENCES
[1] Huang, L. R., Cox, E. C., Austin, R. H. and Sturm, J. C. Continuous particle separation through
deterministic lateral displacement. Science (2004) 304:987–990.
[2] Zhang, Z., Chien, W., Henry, E., Fedosov, D. A. and Gompper, G. Sharp-edged geometric obstacles
in microfluidics promote deformability-based sorting of cells. Phys. Rev. Fluids (2019) 4:024201.
[3] Chien, W., Zhang, Z., Gompper, G. and Fedosov, D. A. Deformation and dynamics of erythrocytes govern their traversal through microfluidic devices with a deterministic lateral displacement
architecture. Biomicrofluidics (2019) 13:044106.
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Study of the dynamic contact line by the Volume-of-Fluid method on
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The motion of a two-fluid interface contacting a flat solid surface poses a particularly
difficult problem of continuum fluid mechanics. If the traditional point of view of a noslip wall—a sharp transition between the phases and constant surface tension—is to be
believed, then a contradiction ensues since at the triple point or contact line the velocity is
both zero and non zero. In this study, we investigate the dynamic contact line for sheared
droplet and curtain coating configurations. The two-phase Navier-Stokes equations are
solved by a Volume-of-Fluid method on an adaptive Cartesian mesh. A Navier boundary
condition is introduced to regularize the solution at the triple point and remove the implicit
numerical slip induced by the cell-centered interface advection. A further regularisation is
investigated through the Generalized Navier Boundary Condition that takes into account
the influence of the dynamic contact angle on the contact line velocity. The curvature of
the interfaces are tested in the Cox-Voinov theoretical framework with good results.

3512

Nonstandard
MS
Organizer(s):
methods
Rolf Krause,
for highly
Martin
nonlinear
Weiserproblems
and Gabriel Wittum

Nonstandard methods for highly nonlinear problems
MS Organizer(s): Rolf Krause, Martin Weiser and Gabriel Wittum

3513

3514

MS463
Rolf
Krause,
- Nonstandard
Martin Weiser
Methods
and for
Gabriel
Highly
Wittum
Nonlinear Problems

14th World Congress on Computational Mechanics (WCCM XIV)
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
July 19- 24, 2020, Paris, France

NONSTANDARD METHODS FOR HIGHLY NONLINEAR PROBLEMS
TRACK NUMBER 1500
ROLF KRAUSE1, MARTIN WEISER2, GABRIEL WITTUM3
1 Institute for Computational Science
Università della Svizzera italiana
Via G. Buffi 13
6900 Lugano
Switzerland
rolf.krause@usi.ch, ics.usi.ch
2 Zuse Institute Berlin
Takustr. 7
14195 Berlin
Germany
weiser@zib.de, www.zib.de/weiser
– corresponding organizer –
3 AMCS, KAUST
King Abdullah University of Science and Technology
GCSC
University of Frankfurt
wittum@techsim.org

Key words: contact discretization, phase field models, fluid structure interaction, efficient
solution methods, multilevel approaches, discontinuous Galerkin
ABSTRACT
Highly nonlinear or discontinuous and possibly coupled problems in mechanics and
biomechanics, in particular contact, fracture, and fluid-structure interaction, are both relevant
in many practical examples and computationally challenging. Thus, they are subject of
ongoing and active research efforts despite decades of development. New and advanced
discretization and solution methods have been invented over the last years, belonging to a
wide variety of classes such as phase field, cut finite element, and enriched finite volume
methods, or meshless and overconstrained formulations. These new approaches promise to
overcome some drawbacks of existing ones.
On the other hand, their relative newness requires careful investigation of their mathematical
properties and of their practical behavior when applied to realistic and complex problems.
Existing methods, e.g., fast solution methods such as multigrid, have to be adapted to nonstandard discretizations. The same holds true for the related simulation software, which needs
to be extended in order to cope with the new developments.
This minisymposium is therefore intended to provide a discussion forum for all aspects of
non-standard approaches, their mathematical properties, their practical behavior, and the
related changes in (community) simulation tools. It aims at giving an overview of current
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trends for highly nonlinear and coupled problems in mechanics in the broadest sense, and
intends to provide a platform for exchange and combination of new ideas that have emerged
in different research fields. In particular it shall gather researchers involved in new
discretization and solver developments in these areas, fostering collaboration and community
building.
Contributions related to any new algorithmic developments will be considered. Of particular
interest is the treatment of coupled problems, their discretization and efficient solution.
Speakers ill be encouraged to present both, success stories and failures, improving the
understanding of algorithmic benefits from both sides. Failure stories will be of particular
interest if they provide insight into the failure mechanisms and conditions.
We aim at a MS size of two sessions, and envisage two keynote talks.
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Hyperelastic materials are modelled via a nonlinear, nonconvex, infinite dimensional energy minimization problem. Its nonlinearity carries a lot of geometric structure. For example, the inner energy is invariant against rigid body motions. In analysis this structure has frequently been exploited. For examples,
equilibrium conditions for polyconvex hyperelastic materials have been derived, using a composition of
deformations, instead of an addition of small displacements, when difference quotients are considered.
In short, the multiplicative structure of deformations is used.
In this talk we present an approach that exploits this multiplicative structure of deformations numerically.
Our approach can be interpreted as a Newton type method, equipped with a nonlinear update. After a
Newton-type correction has been computed, it is not simply added to the current iterate. Rather, the new
iterate is computed from the given direction by a nonlinear mapping.
This mapping is constructed for linear finite elements on the given tetrahedral grid for each tetrahedron
separately, by applying the exponential mapping. Since the result of this computation violates the continuity requirements of conforming finite elements we then perform a node-wise averaging. The result
defines the new iterate. The computational cost of this nonlinear is small, compared to the computation
of the Newton step. For small Newton corrections, our update resembles the classical Newton step. The
nonlinearity of rigid body motions is resolved exactly by this nonlinear update. These properties result
in a significant reduction of Newton steps, in particular, if the geometric nonlinearity plays a major role
in the problem at hand.
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In this talk we discuss fluid-structure interaction (FSI) problems with large structural deflections and
the transition to solid-solid contact between parts of the structure and an exterior wall. To this end, we
develop Nitsche-based formulations for both the FSI part and the contact model. For the combination of
FSI and contact we present two numerical approaches, both of them formulating the FSI interface and
the contact conditions simultaneously in equation form on a joint interface-contact surface [1]. The first
approach uses a relaxation of the contact conditions to allow for a small mesh-dependent gap between
solid and wall. The second alternative introduces an artificial fluid below the contact surface. The
resulting system of equations can be included in a consistent fashion within a fully implicit monolithic
variational formulation, which prevents the so-called “chattering” phenomenon.
To deal with the topology changes in the fluid domain at the time of impact, we use a fully Eulerian
approach for the FSI problem [2]. We show a stability result and discuss the effect of interface and
boundary conditions. Finally, we illustrate the performance of the methods by means of detailed numerical investigations.
REFERENCES
[1] E. Burman, M.A. Fernández, S. Frei: A Nitsche-based formulation for fluid-structure interactions
with contact, ESAIM M2AN 54(2), 531-564 (2020)
[2] S. Frei: Eulerian finite element methods for interface problems and fluid-structure interactions,
Dissertation, Heidelberg University (2016)
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The numerical simulation of material and structural failure is a challanging task due to the local softening
of the material and the associated loss of ellipticity. Damage model become an inherently ill-posed
problem with the onset of damage and have to be regularized to still ensure mesh-independent results.
In this work, we thus employ a gradient-enhanced model [1] for the regularization of 3d simulations of
brittle materials. Since the damage evolution is highly localized both in time and space, we use adaptive
strategies for load-stepping and mesh handling [2] in order to accurately capture the damage propagation
which turns into fracture-like patterns. The resulting linear systems of equations are addressed by the
geometric multigrid method [3] on the adaptively refined mesh hierarchy. We present numerical results
for the 3d damage evolution, and study the robustness and efficiency of the employed multigrid solver
under damage evolution.
REFERENCES
[1] Junker, P., Schwarz, S., Dustin, D.R., and Hackl, K., A fast and robust numerical treatment of a
gradient-enhanced model for brittle damage. International Journal for Multiscale Computational
Engineering (2019) 17(2):151–180.
[2] Vogel, A. and Junker, P., Adaptive and highly-accurate numerical treatment for a gradient-enhanced
brittle damage model, in review
[3] Hackbusch W. Multi-Grid Methods and Applications. Springer (1985)
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The talk will address overconstrained formulations for multi-body contact and adapted multilevel solvers
of augmented Lagrange type for the resulting QPs.
We consider stationary contact problems for hyperelastic materials. The non-penetration conditions is
discretized by a symmetric, pointwise sampling, essentially independent of the displacement discretization. This allows for a simple implementation, which is particularly convenient in the case of multi-body
and self-contact where the a priori definition of master and slave sides is cumbersome. Nevertheless,
usual error estimates can be shown. The drawback is, that the multiplier discretization is not of the special structure provided by dual mortar spaces. This prevents the use of efficient nonlinear Gauss-Seidel
smoothers in two-body contact as it is exploited in monotone multigrid methods [1]. Contact locking can
be addressed by gap computation on a G1 -continuous boundary interpolation [2].
Instead, we use an augmented Lagrangian on the fine grid, and combine this with a primal multigrid
hierarchy for the displacements. As a smoother, we employ overlapping nonlinear block Gauss-Seidel
or Jacobi methods, and exploit the high arithmetic intensity of local QPs to be solved for effective parallelization. In order to have effective coarse grid corrections even in the case of sliding contact along
rounded contact surfaces, we propose a level-dependent penalty factor.
The properties of the resulting contact solver are illustrated at several numerical examples.
REFERENCES
[1] Krause, R. A non-smooth multiscale method for solving frictional two-body contact problems in
2D and 3D with multigrid efficiency. SIAM J. Sci. Comp. (2009) 31(2):1399–1423
[2] Puso, M.A. and Laursen, T.A. A 3D contact smoothing method using Gregory patches. Int. J.
Numer. Meth. Engng. (2002) 54:1161–1194.
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Many problems in porous media science and geophysics comprise interactions of processes,
and are typically formulated as a system of coupled PDEs. In most cases these systems are
transient and often also non-linear. Developing efficient solvers is a delicate task, since one
must to combine suitable schemes for (i) time integration, (ii) linearization, and (iii)
(geometric and/or algebraic) multilevel solvers, finally being employed in a (iv) parallel
computing environment. In this work, we focus on systems of equations that can in abstract
form as
(1)
𝐵𝐵(𝑢𝑢)𝑢𝑢̇ = 𝐹𝐹(𝑢𝑢).
The operator B potentially is singular. For the time-integration of Eq. (1) Deuflhard and
Nowak [1] suggest linearly-implicit extrapolation schemes (LIMEX). The scheme consists of
steps of the form
(𝐵𝐵𝑖𝑖 + 𝜎𝜎𝐽𝐽0 )(𝑢𝑢𝑖𝑖+1 − 𝑢𝑢𝑖𝑖 ) = 𝜎𝜎𝜎𝜎(𝑢𝑢𝑖𝑖 )
(2)

where 𝐵𝐵𝑖𝑖 ≔ 𝐵𝐵(𝑢𝑢𝑖𝑖 ) and 𝐽𝐽0 ≔ 𝐵𝐵𝑢𝑢 (𝑢𝑢0 )𝑢𝑢̇ 0 − 𝐹𝐹𝑢𝑢 (𝑢𝑢0 ). For some initial data 𝑢𝑢0 and a given time
step size 𝜎𝜎, this scheme computes numerical solutions 𝑈𝑈𝜎𝜎 (𝜏𝜏) on the time interval (0, 𝜏𝜏).
These intermediate solutions 𝑈𝑈𝜎𝜎𝑘𝑘 can be extrapolated to 𝜎𝜎 → 0, e.g. by Aitken-Neville
extrapolation. These methods, which where initially developed for DAEs, are now employed
in the context of partial differential equations. Although Eq. (1) is in general non-linear, Eq.
(2) is a linear equation. As a result, with respect to software design, no additional linearization
loop is required. This strategy has been implemented in the software package UG4 [2,3]. An
additional benefit is that an approximation of the operators 𝐵𝐵𝑖𝑖 and 𝐽𝐽0 is admissible. This fact
can be exploited for designing suitable multigrid preconditioners. Moreover, this can be
combined with adaptivity.
In this presentation, we take an application-oriented approach, and provide numerical results
for poroelasticity [4], density-driven-flow [5] and the Navier-Stokes equations.
REFERENCES
[1] P. Deuflhard and U. Nowak: Extrapolation Integrators for Quasilinear Implicit ODEs In: Large
Scale Scientific Computing. Birkhäuser (1987), 37–50.
[2] A. Vogel, S. Reiter, M. Rupp, A. Nägel and G. Wittum: UG4: A novel flexible software system
for simulating PDE based models on high performance computers, Comput. Visual Sci., 16:4
(2013), 165-179.
[3] Reiter, S., Vogel, A., I. Heppner, et al.: A massively parallel geometric multigrid solver on
hierarchically distributed grids, Comput. Visual Sci., 16:4 (2013), 151-164.
[4] A. Nägel, G. Wittum: Scalability of a Parallel Monolithic Multilevel Solver for Poroelasticity,
In: Nagel W., Kröner D., Resch M. (eds) High Performance Computing in Science and
Engineering ' 18. Springer (2019), 427-437.
[5] A. Nägel, P. Deuflhard, G. Wittum: Efficient Stiff Integration of Density Driven Flow Problems,
ZIB-Report 18-54, (2018).
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ABSTRACT
In this minisymposium, we will provide a forum for discussing both discretization methods
and coupling techniques for fluid-structure interaction. In this respect, we will consider both
heat transfer and mechanical interactions. Topics addressed by the presentations will
include:
 Cut-cell methods for the compressible and incompressible Navier-Stokes equations
on collocated and staggered grids;
 Direct numerical simulation of the interaction of turbulent compressible flow with
particles of Kolmogorov-length-scale size;
 Adaptive mesh refinement;
 Novel Runge-Kutta methods;
 Volume of fluid and level set methods;
 High order immersed boundary methods;
 Explicit fluid-structure coupling via kinematic and traction boundary conditions;
 Novel fluid-structure coupling of black box solvers and analytical models via the quasi
Newton method.
REFERENCES
[1] Schneiders, L., Meinke, M., and Schröder, W. (2017). Direct particle–fluid simulation of
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Mechanics, 819, 188-227. https://doi.org/10.1017/jfm.2017.171

3525

A One-Field
Y.
Wang, P. Jimack,
Monolithic
M. Warkley
Fictitious
andDomain
H Thompson
Method for Fluid-Structure Interaction

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

A ONE-FIELD MONOLITHIC FICTITIOUS DOMAIN METHOD FOR
FLUID-STRUCTURE INTERACTION
Yongxing Wang1 , Peter K. Jimack2 , Mark A. Walkley2 and Harvey M. Thompson1
1

School of Mechanical Engineering, 2 School of Computing, University of Leeds, Leeds, UK.

Key Words: Fluid structure, Finite element, Fictitious domain, One field, Monolithic scheme, Eulerian
formulation, Immersed finite element, Energy stable
Problems of Fluid-Structure Interaction (FSI) can either be solved in a partitioned/segregated manner or
a monolithic/fully-coupled manner, recently the latter has been regarded in literature as a robust way to
cope with a variety of FSI problems. The classical monolithic approaches have the drawback of dealing
with a large non-linear equation system combining fluid and solid, which is difficult to solve. However,
this negative feature can be elegantly improved by the one-field idea: expressing the solid equation in
terms of velocity, thus reducing the FSI system to a fluid-like problem. We implement this idea based
upon the Fictitious Domain method (FDM) [1, 2], the distinguish feature of this methodology is that
it only solves for one velocity field for the whole FSI domain; the interactions remain decoupled until
solving the final linear algebraic equations. To achieve this the finite element procedures are carried out
separately on two different meshes for the fluid and solid respectively, and the assembly of the final linear
system brings the fluid and solid parts together via an isoparametric interpolation matrix between the two
meshes.
In our recent new research, we apply this one-field idea to an Arbitrary Lagrangian-Eulerain (ALE)
formulation [3]. The distinguish feature of this one-field ALE is that it only solves for one velocity field
in the whole FSI domain, and it solves in a monolithic manner so that the fluid-solid interface conditions
are satisfied automatically. We prove that the proposed scheme is unconditionally stable through energy
analysis.
We validate the two numerical schemes, one-field FDM and one-field ALE, through a selection of two
and three dimensional numerical examples. These include validation of energy stability, comparison to
benchmarks and experimental results, and comparing with existing numerical methods, typically with
Immersed Finite Element Methods (IFEM).
REFERENCES
[1] Y. Wang, P. K. Jimack, M. A. Walkley. A theoretical and numerical investigation of a family of
immersed finite element methods. Journal of Fluids and Structures (2019) 91: 102754.
[2] Y. Wang, P. K. Jimack, M. A. Walkley. A one-field monolithic fictitious domain method for fluidstructure interactions. Computer Methods in Applied Mechanics and Engineering (2017) 317:
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Many problems can be reduced to finding the root of a black-box system. For example, partitioned
fluid-structure interaction (FSI) problems with strong coupling can often be solved efficiently with a
quasi-Newton method such as IQN-ILS [1]. This algorithm creates a low order approximate inverse
of the Jacobian of the black-box, using old inputs and outputs from previous coupling iterations and
timesteps.
For some root-finding problems, additional information or an analytical expression may be available for
the black-box, so that it is possible to come up with a surrogate model that covers part of the physics
involved. The Quasi-Newton with Least-Squares and Surrogate (QN-LeSS) method is presented in this
work: it combines a physics-based surrogate model of the black-box system with the aforementioned
IQN-ILS method, in order to reduce the required number of quasi-Newton iterations. This surrogate may
have the form of a matrix, a more general linear operator or even a non-linear function, as long as it
evaluates significantly faster than the original black-box system. For the partitioned FSI problem, it can
be shown that the IQN-ILS method is actually a special case of QN-LeSS, with Gauss-Seidel iterations
as surrogate model.
QN-LeSS is demonstrated by solving the steady free surface problem. This root-finding problem requires
an accurate surrogate model, that is based on a perturbation analysis of inviscid free surface flow [2]. The
problem is complicated by the fact that the steady free surface problem is not well defined: boundary
conditions must be added to the system to find a unique solution. As illustration, the wave pattern caused
by an obstacle is calculated.
REFERENCES
[1] Degroote, J., Bathe, K.J., and Vierendeels, J. Performance of a new partitioned procedure versus a
monolithic procedure in fluid—structure interaction. Comput. Struct., Vol. 87.11–12, pp. 793-801,
(2009).
[2] Demeester, T., Degroote, J., and Vierendeels, J. Stability analysis of a partitioned iterative method
for steady free surface flow. J. Comput. Phys., Vol. 354, pp. 387–392, (2018).
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In this abstract, fluid-structure interaction (FSI) phenomenon of an aircraft is analysed by
applying projection-based reduced order model. The specific FSI phenomenon considered in
this study is limited amplitude and sustained oscillation of a wing which is known as limit cycle
oscillation (LCO). As the relevant FSI phenomena is highly nonlinear, Navier-Stokes
computational fluid dynamics in time domain is used to create the full order model.
The current ROM is applied for FSI phenomenon of a two-dimensional NACA 0012 airfoil.
The airfoil is a modified geometry from that by Poirel, et al [1]. The airfoil travels at a constant
airspeed of 7.5 m/s and is constrained in all directions, except for the pitch spring containing
damping. According to Poirel et al., the specific FSI is caused by flow separation at the trailing
edge and reattachment[1]. Such phenomenon is observed and confirmed in the current
computation clearly. For the reconstruction, fully converged 50 seconds of FSI flow field is
used. Total of 200 POD modes are used to reconstruct the flow field which yields 99.98% of
total energy. As a result, the flow field is accurately reconstructed shown in Fig. 1. The velocity
average RMS discrepancy between original flow field and reconstructed flow field is 0.09%.
Also, the computational time required was reduced significantly as the full order model took
168 hours for analysis whereas the reduced order model took 22.5 hours. Resulting in 86.6%
reduced computational time.
In this abstract, efficient FSI analysis using projection-based ROM is presented. The ROM is
based on the POD-Galerkin method and is applied for FSI phenomenon of NACA 0012 airfoil.
The reconstructed flow field is quite accurate as it shows average discrepancy as small as 0.09%
compared to the full order model result and the computational time required is 86.6% reduced.
In the future, non-intrusive ROM using artificial neural network (ANN) will be developed and
added for the present FSI analysis.

(a) Reduced order model
(b) Full order model
Fig. 1. Original and reconstructed horizontal fluid velocity contours using POD-ROM
REFERENCES
[1] Poirel, D., Metivier, V., and Dumas, G., Computational aeroelastic simulations of self-
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An efficient and versatile immersed boundary method (IBM) for simulating compressible viscous
flows with complex and moving convex boundaries has been developed. The compressible NavierStokes equations are discretized by globally fourth order summation-by-parts (SBP) difference
operators with in-built stability properties and the classical fourth order explicit Runge-Kutta method.
The proposed Cartesian grid based IBM builds on the ghost point approach in which the solid wall
boundary conditions are applied as sharp interface conditions. The interpolation of the flow variables
at image points and the solid wall boundary conditions are used to determine the flow variables at
three layers of ghost points within the solid body in order to introduce the presence of the body
interface in the flow computation and to maintain the overall high order of accuracy of the flow solver.
Two different reconstruction procedures, bilinear interpolation and weighted least squares method, are
implemented to obtain the values at the ghost points. A robust high order immersed boundary method
is achieved by using a hybrid approach in which the first layer of ghost points is treated by using a
third order polynomial combined with the weighted least squares method and the second and third
layers of ghost points are treated by using bilinear interpolation to find the values at the image points
of the corresponding ghost points.
After demonstrating the accuracy of the present IBM for low Mach number flow around a circular
cylinder, it is applied to simulate flow in the cross-section of the upper airways of a specific OSA
patient [1, 2]. The IBM solver has been further verified and validated for moving boundaries by
applying it to a transversely oscillating cylinder in freestream flow and an in-line oscillating cylinder
in an initially quiescent fluid. Sound waves generated by the in-line oscillation of the cylinder exhibit
both quadrupole and monopole types [1, 3].
For fluid-structure interaction (FSI) of freestream flow with an elastically mounted circular cylinder,
the equation of motion of the rigid body is solved by the classical fourth order explicit Runge-Kutta
method. The coupling between the fluid and the structure is handled by exchanging the positions,
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velocities and forces at the fluid-structure interface in each stage. The rate of energy transferred
between the fluid and the structure at Reynolds number 200 is investigated [4].
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In this presentation, some recent progress towards the simulation of fully coupled free surfacebody interactions using a continuous forcing immersed boundary method is presented. It is
based on a three-phase description as originally presented in [1]. The solution for a unified set
of governing equations, which only differ in the definition of the forcing term, is found using a
projection method and least-squares calculations for the rigid body dynamics. The body is
described with a smeared Heaviside function and transported with a high-order time integration.
In contrast to the original developments, a high-order moving least-squares method is included
for interpolating the Heaviside function on the fixed fluid grid.
The proposed method is implemented in the open-source CFD code REEF3D [2]. The solver
employs finite difference discretisations on staggered rectilinear grids with focus on free surface
flows. Convection terms are evaluated using fifth-order accurate weighted essentially nonoscillatory (WENO) schemes and for the time integration, a third-order accurate Runge-Kutta
TVD scheme is applied. The discrete system is solved using a projection method for
incompressible flows and adaptive time stepping. The arising Poisson equation is solved using
a fully parallelized BiCGStab algorithm. The free water surface is represented implicitly by the
zero level set of a smooth signed distance function. Its motion is described by a simple
advection equation which is discretised with high order finite difference methods
Several numerical examples are presented to demonstrate the applicability of the new FSI
solver. This includes several benchmark cases for one- and two-phase flows as well as the
application to wave-body interaction. These cases highlight the advantage of the proposed
model over existing immersed boundary methods which is high efficiency, simplicity and
smooth total force predictions. This is particularly important for predicting slow drift forces of
moving objects in waves and current.
REFERENCES
[1] Yang, L., One-fluid formulation for fluid–structure interaction with free surface. Comput.

Methods Appl. Mech. Engrg. (2018), Vol. 332, pp. 102-135.
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Cut-cell method based solutions for viscous flows interacting with freely moving boundaries is
presented. The method enables a sharp resolution of the embedded boundaries and strictly
conserves mass, momentum, and energy. The methods contains a new explicit Runge-Kutta
scheme (PC-RK) which substantially reduces the computational effort for tracking the moving
boundaries and subsequently reinitializing the solver impairing neither stability nor accuracy.
The structural motion is computed by an implicit scheme with good stability properties due to
a strong-coupling strategy and the conservative discretization of the flow solver at the material
interfaces. Small cut cells are treated with high accuracy and robustness for arbitrary geometries
based on a weighted Taylor-series approach solved via singular-value decomposition. Several
three-dimensional cases of laminar and turbulent particulate flow will be discussed [1,2]. The
results show the good, the bad and the ugly of analyzing dancing Kolmogorov size particles in
turbulent flows. In brief, solutions can be obtained, which is good, it is tough, which is bad, and
it is extremely hard to derive a general model, which is ugly.
REFERENCES
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ABSTRACT
The past decades have witnessed a rapid development of particle methods for geomechanical
problems. According to their natures, the particle methods can be approximately divided into
the continuum and discrete categories. Developed based on the continuum mechanics, the
primary aim of the continuum particle approaches such as the Particle Finite Element Method
[1], the Smoothed Particle Hydrodynamics [2], and the Material Point Method [3] is to tackle
issues relevant to extreme material deformation where conventional continuum methods
suffer from severe mesh distortion, for example free-surface flow and cone penetration. In
contrast, the application of the discrete particle method such as the Discrete Element Method
(DEM) is motivated by the discrete feature of soils. Regarded as an assembly of granules with
air and/or fluids filling the pore space, micromechanical analysis of soils can be performed
using the DEM coupled with proper Computational Fluid Dynamics (CFD) techniques [4]. To
combine strengths of both continuum and discrete approaches, some multiscale schemes have
been developed as well [5,6]. Despite recent advances in the particle approaches, unmet
challenges still exist in the application of particle approaches to geomechanical problems
particularly when multiphase and multiphysics processes are involved such as debris flows,
submarine landslides, cone penetration into wet soils, etc.
This mini-symposium is intended to provide a forum for researchers to present contributions
in the broad field of particle methods relevant to geomechanical problems. Topics within the
scope of interest include, but are not limited to:
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(1) Modelling of granular flow and geohazard problems such as subaerial/submarine
landslides, debris flow, avalanches, etc;
(2) Simulation of insertion or intrusion of solid bodies into dry/wet granular soils, and pile
installation problems;
(3) Micromechanical analysis of dry/wet granular soils;
(4) Discrete-continuum multiscale modelling of geomechanical problems.
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The construction of geotechnical structures or the outbreak of geohazards usually imposes large
deformation on surrounding soils, which needs to be properly considered in the modelling and
analysis. The current study presents an extension to the previously developed coupled
FEM/DEM approach for multiscale modelling of geotechnical problems [1], hence fully
inherits its advantages in bridging the micro-macro responses of soils and averting the invoking
of any complicated phenomenological soil constitutive models. The proposed approach
replaces the FEM with the smoothed particle FEM (SPFEM) [2] to enable the capability in
tackling large deformation problems, meanwhile retains DEM to solve representative volume
elements (RVEs) attached to the SPFEM nodes to obtain the soil constitutive responses. By
using the technique of nodal integration, the material responses can be updated without the need
of mapping material parameters/states over different meshes throughout the calculation.
Finally, several examples including soil column collapse and slope failure are provided to
demonstrate the advantage of the proposed approach.
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The finite element method (FEM) is a dominant numerical technique for analysing nonlinear
geotechnical problems. However, the classical Lagrangian-based FEM does not perform well
for problems involving very large deformation, such as deep penetration, collapse and flows of
granular materials, large landslides etc., because of excessive mesh distortion. Due to the
limitations of the traditional FEM, efforts have been devoted to developing new approaches
such as the Coupled Eulerian Lagrangian Method, the Material Point Method, the Smoothed
Particle Hydrodynamics, etc. In this paper, the recent development of the particle finite element
method [1, 2], which is a novel numerical approach for modelling large deformation
geotechnical problems involving both solid-like and fluid-like behaviours of geomaterials, is
introduced. Particular emphases are placed on its capabilities in modelling problems related to
granular flows such as the collapse of granular columns, debris flows and large landslides.
Numerous applications of the PFEM and its variant are presented for the demonstration of its
effectiveness and efficiency.
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Debris flows are natural events that have a high potential of damage due to the materials, volume, and
velocity they can reach once the flows were triggered [1]. It is worth study the materials and their
interactions to improve the prediction of some variables, such as the path of the flow, velocities, and
forces. Constitutive models and numerical methods have an essential role in broadening the knowledge
of how these phenomena behave. Thus, the coupling of numerical methods is becoming essential to
describe the behaviour of these natural events. The coupling of Smooth Particle Hydrodynamics (SPH)
and Discrete Element Method (DEM) is presented in this work to show the capacity to represent the
interaction of several materials at the same time, added to the benefits of the boundary conditions here
implemented. SPH is employed to represent the fluid and soil by using different constitutive models,
from a continuum approach with the advantaged that the points can displace [2]. On another hand, DEM
is used to describe immersed objects, which could represent boulders as well as the unmoveable boundary
conditions. In this way we are able to couple the behaviour occurring at very different scales (fines and
water with a continuum approach, boulders with a discrete one) in a unifying framework suitable to
describe heterogeneous debris flows. Some traditional cases and new benchmark cases were solved to
validate this new approach. The results show good agreement with the analytical solutions, experimental
results and also field data.
REFERENCES
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Strain localization is a widespread phenomenon in many materials, and it is also the main
reason for the failure of various geotechnical structures (i.e. landslides and foundation
instability). Numerical analysis of strain localization in geomaterials can be achieved by the
following two aspects. The first aspect is to adopt a numerical technique, which possesses, in
addition to the usual requirements to FEM intrinsic properties, the ability to reproduce the
strain localization phenomenon in the softening material. The second aspect is to incorporate
some type of regularization mechanism (i.e. Cosserat model [1–2], higher-order gradient
model [3] and integral type non-local model [4]) into the classical continuum theory to
preserve the well-posedness of the partial differential equations and overcome meshdependent. In order to meet the requirements of high-order continuity, this study extends the
Cosserat continuum theory to isogeometric analysis [5] for simulating strain localization of
geomaterials, eventually leading to the so-called Cosserat-IGA method. The numerical
examples illustrate that the Cosserat-IGA method has the following advantages over CosseratFEM method: (1) Greatly improving the convergence range of numerical calculations
(approximately 68%) in the post-peak phase as mesh-sensitivity is reduced as the order of
NURBS increases; (2) Eliminating geometric discretization errors as Cosserat-IGA can carry
out simulations directly on CAD models; (3) Avoiding the expensive intermediate meshing
step since the relevant elements are generated by a mapping; (4) Cosserat models and
Isogeometric analysis are the best robust combination to solve strain localization problems as
B-splines/NURBS are very smooth functions with easily obtained high order continuity.
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This mini-symposium aims to provide a platform to discuss the recent developments in computational
geomechanics. Contributions addressing computational method developments, numerical
implementations and applications in geomechanics are welcome. This Mini-symposium seeks
contributions related, but not limited, to: 1) computational methods and algorithms for multi-phase,
multi-scale models, 2) coupled geomechanical/flow problems, 3) inverse analysis and parameter
identifications with conventional data, 4) computational homogenisation, 5) conventional and datadriven constitutive modeling, 6) numerical modelling of faulting, damage, and fracturing processes in
geomaterials, (7) micromechanics (particulate mechanics, molecular dynamics, etc.), (6) Meshless
methods for large deformation poromechanics problems and extreme events modeling, (8) higher-order
continuum theory for porous media, (9) probabilistic methods and uncertainty quantification
methodologies for geomechanics are also welcomed.
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The Callovo-Oxfordian (COx) claystone is investigated at the Meuse/Haute-Marne
underground research laboratory as the reference host formation for geological disposal of
high and intermediate activity long-lived radioactive waste in France. The softening
behaviour of the COx claystone is known to lead to bifurcation from a diffuse state to
localized shear bands [1]. The length scales of macroscopic mechanical fields and
microstructures are no longer separated so that local macroscopic constitutive laws are no
longer valid neither on a physical ground nor on a mathematical one. In particular, they result
in unrealistic solutions where the strain localizes in narrow bands the size of which is
uncontrolled hence leading to erroneous plastic dissipation at fracture. From a computational
point of view, these issues are exhibited as a spurious mesh dependency where strain localizes
in narrow bands of one element width [1].
In a finite element framework, enhanced continua such as local second gradient
methods [2] have been developed in order to introduce an internal length in the model and
provide mesh independent localized solutions. A 3-fields second gradient dilatation model for
dilatant geomaterial behaviour has been developed in [3] and implemented in the open-source
FEM software Code_Aster, resulting in mesh independent localized solutions for associated
behaviour laws. In this work, this result is partly extended to non-associated behaviour.
However, the J2-plasticity asymptotic behaviour leads to stress oscillations known as
volumetric locking in the post-localisation regime. Our formulation is then amended similarly
to the closely related 3-fields finite elements for quasi-incompressible materials [4]. It is
shown that this new formulation is able to treat volumetric locking. The influence of element
shape functions is also investigated. Finally it is shown that the model is able to reproduce
post-localization behaviour of claystone in numerical simulations of biaxial tests. The internal
length and the localization pattern dependencies of macroscopic relevant quantities such as
force displacement curves or dissipated energy are also investigated.
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In case of tires driving over a fluid-infiltrated subsoil (saturated or unsaturated) e.g. at driving
off-road on soils or on porous and permeable pavements, the interaction between the solid and
the fluid constituent inside the underground affects the tire-subsoil interaction. This hydromechanical coupling effect is captured via poro-elasticity theory. Thereby, a fully saturated soil
is modelled as two-phase (solid-fluid) continuum while an unsaturated soil is considered as a
three-phase continuum (solid-fluid-air). A numerically efficient description of the tire rolling
over the fluid-infiltrated subsoil is achieved by formulating the poromechanical balance
equations in an arbitrary Lagrangian Eulerian (ALE) frame that accounts for finite deformation.
The ALE formulation introduces a reference frame that moves with the tire through the space.
In case of steady state rolling tires and a subsoil, which is homogeneous in driving direction,
the deformation state of the tire and the subsoil with respect to the introduced moving reference
frame becomes time-independent. This feature enables the numerically efficient description of
the tire-subsoil interaction.
The solution of the poromechanical ALE-model of the fluid-infiltrated subsoil via a finite
element (FE) formulation is performed by an operator split scheme. Thereby, different split
assumptions (drained, undrained, semi-drained) are investigated for the solid step. This
staggered solid-fluid iteration is embedded into a coupled tire-subsoil interaction model, which
is solved via a sequential iteration scheme as well. The whole tire-soil-water interaction is, then,
solved within a hierarchical operator split approach. The introduced formulation is validated
and the influence of the present fluid on the soil deformation at tire overrun is demonstrated by
numerical examples [1].
REFERENCES
[1] I. Wollny, W. Sun and M. Kaliske, A hierarchical sequential ALE poromechanics model
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Computational geo-mechanics often resort to Discrete Element Methods (DEM) for a better
modeling of geo-materials, through a direct description of their fundamental discrete nature.
The Level Set-Discrete Element Method (LS-DEM) has recently been proposed as a
promising extension of DEM towards generic shapes, possibly mimicking the real particles of
geo-materials [1]. LS-DEM first relies onto the signed distance function to a particle’s
surface, indirectly describing the latter as the zero level set of the former. This signed distance
function actually is stored in a discrete fashion, relying on a particle-attached grid that stores
distance values at each grid node, and resorting to trilinear interpolation to assess distance at
any point in space. In addition to such distance fields, contact treatment in LS-DEM also
handles boundary nodes that directly belong to particles’ surfaces. These are looped over for
contact treatment, in connection with the distance fields.
The precision of LS-DEM then appears as governed all together by the grid fineness and the
number and location of the boundary nodes. Corresponding computational costs arise, with
the grid fineness impacting the memory (RAM) footprint of simulations whereas their time
durations depend on the number of boundary nodes. Considering an ideal case of a spherical
packing that can be directly simulated with DEM, reference results can be re-obtained in LSDEM at the cost of severe (2 or 3 orders of magnitude) increases in RAM and time costs, as
per an implementation into the YADE code [2]. Alleviating these time costs nevertheless
appears feasible thanks to appropriate data structures and simple OpenMP parallelization.
The increase in computational costs obviously comes with a much greater flexibility. The
latter is exemplified for angular or superellipsoid shapes.
REFERENCES
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We advocate a method of cohesive fracture based on minimization of a non-differentiable
potential for modelling crack growth in multi-physics problems such as hydraulic fracturing.
The key feature of the method, missing in stress criterion-based methods, is its time-continuity
which ensures a smooth (interface traction-continuous) transition from “uncracked” to
“cracked” states. In explicit time stepping calculations, lack of time-continuity gives rise to
spurious crack opening velocity fields which lead to unphysical solutions for the coupled fluid
pressure field along the crack and instability of the computational algorithm. In implicit time
stepping calculations, lack of time-continuity introduces challenges in obtaining convergence
in Newton iterations. Many authors have sought to circumvent these challenges by keeping
cracks fixed within the computations of a time step; the configuration of cracks is only updated
at the end of a time step in such algorithms. We show that this approach leads to the dependence
of the crack-tip speed on temporal and spatial discretization parameters. The crack tip speed is
particularly significant in hydraulic fracturing simulations due to its interplay with the fluid
inflow velocity. We present various simulation results of hydraulic fracturing in impermeable
media to show that the energy approach is free of all undesirable behaviours described above.
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Abstract. Geomechanical models of classical petroleum system simulators are limited to 1D
phenomenological laws relating porosity to vertical effective stress. In order to overcome this
limitation, a 3D poromechanical model is integrated in the sedimentary basin simulation by
applying an iterative coupling scheme between a conventional basin code and a mechanical
finite element code. This paper presents the porous material constitutive law specifically
devised to deal with basin modeling, together with essential aspects of the mechanical code
implementation and explicit coupling workflow. The numerical procedure is first verified
according to a semi-analytical solution and then compared to an implicit academic code.
Finally, a 3D synthetic case demonstrates the importance of incorporating 3D geomechanics
to basin simulation. The results show that tectonic compression may significantly contribute
to overpressure development and natural fracturing of seal rocks, contrary to the standard
procedures of petroleum system simulation which are unable to capture such effect.
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This study proposes a formulation of Cam-Clay plasticity model for finite strains with
anisotropic hardening. As a pertinent plastic hardening rule of deformation-induced anisotropy
in frictional materials, nonlinear rotational hardening is incorporated into the model in a
theoretically reasonable manner by introducing the dual multiplicative decompositions of the
deformation gradient tensor. The subloading surface concept, a class of unconventional
plasticity, is also combined with the model to enhance the applicability to cyclic loadings.
For elastic part, we propose a novel hyperelastic model with pressure-dependent bulk and shear
moduli. This hyperelastic model is an extended version of the existing elasticity model by
Houlsby et al. within the small strain framework, which is expressed in terms of two strain
invariants. We extend this model to include finite strains by use of the elastic logarithmic strain
tensor defined on the intermediate (unstressed) configuration. It is thus suitable to be combined
with finite strain plasticity models for geomaterials formulated based on the multiplicative
hyperelasticplastic constitutive framework.
We also develop a numerical time-integration scheme based on the fully implicit returnmapping algorithm. The predictive capability of the proposed model, as well as the accuracy,
robustness, and convergence properties of the developed numerical scheme, is assessed through
several analysis examples of cyclic loading for soil leading to liquefaction, accompanied by the
so-called cyclic mobility.
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Computational investigation of granular material behaviour is commonly carried out using the
Discrete Element Method (DEM). The method is used to investigate the liquefaction behaviour of
granular materials, among many other applications. In this study, the effect of boundary
conditions on the liquefaction behaviour of granular materials is studied. Simulations are carried
out using constant volume cyclic biaxial tests for 2D granular assemblies. Rigid boundary
conditions using platens with different coefficients of friction between the platens and the
particles, and penalty force based boundary conditions were implemented in the DEM
simulations. The penalty force based boundary conditions are a modified version of the so called
Minimal Boundary Conditions (MBCs) previously developed and implemented for granular
materials [1, 2].
The response of the computational assembly is quantified by macro-scale responses such as
volume averaged measures of stress and also by the evolution of the contact network and
porewater pressure ratio. The number of loading cycles for complete liquefaction is quantified for
different coefficients of friction between the particle and the platen and for the penalty force
based approach. The results indicate that a higher coefficient of friction between the particle and
the platen increases the liquefaction resistance of the assembly, as shown in Figure 1(a), by
restricting the rearrangement of the particles at the rigid boundary. The liquefaction resistance of
the assembly is even higher for the penalty force based boundary conditions , as shown in Figure
1(b), which restrict particle rearrangement at the boundary even further. The results are observed
to be qualitatively different from [3] who observe a lower liquefaction resistance for periodic
boundary conditions, which in principle should demonstrate behaviour closer to the penalty force
based approach.
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(a)

(b)

Penalty method

Figure 1. Effect of boundary conditions on the liquefaction behaviour of granular assembly, as
demonstrated by the evolution of the pressure (p) vs shear stress (q) plots. Variation of
liquefaction resistance with (a) coefficient of friction between the particles and boundary
platen and (b) kind of BCs used to impose cyclic deformation.
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Earthquake simulation presents a number of extreme challenges to the numerical analyst. Physical scales
range in space from thousands of kilometers for regional fault systems to hundreds of microns for rupture
process zones in rock and in time from centuries over interseismic periods to fractions of a second for
microscopic rupture processes. Nonlinear response, uncertainty, and material heterogeneity further complicate matters in modeling bulk material, fault rupture and frictional slip. Despite significant progress
in earthquake simulation on HPC platforms, current technology is not yet able to resolve all the relevant
length scales nor properly model all the nonlinear effects. This forces analysts to accept severe approximations that can undermine the credibility of numerical findings. For example, rupture process zone
sizes 1000 times larger than reality are common in earthquake simulations.
We present a new approach to earthquake modeling, based on the causal Spacetime Discontinuous
Galerkin (cSDG) method for hyperbolic systems [1]. Several features of cSDG solvers are responsive to
the above modeling challenges, making them particularly well-suited for earthquake simulation. In contrast to synchronous time-marching schemes, cSDG solvers are completely asynchronous and use fully
unstructured meshes that fill the spacetime analysis domain. The asynchronous structure is expected to
perform better on exascale HPC platforms, and there are no global time increment constraints. Thus,
spacetime elements with extremely small spatial and temporal diameters, as required in the vicinity of a
rupture tip, do not constrain temporal durations elsewhere in the mesh at the same time.
cSDG meshing procedures construct patches, small clusters of spacetime elements, subject to a causality
constraint based on the characteristic structure of the governing PDEs. This structure supports patchby-patch direct solvers with linear complexity as well as localized adaptive meshing operations at the
same granularity. This extremely dynamic form of adaptive meshing easily captures sharp wavefronts
and moving rupture-tip fields with intense local refinement, even for super-shear rupture. It supports
dynamic generation of new fault surface to model fault nucleation, extension and coalescence. These
powerful capabilities enable more realistic modeling. For example, we can model off-fault damage with
fine networks of small-scale faults rather than bulk elastoplastic models.
REFERENCES
[1] R. Abedi, R.B. Haber and P.L. Clark, Effect of random defects on dynamic fracture in quasi-brittle
materials, Int J Fract 208 (2017), pp. 241–268.

3554

Anatoly Vershinin,
Geomechanical
Modeling
DmitryUsing
Konovalov,
Variable
Alexey
OrderKukushkin
Spectral Element
and Vladimir
Method
Levin
at Non-Conformal
Meshes
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Geomechanical modeling using variable order spectral element method at
non-conformal meshes
Anatoly Vershinin¹*, Dmitry Konovalov2, Alexey Kukushkin3 and Vladimir Levin4

Associate professor, Lomonosov Moscow State University, Leninskiye Gory 1, Moscow, Russia,
119991, versh1984@mail.ru https://www.researchgate.net/profile/Anatoly_Vershinin2
2
Team leader, Fidesys LLC, Skolkovo Technopark, Russia, Moscow, office 2.212, building 1, 42
Bolshoy Boulevard, konovalov@cae-fidesys.com, https://www.cae-fidesys.com
3
Team leader, Fidesys LLC, Skolkovo Technopark, Russia, Moscow, office 2.212, building 1, 42
Bolshoy Boulevard, kukushkin@cae-fidesys.com, https://www.cae-fidesys.com
4
Full professor, Lomonosov Moscow State University, Leninskiye Gory 1, Moscow, Russia, 119991,
1

v.a.levin@mail.ru https://www.researchgate.net/profile/Vladimir_Levin3

Key Words: Geomechanics, Spectral element method, Non-conformal discretization,
Unstructured mesh, Finite strains, Contact problems, CAE Fidesys.

The presentation will provide an overview of the problems of mathematical modeling of
geomechanical processes occurring in rocks during the exploration and development of reservoirs [3,
4, 16]. These problems were solved using CAE Fidesys software [8, 11, 24], which allows solving
static and dynamic problems of geomechanics and geophysics using finite (FEM) and spectral (SEM)
element methods [9, 10, 23] of a variable approximation order in space at non-conformal unstructured
meshes [17-21]. The mathematical formulation is based on the theory of repeated superposition of
large deformations [13-15]. A numerical discretization of the posed boundary problems of interacting
solids [12, 22, 23] is performed using a discontinuous spectral element method and multi-point
contstraints [1, 2, 5-7] at non-matching mesh interfaces between interacting solid rock structures.
Several industrial applications of the developed approach are considered. Seismic wave
propagation in the heterogeneous media with initial geomechanical stresses is considered. A modelling
of an induced anisotropy is performed by the superposition of dynamic deformations onto initial
generally finite strains. Use of variable order spectral elements at non-conformal meshes allows one to
simplify the process of unstructured mesh generation for the discretization of complex geological
models and to set the local spatial order of the SEM discretization depending on the speed of seismic
waves in geological structures, which significantly reduces the computational costs when conducting
numerical modeling and lowers the requirements to the model preprocessing and mesh quality.
Geomechanical simulation of the multistep drilling of the wellbore taking into account a historydependence of the strains due to the sequential origination of stress concentrators as well as
mechanical properties change is presented. Using SEM, we simulated stresses and strains of the nearwell bore poroelastoplastic zone taking into account the dynamic change in the porepressure field of
the saturating fluid. Assessment of deformation of the wellbore depending on the pressure of the
drilling fluid inside it expands the possibilities of applying geomechanical modeling and allows one to
clarify recommendations for the drilling parameters. The effect of the development of the plastic
region is the cause of the non-uniform and, in real conditions, non-linear distribution of the
mechanical and filtration-capacitive properties of the rock. Physical processes resulting from this
effect, in turn, affect well productivity. A geomechanical model of the near-wellbore zone, built for a
specific task, can reduce risks during drilling and trajectory, assess potentially promising areas for
drilling and stimulation, and solve the problems of wellbore stability.
The considered approach allows predicting in more detail the behavior of the rock during
reservoir development, taking into account different stages of the field deformations. In particular, the
redistribution of accumulated deformations during multistep loading and / or changes in the structure
(topology) of the loaded body, as well as contact conditions of adhesion / sliding at the interlayer
boundaries and bonded contacts are taken into account.
The reported study was partially funded by Russian Science Foundation project № 19-77-10062
and by RFBR and Moscow city Government according to the research project № 19-38-70001.
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The Arctic has undergone significant changes in recent decades due to climate change, with substantial
reductions in sea ice extent and multiyear ice, leading to thinner ice that is susceptible to breakup [1]. This
so called ”New Arctic” presents many challenges including, but not limited to, accurately modeling sea
ice dynamics, lead (crack) development, and ridge formation (sea ice floe collision). Particle methods,
such as the discrete element method, can provide detailed descriptions of sea ice dynamics that explicitly
model fracture and ridging, which can be difficult with typical continuum approaches. Using our recently
developed meshfree software library ParticLS (Particle Level Sets) [2] we model sea ice movement
through the Nares Strait near Greenland and Canada with the discrete element method. Realistic particle
initial configurations are generated by discretizing MODIS satellite imagery into polygonal floes that are
made up of many smaller discrete polygonal particles. Within a floe, individual polygonal particles are
connected to each other using a cohesive beam approach [3], to approximate continuous behavior, and a
stress-based failure model is used to simulate floe breakup. The sea ice is forced externally using wind
and ocean drag functions [4] in combination with realistic wind and ocean velocities in the Nares Strait
region. We also investigate validation methods for quantitatively comparing model predictions against
remote sensing images of the sea ice in the Nares Strait, which provides a more rigorous approach for
determining how well the model captures the sea ice dynamics in the region.
REFERENCES
[1] Kohout, A. L., Williams, M. J. M., Dean, S. M., and Meylan, M. H. Storm-induced sea-ice breakup
and the implications for ice extent. Nature. (2014) 509(7502), 604.
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In this paper, a novel method is presented to circumvent the computational difficulties
encountered in the elastic-brittle-plastic analysis of rock mass governed by non-linear yield and
plastic potential functions such as those corresponding to the generalized Hoek-Brown (GH-B)
failure criterion.
The conventionally used linear yield and plastic potential functions corresponding to the MohrCoulomb (M-C) failure criterion may not be valid for many types of rock masses such as the
jointed rock mass. For such rock masses, a nonlinear failure criterion such as the GH-B failure
criterion is more suitable [1]. However, two main computational difficulties arise in the use of
such failure criteria. First, most of the available commercial software do not have provision for
such failure criteria. Secondly, due to the additional nonlinearity resulting from the nonlinear
yield and plastic potential functions, an iterative solution required for the elastoplastic analysis
may not converge [2].
A novel technique was recently developed to circumvent such computational difficulties by
linearizing the nonlinear yield function [2]. However, the material was assumed to be elasticperfectly plastic and the plastic potential function was assumed to be linear. The method was
based on an iterative procedure and the least squares regression was used for linearization.
The objectives of this paper are to extend the method proposed in [2] for the elastic-brittleplastic analysis and to consider both yield and plastic potential functions to be nonlinear.
Equivalent linear yield and plastic potential functions are determined for both pre- and postfailure states of the material.
The proposed method is quite general. It is validated by conducting a finite element analysis of
stresses and displacements around underground openings in rock mass governed by the GH-B
failure criterion. By analyzing several example problems, the method is shown to be effective
and efficient.
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The artificial ground freezing method (AGF) has a worldwide application in geotechnical
engineering to a shaft sinking in weak, unstable, water-saturated soils. The aim of the method is
a formation of a temporary ice-soil retaining structure around the intended excavation.
Freezing of water contained in pore space of soils induces a complex interaction between
thermal, hydrodynamic and mechanical processes. The important features of freezing in soils
is unfrozen water containing in the pore space under negative temperature and water migration
to the phase transition interface. These features cause an influence on a formation of an ice-soil
wall, it’s strength properties. Besides the water migration leads to increasing frost heave
deformation in the frozen zone of the soil and initiating consolidation deformation in the
unfrozen one. During artificial freezing the deformations can induce a significant mechanical
impact on an ice-soil wall.
The present work is devoted to development of a thermo-hydro-mechanical model for freezing
soils. The model is developed on the basis of the theory of porous media. The governing
equations are derived considering the latent heat of the phase transition, an influence of the pore
pressure on the stress-strain state and the porosity evolution due to the volumetric strain. The
nonlinear differential equations of the developed model were implemented in the finite element
package COMSOL Multiphysics.
Validation of the developed model was performed on the basis of experimental results of
Mizoguchi [2]. It was shown that simulated distributions of volumetric water content in
freezing specimen are in good agreement to the experimental measurements. After the
validation, the model was applied to a large-scale case-study related to a use of the AGF
method to a formation of an ice-soil retaining structure for a vertical mine shaft sinking.
Funding: The reported study was funded by RFBR, project number 19-31-90107
REFERENCES
1. Mizoguchi M. Water heat and salt transport in freezing soil. PhD. thesis, University of
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A numerical model for the load transfer mechanism in mooring anchor systems, commonly
used in offshore petroleum industry, is presented in this work. Special attention is paid to the
mechanical modelling of the contact interaction of the two medium components, namely the
soil and the embedded mooring line. Resorting to the “embedded element concept” [1], a
mixed 3D-1D finite element formulation is developed in the context of finite elastoplasticity.
A Tresca-like model is used to describe the nonlinear material behaviour of the surrounding
soil under undrained conditions, whereas the embedded mooring line regarded as curvilinear
bar-like inclusion is assumed to behave elastically with account for geometric nonlinearities.
The Mohr-Coulomb model is employed to define the bond-stress and bond-slip relationships
at the interface. Nonlinear static and dynamic analyses are performed with a corotational
kinematic description in order to include large deformation in the problem [3]. Preliminary
results indicate that the main frequencies of the dynamic load applied to the mooring line-soil
system are much lower than those of the system itself, thus the overall system may be
evaluated disregarding inertial effects. Further simulations based on parametric studies by
varying relevant problem parameters are needed to corroborate this result. Moreover, the
average load attenuation induced by friction along the soil/mooring line interface for the
studied cases is around 25%. Formulation of the interface constitutive behaviour in the
context of large strain to address large relative movements between embedded inclusion and
surrounding soil is an ongoing task [3]. Parallel implementation of the finite element model
with specific data structure storage and iterative solver is currently addressed to handle large 3D
computational models.
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Quasi-brittle geomaterials such as stiff soils and soft rocks commonly fail by the formation and propagation of a shear band. Computational modeling of the entire process of shear banding—from formation
to propagation—is a notoriously challenging problem, and it has mainly been addressed by either of the
following two approaches: length regularization of a model formulation (e.g. gradient or micromorphic
plasticity) or enrichment of finite elements. Both approaches, however, still face outstanding challenges
in that length regularization requires the tricky determination of a material’s internal length scale and
finite-element enrichment may inhibit the natural development of a persistent shear band.
This presentation will introduce a phase-field formulation for shear bands in geomaterials, which preserves a material’s stress–strain behavior regardless of the length parameter for phase-field approximation and allows a shear band to develop and propagate freely without any algorithm. The key idea of
the proposed formulation is to cast a recently proposed phase-field method for modeling interfaces with
frictional contact [1], which can faithfully capture frictional motions along a shear band, into a fracture
mechanics theory to model the formation and propagation of a shear band. The resulting formulation
is consistent with Palmer and Rice’s fracture mechanics formulation for shear band propagation [2], in
that both formulations take into account frictional energy dissipation in addition to standard fracture
mechanics for opening fracture. Particular attention is paid to furnish the phase-field formulation to
be insensitive to the phase-field length parameter—which is necessary to be consistent with the Palmer
and Rice’s theory—in a way similar to that presented by Geelen et al. [3] for phase-field modeling of
dynamic cohesive fracture. Numerical examples will be presented to demonstrate the phase-field formulation’s ability to model the entire process of shear banding without sensitivity to the phase-field length
parameter.
REFERENCES
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In order to simulate the three-dimensional strength characteristics of rockfill material under
anisotropic state, it introduced the anisotropic state variable into the Mohr-Coulomb failure
criterion, and obtained the failure criterion describing the three-dimensional strength of rockfill
in exponential form in this paper. Based on the consideration of the fabric of original rockfill
particles, the anisotropic state variables were established. The strength and test characteristics
were simulated by the consolidation drainage triaxial shear test. The results shown that (1) The
fractal theory can be used to quantitatively describe the rockfill particles crushing with all kinds
of grades under different stress levels. The test results also indicated that the rockfill particles
crushing degree increased as the confining pressure and the fine gradation of the initial rockfill
materials increased. (2) The critical state line of rockfill was unique on the q − p surface, and
its critical state experimental points shown a linear change trend. (3) The fabric of rockfill
particles was closely related to the three-dimensional strength characteristics. (4) As an
important parameter to describe the degree of anisotropic state of rockfill, the orthotropic
amplitude parameters reflected the strength characteristics from a microscopic perspective. The
larger the anisotropic amplitude, the more obvious the anisotropy and the weaker the yield
strength. Based on the grain arrangement fabric, the results also shown that the anisotropic state
variables can describe the three-dimensional strength characteristics of rockfill well.
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Soil-Structure Interaction (SSI) represents a necessary task of the geotechnical earthquake engineering
analysis, to assess the structural capacity under transient loading and verify the structural safety requirements. Engineering practitioners consider for these types of studies vertical incident plane-wave as well
as horizontal soil stratification. However, these assumptions are not always adapted to all types of sites
and seismic scenarios. In order to adress this problem, the domain reduction method (DRM) proposed
by Bielak et al. [1] is considered in this work. It consists of a two-steps weak coupling approach where
the complete 3D wave field obtained from an auxiliary domain is replaced by equivalent nodal forces to
be exerted on the boundary surface of a reduced domain, providing a more realistic definition of seismic
excitation. In this context, the initial problem can be solved in two separate decoupled steps, each one
adopting an appropriate numerical approach. In the first step, an auxiliary domain problem is defined in
the regional scale, where the study of seismic source and wave propagation from source to site are treated
in a spectral element framework, a method adapted for large-scale propagation problems. The equivalent
nodal forces computed in this step are then used to replace the seismic excitation of a reduced domain
problem defined in a finite element framework, where the soil-structure interaction analysis can be conducted by considering important aspects related to source and wave path characteristics for a specific
seismic senario.
The scope of this work is to validate the weak coupling methodology between a spectral (SEM3D) and
a finite (code aster) element code. The validation case study consist of a canonical trapezoidal basin,
proposed in [2].
REFERENCES
[1] J. Bielak, et al. Domain Reduction Method for Three-Dimensional Earthquake Modeling in Localized Regions, Part I: Theory, Bulletin of the Seismological Society of America, vol. 93, pp.
825-840, 2003.
[2] SISMOWINE, E2VP-CAN4, 2011, http://www.sismowine.org/model/E2VP_Can4.pdf.
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ABSTRACT
Wood is an excellent building material due to its outstanding weight-performance
characteristics, its sustainable availability and its appearance generally perceived as very
pleasant. Nevertheless, it is not used as extensively and efficiently as these properties would
suggest. The inherent heterogeneous material structure and the great diversity of species make
wood a challenging material as regards computational mechanical and engineering design
models. Thus, the potential of wood, wood-based products, and timber building components
is not fully exploited yet. Limits in existing design methods hamper a reliable and
economically competitive design of timber structures. The use of modern computational
methods is expected to complement experimental investigations and to enhance the predictive
capability of design methods for wood and wood-based products as well as for timber
engineering. Challenges are for example the appropriate description of complex brittle and
ductile failure modes (triggered by the anisotropic material behaviour), the resulting load
transfer mechanisms (specifically in the case of reinforcements), and a realistic determination
of compliances of connections between timber components. For all this, the time-, moistureand temperature-dependency of wood may be taken into account. To address these challenges,
detailed knowledge of the mechanical behaviour of wood on different length scales, from the
‘cell wall material’ over ‘wood-based products’ up to ‘timber structures’, must be gained,
brought together in modern mechanical modelling strategies, and finally transferred to
engineering practice.
This minisymposium is considered to be a forum for scientists and engineers working in the
field of computational wood mechanics and wood technology. The submitted contributions
should refer to recent developments and advances on analytical and numerical aspects of the
mechanical and physical behaviour of wood and timber structures. Contributions dealing with
developments in the fields of wood processing, innovative wood composites, and new
experimental investigations are also welcome.
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A COMPUTATIONAL APPROACH TO PREDICT WARP OF SAWN
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BACKGROUND AND PURPOSE

A tree generates a complicated stress distribution inside the stem during its formation, which is
called “residual growth stress” [1]. The residual growth stress (RGS) often causes warp in a
sawn lumber such as bow and crook, which causes severe losses of materials and costs in the
sawmill industry. Generally, warp of the lumber becomes more serious in the lumber “without
pith” than in the lumber “with pith”.
In Japan, 50% of conifer plantations are ready to produce large diameter logs. The use of
those logs inevitably leads to the production of the lumber “without a pith”, so we are concerned
about the problems due to lumber warp in future Japanese sawmill industry.
Based on the above practical background, this study persents a computational procedure to
predict warp of the squared lumber, such as a beam, a girder, and so forth, when those lumbers
are sawn from the log and/or the thick plank. At the same time, the 2-D patterns of the RGSs
and their changes due to various sawing patterns are simulated. Simulated results will be
experimentally verified by measuring the warp of the sawn lumber, as well as by measuring the
RGS distributions in a log. Finally, an optimal sawing pattern that keeps production cost to a
minimum will be determined.
METHOD

The elastic analysis besed on the beam theory is adopted for formulating the warp and the
2-D residual stress distribution of the sawn lumber. Focal points are (1) effects of magnitudes
and distribution patterns of RGS in the log on the warp of the lumber during sawing, and (2)
effects of various sawing patterns on the production yield of timber from a large-diameter log,
and (3) effect of reaction wood formation on the warp of the sawn lumber.

RESULT

The calculations predict that the warp of the sawn lumber will be affected by the radial
distribution pattern of the RGS, even if the magnitude of the RGS variartion is the same. The
yield of the timber production depends not only on RGS but also on the sawing pattern.
Acknowledgement: This research was supported by grants from the Project of the Bio-oriented Technology
Research Advancement Institution, NARO (the special scheme project on advanced research and
development for next-generation technology)
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The loadbearing capacity of transversely loaded timber beams is today in design determined
by use of a strength criterion σm ≤ fm where the bending strength fm is considered as a material
parameter representative for the wooden material. The influence of buckling is normally only
considered for axially loaded beams in compression. A more general model will therefore be
presented dealing with timber beams subjected to mainly transversal loads. The part of the
loading causing a new type of instability is anti-symmetric with respect to the neutral axis. It
is assumed that the material is linear elastic and the deformations are small.
Greenhill [1] was first to solve the problem of finding the buckling load for a column
subjected to a uniformly distributed compressive axial load. He used Bessel functions.
Nowadays this type of problem can be solved by finite element analysis considering it as an
eigenvalue problem. The most important material parameter is still the bending stiffness as in
case of ordinary Euler buckling. It exists, however, other types of buckling phenomena
leading to instability at much lower loads than what can be expected with respect to the
measured value of the bending stiffness. The existence of such a kind of buckling seems to be
unknown in literature and this new type of buckling phenomenon will be treated.
To in a simple way explain the new type of buckling (at in-plane-analysis and for transverse
loads only) the beam is thought to be lengthwise subdivided into two halves, one mainly in
compression and the other one in tension. The fictitious cut dividing the beam into two parts
is along the neutral axis. For statically determined beams we can directly find the shear
stresses acting on the cutting planes of the two beam parts. The shear stresses give rise to an
antisymmetric buckling mode. The critical load when buckling occurs can be obtained by
eigenvalue analysis. The validity of the proposed theory is supported by results from more
than 500 boards of different dimensions tested according to EN 408. The agreement between
FEM-model and test results will be further improved if the radial variation of the longitudinal
E-modulus from pith to bark is considered more accurately than only using a local or global
value for the bending stiffness. Also the influence of the grain angle is considerable [2]. An
outline to the new buckling theory will in the presentation be generalized to a full 3-D
buckling analysis of linear elastic beams at small deformations.
REFERENCES
[1] S. P. Timoshenko and J. M. Gere: Theory of Elastic Stability.
[2] H. Petersson, B. Källsner and S. Ormarsson: Strength grading of structural timber based
on buckling analysis and scanning techniques, In WCTE, Vienna Austria, 2016.
[3] O.C. Zienkiewicz and R.C. Taylor, The finite element method, Fourth Edition McGrawHill, 1991.
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The mechanical behavior of wood and wood-products highly depends on structural features on
several length scales, leading to a high amount of random fluctuation in mechanical properties
on the structural level. In engineering practice, homogeneous material behavior is assumed
within timber structural elements and uncertainties in loading and load-bearing capacity are
considered by using so-called partial safety factors. Those are not directly linked to the
individual mechanical behavior of the considered elements. Thus, a stochastic framework
opening up the possibility to establish such links, by combining structural analysis tools with
probabilistic descriptions of wooden boards, could be an important step in timber design, also
to improve the competitiveness of wood against other building materials.
For example, in a glued laminated timber (GLT) beam the mechanical behavior mostly depends
on the tensile properties of individual lamellas. To be able to describe their fluctuations, detailed
simulations on this level are performed. The development of a multi-surface failure criterion
[1-2], the use of a geometric reconstruction tool for knots [3] and the implementation of new
fracture mechanics simulation methods allows the prediction of stiffness and strength properties
for knot sections in such lamellas. The condensation of those results into so-called stiffness and
strength profiles [4] permits the development of probabilistic material models and the random
generation of such profiles, which then can be used in simulations on the wood product level
[5]. Such an approach can be used for sensitivity analysis of timber engineering designs or to
obtain probabilistic descriptions of the uncertainties at the level of timber structural elements.
REFERENCES
[1] M. Lukacevic, J. Füssl, R. Lampert: Failure mechanisms of clear wood identified at wood
[2]
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[5]

cell level by an approach based on the extended finite element method. Engineering
Fracture Mechanics, 144:158–175, 2015.
M. Lukacevic, W. Lederer, J. Füssl: A microstructure-based multisurface failure criterion
for the description of brittle and ductile failure mechanisms of clear-wood. Engineering
Fracture Mechanics, 176:83-99, 2017.
M. Lukacevic and J. Füssl: Numerical simulation tool for wooden boards with a physically
based approach to identify structural failure. European Journal of Wood and Wood
Products, 72(4):497–508, 2014.
M. Lukacevic, G. Kandler, M. Hu, A. Olsson, J. Füssl: A 3D model for knots and related
fiber deviations in sawn timber for prediction of mechanical properties of boards. Materials
& Design, 166:107617, 2019.
G. Kandler, M. Lukacevic, C. Zechmeister, S. Wolff, J. Füssl: Stochastic engineering
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Wood is characterized by a complex material-structure. The macroscopic structure of this type
of material can be identified by typical properties such as the vessel structure, the annual ring
orientation and the heartwood and sapwood distribution. Temperature and moisture content are
important influences on the mechanical behaviour of wood. A tailored design with respect to
form and to functionality of structural elements made from wooden materials can be achieved
by applying densification and forming processes. Moulded wooden structures are denoted by
thermo-hygro-mechanically improved structural properties. In order to produce e.g. a wooden
tube, densification and moulding of wood have to be carried out, see [1] and Fig. 1 b).
The present contribution depicts the thermodynamically consistent and realistic multi-physical
material characterization of wood at finite deformations, see [2]. Based on these constitutive
descriptions, an implementation into a Finite Element software is used, to simulate the forming
process of wood, compare Fig. 1 a).

Figure 1: a) Simulation of a wood forming process and b) moulding of a densified wood panel, taken from [1]

The fully coupled multi-physical process simulation is applied to compute the temperature and
moisture dependent anisotropic material properties. Furthermore, experimental investigations
on densified and moulded wooden tubes are used to validate the prediction of the improved
multi-physical material characteristics.
REFERENCES
[1] D. Sandberg, P. Haller, P. Navi, Thermo-hydro and thermo-hydro-mechanical wood
processing: An opportunity for future environmentally friendly wood products. Wood
Material Sci. Eng., Vol. 8, pp. 64–88, 2013.
[2] R. Fleischhauer, J.U. Hartig, P. Haller, M. Kaliske, Moisture-dependent thermomechanical constitutive modeling of wood. Engng. Comput., Vol. 36, pp. 224, 2019.
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The development of accurate structural modelling techniques is required to promote the use of timber
as a renewable alternative to other structural materials. Due to their remarkable influence on the global
behaviour of a timber structure [1], an accurate description of the performance of structural connections,
including the load distribution among the fasteners, the rotational stiffness, and the resulting connection capacity, is needed [2]. Particularly in the case of moment transmitting beam-to-column joints with
dowel-type fasteners, such properties are difficult to obtain experimentally. For that reason, the development of advanced modelling which can provide precise answers to these parameters is required [3].
The current paper presents different modelling techniques used to produce such advanced Finite Element
Models for timber moment transmitting connections. The contact phenomena and the fracture behaviour
of timber are decisive to configure a correct model. The paper explains in detail the techniques used to
model them: contact stiffness, and a developed user subroutine based on Iraola et al. (2016) [4].
Several experiments were performed to validate the suitability of the model, consisting in four joint
design configurations with different dimensional relations between beams and columns and dowels’ diameters, different yielding modes according to the standard design equations [1], and featuring distinctive failure modes as well. Simulation results showed good correlation with experiments. Thereby, the
validated model can be parameterized to investigate and characterize more joint configurations.
This research was supported by the Spanish Ministerio de Economı́a y Competitividad and Fondo Europeo de Desarrollo Regional under contract BIA2016-80358-C2-1-P MINECO/FEDER UE.
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[2] Michael Dorn, Karin de Borst, and Josef Eberhardsteiner. Experiments on dowel-type timber connections. Engineering Structures, 47:67–80, 2013.
[3] Michael Schweigler, Thomas K. Bader, and Georg Hochreiner. Engineering modeling of semi-rigid
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Knowledge about the moisture condition in wood is necessary to predict its mechanical behavior. Not
only stiffness and strength properties are highly dependent on the wood moisture content but also diffusion coefficients, density, specific heat capacity and the thermal conductivity. Therefore, modern prediction tools, which are able to describe these effects, can be of great benefit for the development of new
wood-based products, which have to be tested in varying climate conditions during the approval process.
The mathematical description of the transport mechanisms below the fiber saturation point (FSP) were
described in [1]. Three coupled differential equations describe bound water, water vapor and energy
conservation. A fourth, also coupled, differential equation defines the free water transport above the FSP
which can result in values much higher than those of bound water and water vapor. The mechanisms of
free water transport above the FSP are described in [2].
A three-dimensional Abaqus User Element Subroutine was developed to describe these four coupled
equations. The model was validated with experimental results from the literature during drying and
infiltration. Linear elastic stress calculations were conducted based on the obtained moisture content and
temperature fields. Expansion due to swelling and shrinking as well as temperature were considered.
Furthermore, a multi-surface failure criterion [3, 4] was applied which leads to moisture induced failure.
REFERENCES
[1] Fortino, E.S. and Genoese, A. and Genoese, A. and Nunes, L. and Palma, P. Numerical modelling
of the hygro-thermal response of timber bridges during their service life: A monitoring case-study.
Constr. Build. Mater. (2013) 47:1225–1234.
[2] Perré, P. and Turner, I.W. A 3-d version of TransPore: a comprehensive heat and mass transfer
computational model for simulating the drying of porous media. Int. J. Heat Mass Transfer (1999)
42:4501–4521.
[3] Lukacevic, M. and Füssl, J. and Lampert, R. Failure mechanisms of clear wood identified at wood
cell level by an approach based on the extended finite element method. Eng. Fract. Mech. (2015)
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[4] Lukacevic, M. and Lederer, W. and Füssl, J. A microstructure-based multisurface failure criterion
for the description of brittle and ductile failure mechanisms of clear-wood. Eng. Fract. Mech. (2017)
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Phase field method-based modeling of fracture in wood
Sebastian Pech¹, Markus Lukacevic² and Josef Füssl³
1

Vienna University of Technology (TU Wien), Karlsplatz 13/202, A-1040 Vienna, Austria,
sebastian.pech@tuwien.ac.at
2
Vienna University of Technology (TU Wien), markus.lukacevic@tuwien.ac.at
3
Vienna University of Technology (TU Wien), josef.fuessl@tuwien.ac.at

Key Words: Phase field method, Wood, Fracture mechanics.
Wood, as a naturally grown material, exhibits an inhomogeneous material structure as well as
a quite complex material behavior. For these reasons, the mechanical modeling of fracture
processes in wood is a challenging task and requires a careful selection of numerical methods.
Promising approaches like limit analysis [1] or the extended finite element method (XFEM)
in combination with microstructure material models [2] deliver good but not yet satisfying
results. Particularly the latter approach, including XFEM, has severe difficulties with crack
paths in regions with complex morphology, mainly around knots. Therefore, in this work,
focus is laid on the recently emerging and very popular phase field method [3]. Especially
geometric compatibility issues that limit the use of XFEM can be avoided, as the crack is not
discretely modeled but smeared over multiple elements. This allows the formation of complex
crack patterns, defined by the underlying differential equations and boundary conditions.
For modeling the inhomogeneous material structure, two separate phase field variables are
used [5]. The first variable simulates damage in longitudinal direction, the second one damage
in the radial-tangential plane. With the phase field method being based on Griffith’s theory of
fracture, its main scope is describing brittle failure. As fracture phenomena of wood cannot be
entirely explained by those effects only, the standard phase field method is extended and
tuned to consider cohesive behavior [4].
The developed algorithm was tested on various problems. Due to the very fine discretization
the runtime was longer than that of comparable XFEM problems. However, it was possible to
model the very complex crack paths that occur around knots.
REFERENCES
[1] Li, M., Füssl, J., Lukacevic, M., Eberhardsteiner, J., & Martin, C. (2018). Strength
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predictions of clear wood at multiple scales using numerical limit analysis approaches.
Comput. & Struct., 196, 200–216.
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failure criterion for the description of brittle and ductile failure mechanisms of clearwood. Eng. Fract. Mech., 176, 83–99.
Miehe, C., Schänzel, L., & Ulmer, H. (2015). Phase field modeling of fracture in multiphysics problems. part i. balance of crack surface and failure criteria for brittle crack
propagation in thermo-elastic solids. Comput. Methods Appl. Mech. Eng., 294, 449–485.
Wu, J. (2017). A unified phase-field theory for the mechanics of damage and quasi-brittle
failure. J. Mech. Phys. Solids, 103, 72–99.
Bleyer, J., & Alessi, R. (2018). Phase-field modeling of anisotropic brittle fracture
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Wood is an anisotropic, fibrous material with inherently large variations in its mechanical properties. In
the vicinity of knots, the local fibre orientation is deviated, which is the prevalent reason for crack initiation and structural failure. To model a wooden board by the means of the finite element method (FEM),
information about the location of knots, the local material properties and the local fibre orientation is
required [1]. Previous analyses have used optical data from the surface of boards, gathered by cameras
or laser scans [2]. In [3], the geometry of knots and local fibre orientations in a board were reconstructed
algorithmically from surface data and the mechanical properties were predicted accurately by the FEM.
Structural timber is commonly strength-graded after sawing by heuristic methods. The recent use of
computed tomography (CT) scanning equipment at sawmills has made the density distribution in the
volume of a log accessible, which is used to detect knots or other defects. However, attempts for using
the ample CT data for building FE models of boards to predict the strength and stiffness have been scarce.
The goal of the present work is to investigate how CT data can be used to build an FE model which
is sufficiently accurate to predict the bending stiffness and strength of boards. The data was gathered
by a laboratory high-resolution medical CT scanner and consisted of 20 boards of Norway spruce, a
common species for construction. Every board underwent a longitudinal eigenfrequency measurement
and a standard four-point bending test where the force and displacement was recorded until structural
failure. The CT data was used to identify the regions of knots in the volume. The local fibre orientations
were then reconstructed algorithmically in a simplified manner. The measured density in the volume was
used to estimate the local stiffness tensor. The FE software Abaqus was used for the modelling and the
experiments were used for calibration. The results provide a first step towards enriching current timber
grading methods by mechanical models, to predict the strength of boards before sawing.
REFERENCES
[1] Lang R. and Kaliske, M. Description of inhomogeneities in wooden structures: modelling of
branches. Wood Sci. Technol. (2013) 47:1051–1070.
[2] Hu M. et al. Modelling local bending stiffness based on fibre orientation in sawn timber. Eur. J.
Wood Wood Prod. (2018) 76:1605–1621.
[3] Lukacevic, M. et al. A 3D model for knots and related fiber deviations in sawn timber for prediction
of mechanical properties of boards. Mater. Design (2019) 166:107617.
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3275 route de Cézanne, 13182 Aix-en-Provence CEDEX 5, France
stephane.bonelli@irstea.fr
‡
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ABSTRACT
Soil erosion due to the interaction with seepage flow is strongly correlated to failure occurrences, or
serious damage, of water retaining structures such as dams, dikes, cofferdams, etc. [1]. Under the collective noun of internal erosion, this class of mass transport phenomena includes a number of fundamental
erosion mechanisms (suffusion, backward erosion, tangential erosion, etc.) and patterns (e.g., piping
erosion) [2]. In response to the pressing demand from services in charge of the safety of water retaining
structures, an active community of scientists and engineers is involved in the development of experimental and analytical models, as well as computational tools, for internal erosion [3]. The mini-symposium
will mainly focus on new numerical schemes suited for this class of phenomena, and on the numerical
implementation of existing analytical-based models. Contributions such as case studies or back-analyses
of internal erosion experiments, via computational tools, are also welcomed. We expect that the minisymposium will cover a wide range of numerical approaches, including from CFD, for the modelling of
internal erosion processes at the scale of the water retaining structure (e.g. FEM, FDM, FVM), down to
the fundamental mechanisms at the REV- or grain scale (e.g. DEM, LBM, SPH, MPM).
REFERENCES
[1] Fell, R. and Fry, J.-J. (eds.), Internal erosion of dams and their foundations, Taylor & Francis, 2007.
[2] Bonelli, S. (ed.), Erosion of geomaterials, Wiley, 2013.
[3] Bonelli, S., Jommy, C. and Sterpi, D. (eds.), Internal erosion of earthdams, dikes and levees,
Springer, 2019.
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In order to assess the load bearing capacity of sewer pipes under service conditions, an accurate estimation of the amount of support from the surrounding soil is of crucial importance. Due to ground water
flow, soil erosion may occur around the pipe, resulting in soil volume loss and possible subsidence. This
may cause premature collapse of the system [1]. This work presents a coupled hydro-mechanical erosion model formulated within the framework of continuum mechanics. Erosion starts when the fluid
flux exceeds a critical value, as described by means of a threshold-type law [2], thereby reducing the
soil stiffness. The mechanical model is formulated based on the theory of soil plasticity, and relies on
the three-invariant cap model presented in [3]. The coupled plasticity-erosion model is applied to the
problem of a sewer pipe embedded in a soil trench. It is found that under a hydraulic gradient in the soil,
piping erosion develops following the path of the highest ground water flux. In the case of an initial flaw
in the sewer pipe wall, which causes water leakage into the soil, a void forms by means of a backward
erosion mechanism. A variation study is performed to study the influence of various parameters on the
generated erosion profile, the erosion time and the settlement of the sewer pipe. It is found that the progression of erosion is limited and the erosion void is stable if the ground water flow remains close to the
threshold value for erosion.
REFERENCES
[1] Davies, J.P. and Clarke, B.A., and Whiter, J.T. and Cunningham, R.J. Factors influencing the structural deterioration and collapse of rigid sewer pipes. Urban Water J. (2001) 3:73–89.
[2] Bonelli, S. and Brivois, O. and Borghi R. and Benahmed, N. On the modelling of piping erosion.
C.R. Mecanique (2006) 334:555-559.
[3] Foster, C. and Regueiro, R. and Fossum, A. and Borja, R. Implicit numerical integration of a threeinvariant, isotropic kinematic hardening cap plasticity model for geomaterials. Comput. Method
Appl. Mech. Engrg. (2005) 194:5109–5138.
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Suffusion is a typical phenomenon of seepage-induced internal erosion, corresponding to fine
particles erosion from the coarse matrix under the action of a fluid. A three-dimensional and
spatially resolved fluid-solid coupling method based on Lattice Boltzmann method (LBM) and
Discrete element method (DEM) is proposed to simulate suffusion in binary mixtures under
anisotropic stress states. Based on such numerical simulations, eroded grains are identified and
the mean squared displacement as well as the ratio between drag force and contact force of
these eroded particles are computed to describe the detachment mechanism. The results show
that the fluid force acting on eroded particles increases in the simulation which corresponding
to the steep slope in squared displacements. Regardless of the initial state, the ratio between the
fluid force and the contact force of the eroded particles displays a downward trend over time,
reflecting the gradual dominance of the fluid force, which eventually leads to particle
detachment and erosion.
Based on the judgment between the direction of the fluid force and the direction of the contact
force, a contact index P is then proposed to determine whether the contact is going to slide or
strengthen under the action of the fluid. The distribution of indexes P for the contacts of eroded
particles just prior to their detachment reflects that fluid induced sliding dominates. A particle
detachment index is thus proposed and the overall detachment sensitivity of the binary samples
is eventually investigated with respect to the fluid flow direction.
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Backward Erosion Piping (BEP) is one of the main failure mechanisms in Flood Protection Systems
(FPSs) around the world, as it accounts for approximately one third of all the recorded failures occurred in
the infrastructure in the last century. BEP is an internal erosion mechanism occurring when soil is eroded
from the foundation of a FPS, creating a pipe that progresses towards the upstream side of the system. It is
a complex phenomenon that encompasses concepts of groundwater flow, sediment transport, structural
and geotechnical engineering. Moreover, the progression of BEP is usually undetectable with regular
inspections, and signs of extensive progression of erosion are only visible when the overall stability
of the levee has already been severely compromised. For these reasons, prediction of BEP in civil
engineerinng infrastructure systems is of vital importance in achieving community resilience, particularly
in view of the expected increasing mean sea level and extreme weather events resulting from climate
change. We propose a novel multiscale computational approach for the prediction of the evolution of
backward erosion piping in FPSs. We first introduce a novel physics-based multiphase model that can
accurately simulate the progression of BEP. We validate the model by comparing numerical results with
several experimental campaigns conducted at different length scales available in literature. We use such
physics-based model to construct large synthetic databases of the numerical results to train an ad-hoc
designed multilayer Machine Learning (ML) model. The different layers of the ML model comprise
both Classification and Regression stages in order to identify areas of possible localization of damage
and then quantify the extent of BEP. The novelty of the proposed methodology lies in its capability of
predicting the state of large infrastructure systems in real-time. A case study is presented, with a large
portion of the Nashville Metro Levee System being analyzed over the span of a full year. The proposed
model is inherently capable of accepting data collected via field measurements, allowing for a formal
assessment of the likelihood of BEP to progress in the system.
REFERENCES
[1] Fascetti, A. and Oskay, C. (2019) Multiscale modeling of backward erosion piping in flood
protection system infrastructure. Computer-Aided Civil and Infrastructure Engineering; 1-16.
https://doi.org/10.1111/mice.12489
[2] Fascetti, A. and Oskay, C. (2019) Dual random lattice modeling of backward erosion piping. Computers and Geotechnics, 105, 265-276. https://doi.org/10.1016/j.compgeo.2018.08.018
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Erosion is a complex phenomenon which represents a major risk of failure for earthen hydraulic structures, such as dams and dikes. Internal erosion refers to the detachment and migration, under the action
of flow, of constitutive soil particles within the hydraulic structure or its foundation. Suffusion is an
elementary mechanism of internal erosion, characterized by the specific detachment and transport of fine
particles through the pore space of granular skeleton formed by larger grains.
In this work, we use the open-source CFD software OpenFOAM to develop a minimal model for suffusion. We consider a porous medium formed by fine particles within a fixed coarse granular matrix
through which water flows according to the Darcy equation. By considering local constitutive laws for
the permeability that depends on the fines content and for the erosion based on water velocity, an internal
channelization occurs within the sample, i.e. a localized flow path where fines loss is promoted. We performed a parametric study that shows the key role of the initial distribution in fine particles. It is shown
that channel only appears when the variance of the distribution exceeds a critical value. This threshold
corresponds to a certain level of initial heterogeneity required for the fluid to induce preferential flow
paths. We also propose a comparaison of our simulations with experimental data of a suffusion test
monitored by X-ray computed tomography [1]. This study notably demonstrates that the development of
channels is intrinsic to suffusion mechanism and not solely the result of boundary conditions as, in these
experiments, the presence of confining walls.
REFERENCES
[1] Nguyen, C. D. et al. Experimental investigation of microstructural changes in soils eroded by suffusion using Xray tomography. Acta Geotechnica (2019) 14(3) 749-765.
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Suffusion is characterized by a migration of the fine particles within a given volume of soil
under the effect of flow. This complex phenomenon involves simultaneous detachment,
transport and possible filtration of the fine fraction. With the objective to reproduce the
amplitude and the kinetics of the suffusion process within a small scale model of dike, a poroelastic model accounting for suffusion is implemented in a FEM code. The rate of eroded mass
is modeled by a constitutive relation named the energy-based law, which is inspired from the
energy-based approach [1]. This relationship uses two key parameters that describes the end of
the suffusion process: the erosion resistance index and the maximum cumulative expended
volumetric energy. An additional parameter named the smoothing time, which controls the
kinetics of the suffusion process, is used to account for the history of the power dissipated by
the flow. These three parameters are calibrated on a first specimen which was experimentally
suffused up to a stable state of erodibility.
Next, a small scale model of dike is simulated using the poro-elastic model extended to
suffusion. This dike model, which was experimentally tested by Rochim [3], is assumed to be
initially homogeneous and characterized by an isotropic permeability. To illustrate the
capability of the energy-based relationship in tackling the suffusion process, the FEM results
using the energy-based relationship are compared with the experimental measurements. The
dike behavior is investigated in terms of downstream flow rate, total water head at specific
pressure ports, cumulative eroded mass, spatial distribution of the percentage of fines, porosity
and permeability. The energy-based approach is able to predict the total amount of cumulative
eroded mass, the correct magnitude of the percentage of fines variation and a smoother version
of the spatial distribution of the fine particles at the end of the suffusion process.
REFERENCES
[1] Marot, D., Le, V. D., Garnier, J., Thorel, L. and Audrain, P., 2012. Study of scale effect in

an internal erosion mechanism: centrifuge model and energy analysis. European Journal of
Environmental and Civil Engineering, 16(11), 1-19.
[2] Sibille, L., Marot, D. and Sail, Y., 2015. A description of internal erosion by suffusion and
induced settlements on cohesionless granular matter. Acta geotechnica, 10(16), 735-748.
[3] Rochim A., Characterization of suffusion susceptibility of granular soils. PhD thesis,
Université de Nantes, 2015.
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The levee geometry and its hydraulic and mechanical characteristics are the main factors
controlling their global stability. The material strength, in turn, strongly depends on the degree
of saturation, and usually levees are partially saturated (Lo Presti et al., 2020). Partial saturation
strongly contributes to the levee stability and therefore any technique aimed at maintaining the
levee under this condition is extremely useful. Protection of the levee - sides by means of
geogrids and biomats reduces the amount of infiltration water, helps the water adsorption by
grass-vegetation and contributes to the mechanical strength thanks to the root-apparatus.
Vegetation is a good system to control slope erosion and instability of slopes. It can reduce the
meteoric water that infiltrates into the soil and consequently the pore pressures. On the other
hand the root systems increase the soil shear strength by their mechanical contribution and by
absorbing water (i.e. maintaining the soil in a partial –saturation condition).
The mechanical parameters of the root soil system are important to evaluate the increase of soil
shear strength due to the roots. Mechanically, roots contribute to the stabilization/reinforcement
of soil through an additional apparent cohesion. This apparent cohesion originates mainly from
the root tensile strength and capillary forces in partially saturated soils as well.
The evaluation of such reinforcement, in terms of root cohesion, can be obtained by means of
direct shear tests. Authors have started a systematic experimental activity by using a large direct
shear box (Vannucci et al. 2019) with the purpose of considering the effect of suction and that
due to the soil tensile strength. Actually, a series of direct shear tests (large and standard shear
box) were carried out.
In this paper are shown the results of an experimental laboratory investigation on samples of
soil rooted. In particular the results of direct shear tests with a large shear box (300 × 300 × 100
mm) and with the standard shear box are shown. The results obtained highlight an increase of
the soil shear strength with roots in terms of cohesion, as well as to the partial saturation
condition by suction due to the effects of evapotranspiration from the roots.
REFERENCES
[1] Vannucci, S., Galanti, Y., D’Amato Avanzi, G., Giannecchini, R., Lo Presti, D. C.,
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Capilleri, P. P. F. (2019). Strength pa-rameters of debris by using a large shear box
apparatus: application to a case history. Rock Mechanics and Rock Engineering, 52 (11),
4421-4437.
[2] Lo Presti, D. L., Stacul, S., Capilleri, P. P., & Squeglia, N. (2020). Assessment of Factors
Contributing to Levees Stability. In National Conference of the Researchers of
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ABSTRACT
Hydraulic fracturing is a key technology for the recovery of hydrocarbons from low
permeability reservoir (unconventional oil and gas fields). It is also used in the development of
enhanced geothermal systems and to precondition block caving operations in mines to reduce
seismicity. Hydraulic fractures also occur naturally as magma pressurize the crust and drive
buoyant fractures, or due to fluid discharge beneath glaciers.
The multiple time and length scales resulting from the coupling between the mechanical
deformation and fluid flow inside the fracture are well known to cause significant challenges to
the numerical solution of the moving boundary problem associated with fracture growth [1, 2].
The knowledge of the multiscale structure of the near-tip behaviour has made it possible to
develop very accurate numerical scheme in recent years [3, 4] for planar hydraulic fractures
driven by Newtonian or Power-law fluids. In addition, the coupling with the transport of
particles, that are added to prevent fracture closure, introduces an extra challenge for modelling.
The objective of this mini-symposium is to discuss the recent advancements in the numerical
analysis of hydraulic fracturing and related processes, with a particular focus on high
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performance simulations in terms of both accuracy and computational cost. The authors are
invited to submit their contribution to this mini-symposia under the following topics:
1. Novel solution strategies for solid-fluid coupling, fracture propagation and fluid flow in
newly created fracture networks and porous media.
2. Innovative discretization methods, e.g. XFEM, phase-field, hybrid Finite Elements and
Boundary Elements.
3. Acceleration techniques, such as massive parallelization, domain decomposition and
model order reduction. This also includes using reduced models, such as pseudo-3D or
other approaches to achieve rapid calculations.
4. Three dimensional aspects, interactions with pre-existing natural fractures and bedding
interfaces, and also with fractures from other stages and wells.
5. Comparisons between numerical predictions and laboratory experiments.
6. Numerical schemes for modelling fracture growth coupled with other phenomena, such
as with thermal effects or with proppant transport.
REFERENCES
[1] E. Detournay. Mechanics of hydraulic fractures. Annual Review of Fluid Mechanics,
48:311–339, 2016.
[2] B. Lecampion, A. P. Bunger, and X. Zhang. Numerical methods for hydraulic fracture
propagation: A review of recent trends. Journal of Natural Gas Science and Engineering,
49:66–83, 2018.
[3] A. P. Peirce. Implicit level set algorithms for modelling hydraulic fracture propagation.
Philosophical Transactions of the Royal Society of London A: Mathematical, Physical and
Engineering Sciences, 374(2078):20150423, 2016.
[4] E. Dontsov and A. P. Peirce. A multiscale implicit level set algorithm (ILSA) to model
hydraulic fracture propagation incorporating combined viscous, toughness, and leak-off
asymptotics. Computer Methods in Applied Mechanics and Engineering, 313:53–84, 2017.
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The hydraulic fracture process is commonly used in the production of oil and natural gas reservoirs as a means of
increasing well productivity and extending the production lifetime of the reservoir. Field data from hydraulic
fracturing operations exist primarily in the form of pressure response curves. It is difficult to define the actual
hydraulic fracture geometry from the data alone.
Over the past five years, development of robust hydraulic fracturing simulation capabilities in Abaqus has been
shaped through a partnership with ExxonMobil Upstream Research Company. Fully coupled
pressure/deformation cohesive elements and extended finite elements (XFEM) have been developed to model the
propagation of the fracture and the flow of the fracturing fluid within the fracture surfaces. The modeling of
three dimensional non-planar fractures is important for hydraulic fracturing workflows. Cohesive element
approach only allows for modeling of crack propagation along a pre-defined path while XFEM allows for
modeling of crack propagation along an arbitrary solution-dependent path. However, in the case of unstructured
or relatively coarse meshes, it becomes extremely challenging to maintain a smooth continuous threedimensional crack front during non-planar crack propagation with the current XFEM method, thus limiting the
applicability in real-life applications. In this paper several recent improvements to the XFEM algorithms, to
better model three dimensional non-planar hydraulic fracture problems, are presented. Non-local stress/strain
fields ahead of the crack tip are used to improve the computed crack propagation direction. In addition, a moving
least-squares approximation by polynomials is used to obtain more accurate crack propagation directions. The
least-squares approximation further smooths out the normals of the individual crack facets in elements along the
crack front.
In this paper, a brief discussion of the recent enhancements to Abaqus in support of hydraulic fracturing
workflows is followed by several examples to demonstrate the robustness of the improved capabilities on
modeling three–dimensional non-planar crack propagation. The modeling capabilities in Abaqus are evaluated
by assessing their consistency, convergence, robustness and accuracy qualities, thus providing confidence in
their ability and readiness to simulate fluid driven fracturing applications for the oil and gas industry, including
injection, stimulation, and drilling operations.
The examples demonstrate that the improved XFEM capabilities on three-dimensional non-planar crack
propagations will benefit applications in other industries as well.
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Recently, interest in hydraulic fracturing modeling has grown which related with the
development of unconventional reservoirs characterized not only by low permeability and
heterogeneity, but also by inelastic behavior. Therefore, the standard models poorly predict the
real fracture parameters determined from the fracture pressure curves.
The series of laboratory experiments were conducted on hydraulic fracturing in gypsum
samples characterized by inelastic behavior at the Institute of Geosphere Dynamics. The
experiments were carried out on sufficiently large samples (diameter is 43 cm, height is 7 cm).
A distinctive feature of the setup is its ability to create a truly triaxial stress state. These
experiments reproduced the process of mini-fracturing because proppant was not pumped into
the fracture.
As a result of the experiments, the hydraulic fracturing pressure curves were obtained. The task
was to get maximum information from these curves and to compare the obtained data with the
theory. For example, the breakdown pressure was compared with the theoretical one [1, 2]. It
was determined that experimental breakdown pressure exceeds the theoretical one almost an
order of magnitude. Further, the fracture closure pressure was determined by the standard well
tests based on [3, 4]. Then, it was compared with the minimum stress applied to the sample. A
big discrepancy was observed. We examined the influence of plasticity [5–7] and effect of
backstress [8, 9] on the determination of these parameters. It turned out that both plasticity and
backstress should be taken into account when compare the experimental values with theoretical
estimations. The results of these studies will be presented in the work.
Acknowledgements: the reported study was funded by RFBR, project number 20-35-80018,
and state task 0146-2019-0007.
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Simulation of hydraulic fracturing relies on the coupling of the fractured rock deformation and
fluid flow within the fractures [1]. This work addresses the challenges of coupling an additional
physical process, the movement of proppant (small solid particles, such as sand) within the
fractures. The interaction between the fracture deformation, fluid flow, and proppant movement
is pronounced during a tip screen-out, a phenomenon in which high proppant concentrations
restrict fluid flow to the fracture tip, thereby increasing fluid pressure, widening the fracture
aperture, and arresting fracture growth.
Current hydraulic fracturing models in the literature loosely couple the advection of proppant
to the hydro-mechanical processes at the end of each time step [1], [4]. However, the accuracy
of loosely coupled schemes is brought into question since convergence is not guaranteed.
Particularly in the case of a tip screen-out, a more rigorous scheme is required to capture the
effect of proppant concentration on the fluid flow and rock deformation.
In this work, a two-dimensional model of hydraulic fracture propagation is presented, which
monolithically couples fluid flow, proppant transport, and mechanical deformation of the rock
mass. The extended finite element method is used to impose a strong discontinuity (hydraulic
fracture) within the rock mass [2], which propagates based on a cohesive zone model. The slurry
mixture is modeled as a fluid with viscosity that is a function of the proppant concentration. A
high-resolution finite volume scheme is used to model the nonlinear advection of proppant
through the fracture [3].
The performance of monolithic, sequential, and loose coupling schemes in the simulation of a
tip screen-out are compared in this study. Numerical simulations show that the loose coupling
scheme does not converge to the same solution as monolithic and sequential schemes, even
with time step refinement. The sequential coupling scheme is accurate but is not robust enough
to obtain a converged solution after the onset of a tip screen-out without the implementation of
an acceleration method such as the Aitken method. The monolithic scheme is the most efficient,
requiring 65% fewer iterations to achieve the same level of accuracy as the sequential scheme.
This study demonstrates that while loose and sequential coupling schemes are modular and easy
to incorporate into existing code, they require careful consideration of accuracy and robustness.
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Fluid-driven fractures (FDFs) growth is part of natural phenomena such as the migration of magma
through the lithosphere or the fluid discharge at glaciers bed. Several human activities make use of FDFs
such as water well production enhancement, pre-conditioning in block cave mining, in-situ rock stress
measurements, conventional/ unconventional oil and gas well stimulation and geothermal reservoir developments. Optimal engineering of the fracture creation requires careful feedback between modelling
and measurements. An accurate simulation of FDFs growth presents several difficulties due to the multiphysics and multiscale nature of the phenomenon even when neglecting the intrinsic heterogeneity of
natural media. If we consider 3D-planar FDFs propagating in a linear elastic medium, the Implicit Level
Set Algorithm (ILSA), originally presented in [1] overcome the mentioned difficulties by coupling a
finite discretisation of the fracture with the use of the near tip asymptotic solutions of a steadily propagating semi-infinite FDF. This allows us simulating accurately FDF propagation even on relatively coarse
meshes. There is an intrinsic lower bound on the ratio between the radius of curvature of the fracture
front and the maximum size of its discretising elements: this is because the asymptotic solution is valid
for a plane-strain fracture front (i.e. of infinite radius of curvature) and is imposed in the elements close
to the curved front. We show that the ILSA breaks down while attempting to simulate FDF growth in a
strongly heterogenous toughness field that leads to very large local front curvature. The reason for such
numerical difficulties resides in the way the fracture front is reconstructed from the level-set value in the
original ILSA - the front is locally reconstructed and piece-wise discontinuous in each tip cells [1]. We
present an improvement to the original ILSA that allows i) a C0 continuity of the front and ii) a high front
curvature compared to the maximum size of the underlying discretisation. The new front reconstruction
technique has been integrated into our open-source Python implementation [2] of a hydraulic fracture
growth simulator based on the ILSA [1]. We compare this new front reconstruction scheme with an analytical solution [3] for a fracture front encountering a semi-infinite toughness heterogeneity. We notably
discuss the effect of the mesh resolution (with respect to the heterogeneity) on the solution accuracy.
REFERENCES
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[3] M. Vasoya, J. B. Leblond, and L. Ponson. A geometrically nonlinear analysis of coplanar crack propagation in some heterogeneous medium. International Journal of Solids and Structures, 50(2):371 –
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This study presents a numerical model for simulating the propagation of a radial (or penny-shaped) hydraulic fracture in a permeable rock with pressure-dependent fluid exchange between the fracture and
the ambient rock. It is known that three physical processes determine behaviour of the hydraulic fracture
in the considered case: brittle rock failure, viscous fluid flow inside the fracture, and fluid exchange
between the fracture and the adjacent porous rock formation. The distinctive feature of the proposed
approach, as compared with the previous radial fracture models (e.g., [1]), is the consideration of the
pressure-dependent fluid leak-off. In particular, we modify one-dimensional Carter’s model to include
pressure dependence of the leak-off rate and also have an ability to have fluid leak-in. As a result, this
modification alters the continuity equation and also requires using the specific near-tip region model [2],
which governs the fracture propagation velocity and front position for every time step. With the developed numerical model, one could calculate the crack width and fluid pressure profiles along the fracture,
fracture radius, propagation velocity and efficiency over time. In particular, we compare different fracture characteristics (e.g., aperture profile, radius and others) calculated with the proposed model, to the
results of the radial fracture model with standard pressure-independent fluid exchange mechanism given
by Carter’s law. Based on this comparison, we define regions of problem parameters (and construct corresponding maps), in which the effect of the pressure-dependent fluid exchange mechanism is essential,
and, on the other hand, outline zones for which Carter’s leak-off model provides accurate results.
REFERENCES
[1] Dontsov, E. V. (2016). An approximate solution for a penny-shaped hydraulic fracture that accounts
for fracture toughness, fluid viscosity and leak-off. Royal Society open science, 3(12), 160737.
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The problem of a borehole refracturing was considered both theoretically and experimentally
[1,2], but the possibility to create new fracture in the same perforation interval due to stress
changes in the process of hydrocarbon field development continue to be under question. We
present some results of experimental laboratory study of the influence of stress change on the
fracture propagation during refracturing. Our experimental setup is capable to produce true 3D
stresses, and in the same time it is quite different from the usual equipment: it works with the
samples of disk form. The setup frame consists from two disks and the wide ring between them,
which form a chamber of 430 mm in diameter and 70 mm in height [3]. To choose the material
for the porous sample, the scaling criteria were taken into account in accordance with [4]. The
sample is made of gypsum-cement-water mixture poured into that chamber and dried several
days. The horizontal stresses are applied by four thin chambers placed along the inner surface
of the ring and filled by water. Controlled pressure inside these chambers allows to stress the
sample in two independent horizontal directions. In addition to the horizontal stresses, the
vertical stress is applied by the water injection under desired pressure into a gap between the
upper disk and rubber diaphragm, which separates the sample from the upper disk. There are
several holes in the both upper and bottom disks which are used for pore fluid pressure
measurements in the bottom side of the sample as well as for ultrasonic waves generations and
registering. The sample was saturated by gypsum water solution. The fracture was created by
the mineral oil injection through a borehole in the center of the sample. After the first fracturing,
the principal maximal and minimal stress axis orientations were changed, and refracturing was
carried out. We failed to create two fractures oriented along the borehole, but we succeeded in
creation one fracture perpendicular to the borehole and second fracture along the borehole.
Comparison of ultrasonic wave amplitude changes during the fracturing with the fracturing
pressure variations allowed us to distinct the fracture propagation and the fracture fill-up by the
fracturing fluid.
REFERENCES
[1] Liu, H., Lan, Z., Zhang, G., Hou, F., He, X., & Liu, X. Evaluation of refracture
reorientation in both laboratory and field scales. Society of Petroleum Engineers. 2008,
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the Unstable Fracture Propagation in the Injection Well: Numerical and Laboratory
Modeling. SPE-187822-MS. 2017. DOI: 10.2118/187822-MS
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Micro-hydraulic fracturing is a key method to measure in-situ stresses at depth. It consists in initiating
and propagating a hydraulic fracture from an interval of a vertical well isolated by two packers. Several
initiation, propagation and shut-in cycles are performed, allowing to estimate the fracture closure stress,
which is a direct measure of the in-situ stress normal to the fracture plane. The fluid present in the
wellbore is the one typically used to perform the test: in general a drilling mud, which exhibits a complex
viscoplastic rheology. So far, the impact of the viscoplastic rheology of the mud on the initiation, growth
and closure of the hydraulic fracture has not yet been fully accounted for. In particular, the effect of the
yield stress may introduce an over-estimation of the fracture closure stress.
We implement the Herschel-Bulkley viscoplastic rheology in a Python solver [1] based on the level set
algorithm for hydraulic fracture (HF) growth [2]. Such an algorithm couples a finite discretization of the
fracture with the solution of a steadily moving plane-strain hydraulic fracture valid locally in the near-tip
region. We use the near-tip solution for a HF propagating in an elastic solid driven by a Herschel-Bulkley
fluid recently developed in [3]. We test an implicit version of the elasto-hydrodynamics lubrication solver
and compare it with a second order Runge-Kutta-Legendre explicit super-time stepping scheme [4]. We
then investigate multiple cycles of injection and shut-in using this hydraulic fracturing solver, and discuss
the effect of the fluid yield-stress on fracture closure estimation.
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ABSTRACT
The complexity of interacting processes and drivers within the sea ice of the Marginal Ice Zone (MIZ) in
the Southern Ocean is a signiÞcant challenge when trying to understand its impact on and its interaction
with the world climate and the anthropogenic impact on the MIZ. The temporal and spatial distribution
of the MIZ sea ice, its mechanical, biological, physical and geochemical properties are directly associated with the natural oceanic and atmospheric variability. The MIZ dynamics is a signiÞcant indicator
of Antarctic sea ice variability, which participates to the Earth’s climate functioning. The availability
and reliability of computer models predicting the dynamics of the MIZ necessitate a multidisciplinary
effort by natural and material scientists as well as engineers, based on satellite and in situ observations
and measurements as well as experimental data obtained in the laboratory. In this context, advanced
numerical simulation techniques mastering the complex problems on different scales in time and space
are as important as advanced experimental investigation techniques tailored to the characteristics of the
various sea ice types, the respective physical and biochemical processes and drivers as well as the annual
variability. In the branch of computational mechanics, the arising challenges are the description of the
mechanical, biological and physical mechanisms across space and time scales, as well as the treatment of
the governing coupled differential equation systems. Moreover, capturing the highly nonlinear material
behavior together with all its inßuencing variables is challenging for both experimentalists as well as the
thermodynamics experts, demanding for their interdisciplinary collaboration. It is the organizers’ opinion that a multitude of promising emerging schemes exists, which will advance progress in the design
of efÞcient, reliable and robust solution methods for the simulation of sea ice dynamics, growing and
melting processes and the biogeochemical activities within the ice. The design of new and improvement
of existing experimental methods suitable to validate and verify numerical schemes are of crucial importance. This mini-symposium invites new ideas and schemes that aim to improve the description of
physical and biogeochemical processes within the MIZ of the Southern Ocean.
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Sea ice plays a significant role in the global climate and covers approximately 10% of the earth’s surface
[3]. Understanding the sea ice dynamics and thermodynamics results in better sea ice predictions and
therefore a better comprehension of the Antarctic marginal ice zone (MIZ). Large-scale sea ice models,
such as Hibler’s dynamic thermodynamic viscous-plastic sea ice model, have been developed to operate
successfully at length scales of 10 to 100 kilometres. Finer-scale models of sea ice dynamics are scarce,
in particular with respect to the characteristic ice floes found in the Antarctic MIZ. Hibler [1] describes
a sea ice model in which the internal ice stress and strain rate are related by means of a viscous-plastic
sea ice rheology. A large fractured sea ice area is modelled as an isotropic, continuous and homogeneous
material where ice thickness, ice coverage and ice velocity are the main variables. An existing large-scale
numerical model has been implemented in the computational fluid dynamics software OpenFOAM by
Bogaers. This work reports on the modification to the large-scale OpenFOAM model to develop a more
detailed small-scale sea ice model, considering a heterogeneous sea ice material composition consisting
of separately ice floes and frazil ice. The behaviour of the main variables in the sea ice rheology; stress,
strain rate and viscosity, are studied, by considering three different realistic sea ice layouts exposed
to different wave periods and frazil ice viscosity values. The importance of frazil ice viscosity during
interaction with ice floes is investigated. The results show that the viscosity of frazil ice plays a minor
role in the overall stress and strain rate distribution of sea ice floes in frazil ice. Stress acting in ice floes
is approximately four orders of magnitude greater than stress acting in frazil ice.
REFERENCES
[1] Hibler, W.D. A Dynamic Thermodynamic Sea Ice Model. Journal of Physical Oceanography. (1979)
9:815–846.
[2] Hutchings, J.K. et al. A strength implicit correction scheme for the viscous-plastic sea ice model.
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460:2105–2140.
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Frazil ice is the very first ice that forms in the marginal ice zone (MIZ) of the Antarctic. It consists
of loose disc-shaped ice crystals that are formed in turbulent and supercooled water [1] and plays an
important role in the freezing process in the MIZ of the Antarctic. If a suifficient number of frazil ice
crystals has formed, they appear as a milky grey layer at the surface. This layer, consisting of water and
frazil ice crystals, is termed grease ice [2]. When a large quantity of grease ice is present, it clusters to
form cakes of ice, which later develop into pancake ice. As soon as the waves are sufficiently damped
by this frazil/pancake layer, a closed ice cover can form. This process is called the pancake cycle [3].
This presentation will deal with the rheological properties of frazil ice, which play a significant role in
the growth of sea ice in the MIZ and therefore for numerical calculations of sea ice behavior. Up to now,
no in situ measurements of the rheological properties of grease ice have been conducted in the MIZ.
The only rheological properties available were obtained by calculating them from wave propagation
through laboratory tanks with artificial sea ice [4, 5]. A test setup for measuring temperature, salinity
and rheological properties is presented. Rheological measurements in the MIZ were conducted at three
stations during the SCALE Winter Cruise 2019 on the South African research vessel SA Agulhas II.
While the sea water salinity was constant over all stations (33.75 ± 2.5 PSU), the frazil ice salinity
varied in a wide range between 28.31 PSU and 8.17 PSU. Flow curves for all samples are calculated
and explained. All samples display a shear thinning flow behavior. Viscosities obtained during the
Winter Cruise and in the laboratory were well comparable. The SCALE cruises are funded by the South
African National Research Foundation (NRF) through the South African National Antarctic Programme
(SANAP), with contributions from the Department of Science and Innovation and the Department of
Environmental Affairs.
REFERENCES
[1] Petrich, C. and Eicken, H. (2017). Overview of sea ice growth and properties. In Sea Ice, pages 1–41.

[2] De Santi, F. and Olla, P. (2017). Limit regimes of ice formation in turbulent supercooled water. Physical Review E,
96(4):1–11.
[3] Lange, M. A., Ackley, S. F., and Wadhams, P. (1989). Development of sea ice in the Weddell Sea. Annals of Glaciology,
12:92–96.
[4] Wang, R. and Shen, H. H. (2010). Experimental study on surface wave propagating through a grease-pancake ice mixture.
Cold Regions Science and Technology, 61(2-3):90–96.
[5] Zhao, X. and Shen, H. H. (2015). Wave propagation in frazil/pancake, pancake, and fragmented ice covers. Cold Regions
Science and Technology, 113:71–80.
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Phytoplankton (ice algae) growing in Antarctic sea ice constitutes an important factor for the
food web as well as for the global carbon balance. The forming sea ice at the ocean-atmosphere
interface in the Marginal Ice Zone (MIZ) of the Antarctic continent, also called pancake ice
floes, provide an optimal habitat for the growing phytoplankton. When sea ice forms from salty
ocean water, the freezing ice crystals from freshwater molecules entrap ocean water in brine
pockets. Ocean water contains e.g. nutrients, trace metals and the living sea ice algae, so that
these are automatically entrapped in the forming pancake ice floes.
Sea ice is characterized by steep gradients in temperature, salinity, light, and brine availability,
which are, besides the availability of nutrients, major physical constraints to the growth of ice
algae.
Research is ongoing to include a sea ice BGC component to large-scale physical sea ice models
to investigate mutual impacts on horizontal and vertical ice thickness distribution and BGC
processes.
A modular developed model based on the continuum mechanical description for multi-phase
materials containing individual components (based on the extended Theory of Porous Media
(eTPM)) [1], is presented. The model set up for the homogenized pancake ice structure captures
all essential aspects of freezing and melting in connection with deformation, salinity profiles
and brine transport via coupled partial differential equations (PDEs), which are solved with the
Finite Element Method (FEM). The model is enhanced by ordinary differential equations
(ODEs) describing the relevant processes of nutrient transport and light attenuation coupled to
algae growth.
REFERENCES
[1] A. Thom and T. Ricken, Towards a physical model of Antarctic sea ice microstructure

including including biogeochemical processes using the extended Theory of Porous Media.
PAMM – Proc.Appl.Math.Mech., 19:e201900285, 2019.
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In this contribution, we present an approach to incorporate velocity measurement data into a nonNewtonian flow based on the least-squares finite element method (LSFEM). The union of experimental data and numerical simulations offers promising possibilities when examining complex problems.
Potential applications are for example the enhancement of numerical models using measured data or
the completion of experimental data using numerical methods, e.g., the determination of not measured
quantities such as pressure. A further area in which data integration can be beneficial is the numerical
description of moving sea ice as non-Newtonian fluid, where available measurements or satellite data
may upgrade the applied model.
Especially in the case of fluid mechanics, the LSFEM provides theoretical benefits compared to the wellknown (mixed) Galerkin method, since it is not restricted to the LBB-condition. It results in a minimization problem with symmetric positive (semi-)definite equation systems also for differential equations
with non-self-adjoint operators. A further advantage in this context is that the assimilation of experimental data can easily be performed by adding a term to the least-squares functional such that it does not
significantly increase the computational cost. The implementation and investigation of approaches for
data integration based on the LSFEM are presented by [1] and [2], for instance.
Our discretization is based on a first-order LSFEM in terms of stresses and velocities, including the
Carreau-Yasuda model to consider the nonlinearity of the viscosity. The independent variables are approximated using conforming discretizations in H 1 and H(div) using standard Lagrange interpolation
polynomials and vector-valued Raviart-Thomas interpolations functions. The impact of the data assimilation is investigated, employing a steady channel flow with a contraction. The numerical accuracy is
evaluated by comparison of the resulting velocity field data to measured data at defined cross-sections.
REFERENCES
[1] J. Heys, J., Manteuffel, T., McCormick, S., Milano, M., Westerdale, J. and Belohlavek, M.
Weighted least-squares finite elements based on particle imaging velocimetry data. Journal of Computational Physics (2010) 229(1):107-118.
[2] Schwarz, A. and Dwight, R. Data Assimilation for Navier-Stokes using the Least-Squares FiniteElement Method. International Journal for Uncertainty Quantification (2018) 8:383-403.
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1

Institute of Mechanics, Faculty of Engineering, Department of Civil Engineering, University of
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A variety of interacting driving forces strongly influences the sea ice of the Marginal Ice Zone (MIZ)
in the Southern Ocean. The temporal and spatial distribution of the ice and its mechanical, biological,
and physical properties are directly related to the natural variability of the oceans and the atmosphere,
but also anthropogenic climate changes. MIZ is an essential motor and also a significant indicator of the
global climate. The mathematical modeling and numerical calculation of sea ice dynamics go back to
publications of the 1970s and 1980s. Hibler III [4] developed a visco-plastic description in 1979, which
is still used today in modern sea ice models, see e.g. [3], [5] and [6].
In this talk, approaches to model sea ice dynamics on large spatial and temporal scales using the leastsquare finite element method (LSFEM) and a discontinuous Galerkin finite element method (DG-FEM)
are presented. The DG-FEM is an alternative approach compared to the known (continuous) Galerkin
FEM to solve partial differential equations, while the LSFEM is based on a continuous approach and is an
alternative variational approach compared to Galerkin methods. Nowadays, the DG-FEM method is very
established in many areas of applied mathematics and mechanics, and there are numerous publications
for mathematical investigation and application to model problems, see, e.g., [1] and [2]. In continuous
(LS)-FEM, e.g., C 0 -continuous element spaces are used, whereas, in DG-FEM, this C 0 -continuity is
abandoned. This is the essential difference of the methods and is the subject of investigation in this talk
for the shallow water equations, see e.g. [7], or rather the sea ice dynamics problem. The capabilities of
the DG-FEM method are examined and compared to the results of the continuous LSFEM.
REFERENCES
[1] Baumann, C. E., & Oden, J. T. A discontinuous hp finite element method for the Euler and Navier-Stokes equations. Int.
J. Nume. Meth. Fluids, (1999) 31(1), 79–95.
[2] Cockburn, B., & Shu, C. W. The local discontinuous Galerkin method for time-dependent convection-diffusion systems.
SIAM J. Num. Anal. (1998) 35(6), 2440–2463
[3] Danilov, S., Wang, Q., Timmermann, R., Iakovlev, N., Sidorenko, D., Kimmritz, M., ... & Schröter, J. Finite-element sea
ice model (FESIM), version 2. Geosc. M. Dev. (2015) 8(6), 1747–1761.
[4] Hibler III, W. D. A dynamic thermodynamic sea ice model. J. Physi. Oceanogr. (1979) 9(4), 815–846.
[5] Mehlmann, C., & Richter, T. A finite element multigrid-framework to solve the sea ice momentum equation. J. Comput.
Phys. (2017) 348, 847–861.
[6] Mehlmann, C., & Richter, T. A modified global Newton solver for viscous-plastic sea ice models. Ocean Mo. (2017)
116, 96–107.
[7] Starke, G. A first-order system least squares finite element method for the shallow water equations. SIAM journal on
numerical analysis. (2005) 42(6), 2387–2407.
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Sea ice is floating ice which is formed by the freezing of ocean water in the polar regions of the earth,
i.e., the Arctic and the Antarctic. Thus, a closed smooth ice surface can be formed consisting of these
ice configurations. In the recent years the simulation of sea ice evolution, especially for the use in
climate models, became more important. In many contributions the ice motion, which goes back to the
findings in [1], is investigated. In this work a coupled finite element formulation based on the Theory
of Porous Media (TPM), see e.g. [2, 3, 4], for the direct modeling of phase transition of water into
ice and vice versa is presented. In detail, we investigate the ice formation, the temperature distribution
and the evolution of energy, enthalpy and mass exchange between the constituents. For the detection of
energetic effects regarding the characterization and the control of the phase transition, a thermodynamical
consistent approach is presented. The evolution equation for the mass exchange between water and ice
is mainly determined by the local temperature rate, see e.g. [5], where it is assumed that the local
temperatures of the phases are equal. Therefore, the rate of temperature was introduced as a process
variable to describe phase transition, which is associated with the formulation of evolution equations for
the specific entropies of the mentioned phases. The resulting finite element is a four field formulation
in terms of ice displacements, liquid pressure, volume fraction of ice and temperature. Here, we make
use of a quadratic interpoltion of the ice displacements and a linear interpoltion for the other degrees of
freedom. We present first numerical examples, which examine freezing processes around ice floes.
REFERENCES
[1] W.D. Hibler III. A dynamic thermodynamic sea ice model. Journal of Physical Oceanography,
9(4):815-846, 1979.
[2] R.M. Bowen, Incompressible porous media models by use of the theory of mixtures. International
Journal of Engineering Sciences 18:1129-1148, 1980.
[3] R.M. Bowen, Compressible porous media models by use of the theory of mixtures. International
Journal of Engineering Sciences 20:697-735, 1982.
[4] W. Ehlers, J. Bluhm (Eds.): Porous media: Theory, experiments and numerical applications.
Springer, 2002.
[5] O. Coussy, Poromechanics of freezing materials, Journal of the Mechanics and Physics of Solids
53:1689-1718, 2005.
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We present the new ICON sea ice module, that is part of the ICON earth system
model, which is used by the German weather service and the Max-Planck-Institute for
Meteorology for weather predications and climate studies. ICON allows sub meter scale
telescope runs that focus on a region of interest such as the marginal ice zone.
In ICON, sea ice is modeled as a non-Newtonian Fluid with a strongly nonlinear
viscous-plastic material law. The model under consideration goes back to Hibler and
describes sea ice as a two-dimensional thin layer on the ocean surface. The use of the
viscous-plastic rheology especially at high resolution is under debate. Thus, we will
analyze its ability to represent the sea ice drift in the southern hemisphere.
The new ICON sea ice model is based on a finite element discretization on a refined triangular mesh of an icosahedron that is approximating the surface of the sphere.
For the first time, we realize a sea ice model with degrees of freedoms on the edges of
the triangles, which corresponds to the Crozeix-Raviart finite element. The advantage
of the Crouzeix-Raviart element is the straightforward coupling to the ocean and the
atmosphere model. The new discretization of the sea ice dynamics is a promising spatial discretization as the comparison to the more standard P1-element (continuous and
piecewise linear polynomials with degrees of freedom at the cell vertices) shows a similar
number of linear kinematic features (fractures within the ice layer) and the same total
ice deformation (shear stress and divergence) on two to four times coarser meshes.

∗
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ABSTRACT
Engineering is evolving in the same way as society. Nowadays, data is earning a prominence
never imagined before. In the past, in the domain of materials, processes and structures,
testing machines allowed the extraction of data, which served in turn to calibrate state-of-theart computational models. Some calibration procedures were even integrated within testing
machines. Thus, once the model was calibrated, computer simulation took place. However,
data can offer much more than a simple state-of-the-art model calibration, and not only from
its simple statistical analysis, but from the modeling and simulation viewpoints. This gives
rise to the family of so-called digital twins, also known as virtual and hybrid twins.
Moreover, not only data can serve to enrich physically-based models. These could allow us to
perform a tremendous leap forward, by replacing big-data-based habits by the incipient smartdata paradigm.
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In this work, a supervised machine learning (ML) model was developed to detect flow disturbances
caused by the presence of a dissimilar material region in liquid moulding manufacturing of composites.
The machine learning model was designed to predict the position, size and relative permeability of an
embedded rectangular dissimilar material region through use of only the signals corresponding to an
array of pressure sensors evenly distributed on the mould surface. The burden of experimental tests
required to train in an efficient manner such predictive models is so high that favours its substitution
with synthetically-generated simulation datasets. A regression model based on the use of convolutional
neural networks (CNN) was developed and trained with data generated from mould-filling simulations
carried out through use of OpenFoam as numerical solver. The evolution of the pressure sensors through
the filing time was stored and used as grey-level images containing information regarding the pressure,
the sensor location within the mould and filling time. The trained CNN model was able to recognise the
presence of a dissimilar material region from the data used as inputs, yielding reasonable accuracy in
terms of detection. Accuracy and model robustness were also addressed in the paper. The effect of noise
signals, pressure sensor network size, presence of different shape dissimilar regions, among others, were
analysed in detail. The ability of ML models to examine and overcome complex physical and engineering
problems such as defects produced during manufacturing of materials and parts is particularly innovative
and highly aligned with Industry 4.0 concepts.
REFERENCES
[1] Wu, Jinlong and Yin, Xiaolong and Xiao, Heng Seeing permeability from images: fast prediction
with convolutional neural networks. Science Bulletin (2018).
[2] Lähivaara, Timo and Kärkkäinen, Leo and Huttunen, Janne M. J. and Hesthaven, Jan S. Deep convolutional neural networks for estimating porous material parameters with ultrasound tomography
The Journal of the Acoustical Society of America (2018).
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S-PGD
Digital twins are digital representations of physical entities, such as assets, processes or living
beings. Here we present a particular type of digital twin that involves a combination of computer
vision and scientific machine learning to be able to learn and correct itself when necessary.
The digital twin is bridged to the real twin by computer vision. Therefore the digital twin is
continuously receiving information of the real twin, so it is capable to compare in real time
the expected results with the real ones. If persistent deviations from the predicted values are
found, the proposed methodology is able to correct on the fly and without any human intervention the theoretical model by using scientific machine learning and Sparse Proper Generalized
Decomposition (S-PGD) techniques.
Also, this digital twin is complemented with augmented reality capabilities, thus it is able to
present extra-information to the user that cannot be observed directly by the user’s senses.
We present here a digital twin of a deformable object, a non-linear hyperelastic beam subjected
to a moving load whose exact position must be determined, but the same procedure can be
applied to other type of digital twins, such as digital twins of other kind of objects or even
processes.
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Montáns1,3
1

Universidad Politécnica de Madrid, ETS de Ingenierı́a Aeronáutica y del Espacio, Pza Cardenal
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Soft materials, and specially soft biological tissues, have a complex highly nonlinear behavior both for
quasielastic (slow) and viscous loading. In partiular, the cyclic behavior is different depending on the
loading speed, number of cycles, and their magnitude. Furthermore, different soft materials and soft
tissues have different particularities in their behavior. Then, a phenomenological proposal capable of accurately capturing all these singularities with few easy to obtain parameters based on experimental data,
is valuable. In this work we present a formulation for visco-hyperelasticity with six simple parameters
(two for the hyperelastic component and four for dealing with the different viscous aspects) obtained
from the uniaxial loading. Theformulation, based on a combined Maxwell + Kelvin-Voigt rheological
model is demonstrated to represent to very good accuracy the behavior of a wide range of materials under
different types of loadings, including effects like preconditioning and cycle stabilization. We show applications to rubber, brain tissue (gray and white matter), coronary arteries, patellar tendon, mucous tongue
tissue, endothelial cells, REF52 cells. In all these cases, un der different monotonic and cyclic loading,
all aspects of the viscous and elastic behavior are captured to good accuracy. Thanks to its structure, this
model incorporates strain-level dependent nonequilibrium viscoelasticity [1] may be easily incorporated
to 3D nonlinear finite strains formulations [2] .
REFERENCES
[1] M Latorre, FJ Montáns. Strain-level dependent nonequilibrium anisotropic viscoelasticity: Application to the abdominal muscle. Journal of Biomechanical Engineering 139 (2017): 101007.
[2] M Latorre, FJ Montáns. Fully anisotropic finite strain viscoelasticity based on a reverse multiplicative decomposition and logarithmic strains. Computers and Structures 163(2016): 56-70.
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For several years, the explosion of the access to experimental data in industrial systems and the considerable change in computing tools have led to the development of data assimilation methods that aim to
be used for system monitoring. From data measured on the physical system and a mathematical model,
these methods provide an approximation of the physical state. Modeling affects the effectiveness of the
method; complex models based on physics can indeed provide accurate solutions, however such models
involve a very expensive computational cost. The use of reduced order modeling (ROM) methods and the
reduction of the complexity of the model can overcome the difficulties at the cost of controlling and integrating the model error. The Parameterized Background Data-Weak (PBDW) formulation introduced
in [1] is a non-intrusive, reduced basis, real-time and in-situ data assimilation framework for physical
systems modeled by parametrized Partial Differential Equations (PDE) for steady-state problems. The
formulation integrates a set of solutions from reduced modeling of the model and an update state informed by the experimental observations (correction of model bias). Further research [2] developed a
nonlinear framework to deal with noisy data. The present study aims at extending the PBDW for timedependent problems with a sequential formulation which combines a PBDW solution at the current time
step and a prediction from an extrapolation of previous estimated states. Moreover, the set of solutions
of the model is enhanced with prior updates in order to learn part of the physics which is not initially
included in the model. The numerical experiments show that the method significantly reduces the online
computational time while providing relevant evaluations and predictions.
REFERENCES
[1] Maday, Y., Patera, A. T., Penn, J. D., and Yano, M. (2015). A parameterized background dataweak approach to variational data assimilation: formulation, analysis, and application to acoustics.
International Journal for Numerical Methods in Engineering, 102(5), 933-965.
[2] Gong, H., Maday, Y., Mula, O., and Taddei, T. (2019). PBDW method for state estimation: error
analysis for noisy data and nonlinear formulation. arXiv preprint arXiv:1906.00810.
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Classical machine learning algorithms use computational methods to “learn” information
directly from data, without relying on a predetermined equation as a model. Originally, their
development was mostly driven by problems for which no predetermined equation is available.
As such, machine learning algorithms can also be described as algorithms for building datadriven models. A neural network regression is a supervised machine learning algorithm that
can be used to build a data-driven model. Given a sufficiently large amount of data, it typically
partitions the data into two subsets, uses one for training, and the other for testing.
Even for problems where predetermined equations are available to be used as parametric
computational models, neural networks are currently in vogue for building alternative,
surrogate models — at least for quantities of interest — that are easier to handle and faster to
process. In this case however, the data is not available, but needs to be generated using: the
parametric computational models; and an approach for sampling the parameter space of interest.
Parameter sampling algorithms come in two flavors: a priori sampling; and adaptive sampling.
A priori sampling algorithms sample points in the parameter space either randomly, or
according to a non-adaptive, pre-designed scheme. Examples include the full factorial
sampling, random sampling, and latin hypercube sampling algorithms. Such algorithms are not
optimal because they have no explicit awareness of where the regression will be inaccurate. For
this reason, they may require a larger than necessary number of samples in order to deliver the
expected accuracy at regression time. Consequently, they may lead to unaffordable training
costs for neural networks, particulary when the parameter space is high-dimensional. On the
other hand, adaptive sampling schemes sample points in regions of the parameter space where
the regression can be deemed to be inaccurate, and therefore avoid over-sampling. Hence, they
can mitigate the curse of dimensionality, but require the availability of an error indicator.
Unfortunately when the neural network regression is to be built for a quantity of interest, finding
a suitable error indicator can be challenging.
Gaussian processes model distributions over functions and can be used to build regression
models. Unlike neural network regressions, they are typically equipped with activation
functions that adaptively sample the parameter space of interest.
Hence, this lecture will present an adaptive approach for training a neural network regression
based on a Gaussian process equipped with a novel activation function. It will illustrate this
approach with parametric applications in aerodynamics, such as the prediction of lift and drag
for wings and parametric flight conditions. It will also contrast the performance of the trained
neural network regression with that of the corresponding Gaussian process regression, and
comment on their respective advantages and shortcomings.
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Magnetic Resonance Elastography (MRE) is a modality that allows the mapping of the
mechanical properties of soft tissues such as brain or liver from Magnetic Resonance Imaging
(MRI) data. Specific MRI sequences have been developed in order to estimate the 3D
displacement field in biological tissues undergoing harmonic solicitations [1].
The aim of this work consists in comparing the performance of different identification methods
proposed for MRE in a situation straightforward enough –while still representative of
elastography applications– to permit both analytic and experimental approaches. For the sake
of simplicity, we present only the homogeneous case. The mechanical analysis of the problem
illustrated in Figure 1 leads, for an adapted set of boundary conditions, to the resolution of the
following usual problem:

O

×

constant 𝑪𝑪
L

x

dσ
+ 𝜌𝜌𝜔𝜔2 𝑢𝑢 = 0
{d𝑥𝑥
d𝑢𝑢
𝜎𝜎 = 𝑪𝑪
d𝑥𝑥
𝑢𝑢, 𝜎𝜎 and 𝑪𝑪: complex-valued

Figure 1: experimental setup, problem geometry, equilibrium equations

For a given set of experimental conditions, we determine the complex-valued solution fields.
The so-obtained displacement fields can be perturbed to represent experimental noise. These
modified displacements are then introduced as input for different identification methods (Finite
Element Model Updating [2], Constitutive Equation Gap [3] or Modified Constitutive Equation
Gap [4]) in order to characterize their different efficiencies. In parallel, experimental tests are
performed on gelatin samples with “controlled” properties in order to characterize these
methods using real data.
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This work deals with a method for solving wave propagation problems in linear elastic materials with
the Proper Generalized Decomposition (PGD). In contrast to existing applications of the PGD in elastodynamics, the separation of variables is here applied to phase variables instead of variables in space and
time [1, 2]. The computation in time is tackled incrementally with an explicit time integration scheme as
in [3], leading to a wave propagation friendly version of the PGD. This formulation aims at reducing both
the computation time and the memory consumption with respect to similar time incremental strategies
using the finite element method.
The proposed technique is applied to a 2D transient elastodynamic problem inspired from a laser shock
configuration [4]. Numerical results demonstrate that this new version of the PGD successfully captures
wave propagation phenomena with satisfactory numerical performances. The convergence properties of
the algorithm are presented and the results are compared to a reference solution computed with a standard
2D finite element technique using an explicit time integration.
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the Proper Generalized Decomposition. Computer Methods in Applied Mechanics and Engineering
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[2] Chinesta, F. and Leygue, A. and Bordeu, F. and Aguado, J.V. and Cueto, E. and Gonzalez, D.
and Alfaro, I. and Ammar, A. and Huerta, A. PGD-Based Computational Vademecum for Efficient
Design, Optimization and Control. Arch Comput Methods Eng (2013) 20:31-–59.
[3] Quaranta, G. and Bognet, B. and Ibañez, R. and Tramecon, A. and Haug, E. and Chinesta, F. A new
hybrid explicit/implicit in-plane-out-of-plane separated representation for the solution of dynamic
problems defined in plate-like domains. Computers and Structures (2018) 210:135—144.
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The formulation and parametrization of constitutive equations is still a challenging task for materials
which reveal complex behavior such as highly nonlinear elasticity, anisotropy or dissipative properties.
Due to this, numerous novel approaches – generally referred to as data-based or data-driven methods
– have arised recently [1]. These methods circumvent the classical constitutive modeling by directly
using data in finite element computations, constructing constitutive manifolds or using artificial neural
networks (ANNs).
In this contribution, an automated ANN-based strategy for the efficient description of isotropic hyperelastic solids is presented. Starting from a large data set comprising deformation and corresponding stresses,
a simple, physically based reduction of the problem’s dimensionality is performed in a data processing
step. More specifically, three deformation type invariants serve as the input instead of the deformation
tensor itself which is similar to Liang and Chandrashekhara [2]. In the same way, three corresponding
stress coefficients which are derived from the stress-strain tuples replace the stress tensor in the output
layer. Using the reduced data set, a constitutive ANN is trained by using standard machine learning
methods. Furthermore, in order to fulfill the thermodynamic laws, the previously trained network is
modified by constructing a pseudo potential within an integration step and a subsequent derivation.
The proposed method is exemplarily shown for the description of a highly nonlinear Ogden type material in several demonstrative examples. Thereby, the necessary data sets are collected from virtual
experiments of a discs with holes. Influences of different loading types and specimen geometries on
the resulting data sets are investigated in a systematic study. The developed approach is applied on the
virtually generated data set. Thereby, an excellent approximation quality could be achieved for training,
test and validation data with only one hidden layer comprising a comparatively low number of neurons.
Finally, the application of the trained constitutive ANN for the simulation of more complex samples
verifies the capability of the method.
REFERENCES
[1] F. J. Montáns, F. Chinesta, R. Gómez-Bombarelli and J. N. Kutz, Data-driven modeling and learning
in science and engineering, Comptes Rendus Mécanique (2019) 347,11:845–855.
[2] G. Liang and K. Chandrashekhara, Neural network based constitutive model for elastomeric foams,
Engineering Structures (2008) 30,7:2002–2011.
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Breast cancer is known as one of the most common diseases among postmenopausal women.
After menopause, women naturally lose bone mass due to hormonal changes. Endocrines
disturbance is also a major cause of breast cancer development. Consequently, hormonal
therapies are used for the disease. These treatments have many late effects on bone such
affecting its quality by inducing the degradation of its microarchitecture which leads to
osteoporosis. For this reason, the topic of breast cancer’s relationship with bone health had been
widely studied by biomechanical researchers. The aim of this research is to concentrate on only
tumor’s effect on bone mass. Based on finite element models, we want to evaluate bone density
distribution of healthy femoral bones. The finite element models are coupled with (i) a normal
bone remodeling mathematical model and (ii) another one containing breast cancer effect. This
last is based on [1], [2]. Obtained results using the second proposed mathematical model will
be compared to a femur model of the same person after being affected by cancer. We have
alimented the finite element geometric models by DXA 2D scans. The images have been taken
from the same postmenopausal women during two stages of breast cancer development: (i)
Before cancer apparition and (ii) after the morbidity. All information have been obtained based
on clinical database. DXA images of proximal femurs have been handled by a software
dedicated to image treatment before being used in a finite element numerical calculation. Bone
remodeling process, with and without breast cancer effect, are implemented using UMAT
subroutine. Through DXA scans we can determine BMD values by calculating the T-score for
each sample. The finite element model of healthy bone femur is allowing us to compare our
modified mathematical model results with images obtained from the same person after getting
cancer. After validation, our mathematical model could be used for osteoporosis prediction and
following up. In future works, we are targeting to investigate the third stage of breast cancer
development which is treatment phase. This could be achieved based on the same proposed
mathematical model.
[1] P. Pivonka et al., “Model structure and control of bone remodeling: A theoretical
study,” Bone, vol. 43, no. 2, pp. 249–263, 2008.
[2] P. Pivonka, P. R. Buenzli, S. Scheiner, C. Hellmich, and C. R. Dunstan, “The influence
of bone surface availability in bone remodelling-A mathematical model including
coupled geometrical and biomechanical regulations of bone cells,” Eng. Struct., 2013.
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The two most widely used inverse methods in experimental mechanics are finite element updating
(FEMU) and the virtual fields method (VFM). Both approaches take full-field displacement or strain
measurements provided by digital image or volume correlation techniques as input and produce estimates of constitutive model parameters. In FEMU the finite element model is treated as a black box and
is used to produce finite difference (FD) approximations of the Jacobians, objective function gradient,
and/or Hessian. These approximations are responsible for the notoriously high computational cost of
FEMU, and their cost increases as the dimension of the parameter space grows.
Techniques from local sensitivity analysis have been applied in various fields to produce numericallyexact sensitivities though the formulation and solution of auxiliary linear partial differential equations
(PDEs). They require an invasive modification of standard finite element formulations, but they also
reduce the computational cost of inversion relative to FEMU.
There are two primary challenges with the application of such methods to plasticity models. The first
is the proper treatment of the coupled nature of the internal variables evolution equations and the equilibrium PDE in the derivation of the sensitivity computations. The second is the history-dependence
inherent in these models, which causes the sensitivity matrices or adjoint variables to vary in time.
A key aspect of our approach is the reliance on automatic differentiation (AD) to compute derivatives
of the constraint residuals and objective function. We present results from our AD-based approach and
compare accuracy and computational cost to FD FEMU for parameter estimation in small and finite
strain J2 plasticity models driven by synthetic displacement data.
Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell International,
Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DENA-0003525.
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Montáns1,2
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WYPiWYG hyperelasticity is based on an assumption of the structure of the stored energy either as a
function of continuum deformation invariants (in phenomenological cases) or through a micro-macro
connection (in case of microstructure-based models). However, the shape of the stored energy function
is not assumed. The stored energy is represented in spline form (typically a B-spline), and the vertices
of the spline are computed by solving the functional equations of the available experimental tests. The
difference with classical hyperelasticity is that there is no assumption on the shape of the stored energy
and there are no classical fitting “material parameters”, because the solution is computed numerically,
instead of fitted. Of course, the purpose of the phenomenological or micromechanical description in
which the stored energy function is based is to limitate the needed experimental data to fully describe
the material behavior in a general loading case. In [1] we have presented a WYPiWYG model based
on a specific micro-macro connection of the chain behavior. With a single test curve (e.g. a tensile
test), we have shown that the callibrated model is capable of representing the experimentally observed
material behavior of polymers under any loading condition for a relevant range of stretches. The specific micro-macro connection assumption is not based on the affine deformations assumption, but on a
free orientational chain assumption connected to a maximum network entropy contribution of the chain
orientations. With the macro-micro-macro WYPiWYG approach, we test the validity of this assumption
and the affinity one, and discuss historical findings related to the predictive capability of classical models
and the polymers statistical theory [2].
REFERENCES
[1] VJ Amores, JM Benı́tez, FJ Montáns. Data-driven, structure-based hyperelastic manifolds: A
macro-micro-macro approach to reverse-engineer the chain behavior and perform efficient simulations of polymers. Computers & Structures 231 (2020): 106209.
[2] VJ Amores, K Nguyen, FJ Montáns. On the network orientational affinity assumption in polymers
and the micro-macro connection through the chain stretch. ArXiv:2008.13523 [cond-mat.soft] (to
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A data-driven methodology for computational elasticity was proposed by Kirchdoerfer and Ortiz [3].
This methodology directly makes use of a data set of stress–strain measurements, without resorting to
conventional empirical modeling of a material constitutive equation. More concretely, it attempts to ﬁnd
pairs of stresses and strains that are closest to the material data set and satisfy the compatibility relation
as well as the force-balance equation. This concept has received considerable attention in computational
mechanics, and similar approaches have promptly been developed for various problems, including, e.g.,
direct treatment of experimental data of elastic structures [4]. On the other hand, it is shown in [2] that
the algorithm presented in [3] is merely a heuristic, in the sense that it does not necessarily converge to
the closest point from the data set.
As an alternative data-driven approach, Ibañez et al. [1] proposed to extract a manifold on which stress–
strain data points lie. They adopted the locally-linear embedding (LLE) for manifold learning. Since LLE
uses the k-nearest neighbors (kNN) to identify an afﬁne subspace around a point of interest, convergence
of a Newton–Raphson like method for computing the equilibrium state is not guaranteed in general.
This paper presents a kernel method for extracting a manifold on which given stress–strain points lie. It is
shown that the manifold is found by computing an eigenvector of a certain symmetric matrix. Numerical
experiments are performed to compare robustness with the method in [3] and a method using kNN.
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Deep-learning techniques have been evaluated for their ability to calculate fractional flow reserve (FFR)
from cardiac CT [3]. Deep learning can be used to improve and facilitate segmentation algorithms,
stenosis simulations, parameters identification, etc.
In this work we utilize one-dimensional coronary blood flow model [2]. We adopt deep learning approach
to estimate aortic pulse wave velocity (PWV). Aortic PWV is an important parameter that can affect
resulting FFR. We use neural network trained on synthetic data to estimate PWV from patient’s age,
blood pressure, height, weight and heart rate. RMSE calculated from cross validation is 6 %. Synthetic
data was generated with the help of separate blood flow model of systemic circulation [1].
We use this method to estimate coronary flow and FFR for ten patients (14 stenoses) and compare with
measured FFR. We also compare results with previous method that imposes PWV based on patient’s
age. Stenosis with FFR below 0.8 is considered to be significant. New method improved FFR estimation
for 9 stenoses. In one of the 9 cases stenosis changed it’s hemodynamic significance. For 5 stenoses
the error of FFR estimation increased, but they did not change the prediction of stenosis hemodynamic
significance.
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The challenge of learning real phenomena needs to accomplish the interaction between the real world
and the simulation. The final goal aims to learn from real data what we cannot capture in a model.
Augmented reality enables new ways of seeing and interacting with this reality. In this work, we propose
a digital twin that, from a real input, generates online the appropriate sloshing trajectory of a fluid for
augmented reality representation.
Following the methodology introduced in [1], we prove that the GENERIC formalism is able to learn the
behavior of Newtonian as well as Non-Newtonian fluids from data. The real-time data-driven integrator
developed is extended to a wider range of fluids. Among these, some shear-thickening fluids were taken
under consideration. In spite of its history-dependence, we perform the calculation in a reduced order
space, where GENERIC is able to capture the pattern of the behavior for accurate reconstruction.
We apply random forest classification to identify which fluid we are perceiving from data of new trajectories. The classification process is performed in a three-dimensional space, reached with KPCA
(Kernel-Principal Component Analysis), where the different types of liquids remain clustered. Once
the fluid has been labelled, the new trajectory is reconstructed in the subspace of the type of material
assigned.
The reconstruction of the trajectories has not only been evaluated with the pseudo-experimental data
obtained computationally, but also experimentally through the use of computer vision techniques. The
digital twin generated showed high resemblance between the free surface of the real fluid and the digital
spectra, which is an optimal result for learning and correction purposes.
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In this study, using some machine learning methods, we develop a framework which deals with
the forward analysis to predict a macroscopic property from a phase separation structure of
polymer alloy and the inverse analysis to generate a structure from a property. In this study, we
consider Young’s modulus as the macroscopic property. Polymer alloy is so widely used in
industry that not only the fast and accurate forward analysis method to predict a performance
of the structure, but also a framework for the inverse analysis to propose a structure from the
required property issignificantly helpful. The structures obtained in experiments and numerical
simulation based on Self-Consistent Field Theory are used as training data for machine learning.
First, we build a Convolutional Neural Network to predict a macroscopic property from an
image of the structures and accomplish the forward analysis. Subsequently, we build a
Generative Adversarial Network (GAN) based on Wasserstein GAN [1] to generate an image
of the structures. GAN is a technique to generate images based on training data. The features
of the data are acquired in the latent variable. Finally, through searching the latent variables
randomly for one which realizes the closest macroscopic property to the required one, we
achieve a framework for the inverse analysis to generate a structure from given property.
Some advantages lie in the proposed inverse analysis method via the latent variable. First,
structures which are generated from GAN trained by images obtained in experiments and
simulations are guaranteed to be feasible. Next, we can analyze the latent variables which
automatically acquire the features of phase separation structure. Furthermore, random search
toward the latent variable is valid and its computational cost is low because of the low
dimentionality of the latent variable. Consequently, this framework has a potential to be adapted
to many targets.
REFERENCES
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Inversion of densely located many point-like scatterers in an elastic-half space, which are characterized as
the deviation of the Lamé parameters and mass densities from the back ground structure of the wavefield,
is the problem of this presentation. We take into account the effects of multiple scattering by the Foldy
method[1]. We express the scattered wavefield in the following form:

(s)
ui (x) = ∑ −λ̃(ym ) Till (x, ym ) εkk (ym ) − 2µ̃(ym ) Tikl (x, ym )εkl (ym )
ym ∈E


+ω2 ρ̃(ym )Gik (x, ym )uk (ym ) ,

(x ∈
/ E, ym ∈ E)

(1)

where ym is the position of the point-like scatterers, x is the observation point, E is the set of the position
of point-like scatterers, u(s) is the scattered wavefield, u is the total wavefield, ε is the strain tensor due the
total wave field, and G and T are Green functions due to mono-pole and dipole sources, respectively. In
addition, λ̃, µ̃ and ρ̃ are the deviations of the Lamé parameters as well as the mass density from the back
ground structure of the wavefield, respectively. Note that the subscript index for u(s) , u, ε, G and T denotes the component of the Cartesian coordinate system, to which the summation convention is applied.
In this presentation, the total wavefield is obtained from the Foldy method and the indicator function to
reconstruct the locations of the point-like scatterers is constructed by the use of the pseudo projections.
Several numerical calculations are carried out to examine the effects of the multiple scattering on the
imaging results. Mathematical issues of multiple scattering effects of point-like scatterers characterized
by the Lamé parameters as well as mass densities are also discussed.
REFERENCES
[1] Hu, G. and Sini, M.:
Elastic
doi.org/10.1063/1.4799145

scattering

by

finitely

many

point-like

obstacles

[2] Touhei, T. and Maruyama, T.: Pseudo-projection approach to reconstruct locations of pointlike scatterers characterized by Lamé parameters and mass densities in an elastic half-space,
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1
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Constitutive modelling of hyperelastic materials under finite strains, specially anisotropic ones, is still a
challenge because of the non-linearities and possible complex strain couplings. Models can be generally
classified into two categories: phenomenological models and structure-based models [1]. Phenomenological models do not require information about the internal structure of the material, they just require
some overall information about the behavior of the material as a continuum. In the linear case, the Classical Laminate Theory (CLT) is of this kind [2]. In contrast, structure-based models use some information
about the internal structure of the material to better predict the behavior at the macro scale. Fiber-matrix
based models, in which fibers and matrix are explicitly modelled to form the composite, are of this kind.
They are seldom used in engineering practice at small strains (where the CLT is employed [2]), but are
common at large strains, where the stored energy of fibers and matrix are added. These models lack a
direct connection with the CLT [3]. However, the linearized theory is not limited to the range of small
deformations, because it holds at any deformation level, for infinitesimal increments. Then, it is valuable to develop a large strain hyperelastic (i.e. conservative, integrable) theory which is compliant with
the CLT at any deformation level, and in which the small strains constitutive tangent may be prescribed
at any deformation level. This is the purpose of this work. We develop such theory for compressible
orthotropic hyperelasticity and show its applicability through several examples.
REFERENCES
[1] VJ Amores, JM Benı́tez, FJ Montáns. Data-driven, structure-based hyperelastic manifolds: A
macro-micro-macro approach to reverse-engineer the chain behavior and perform efficient simulations of polymers. Computers & Structures 231 (2020): 106209.
[2] RM Jones. Mechanics of Composite Materials. Taylor & Francis, 1998.
[3] E De Rosa, M Latorre, FJ Montáns. Capturing anisotropic constitutive models with WYPiWYG
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With the recent advances in data processing and computing resources, machine learning techniques have
become a powerful tool to analyse traditionally hard problems such as image classification, speech recognition or data compressing. Recent work in physically-informed neural networks [1] has shown that
these algorithms can also be successfully applied to solving non-linear PDEs resulting in very accurate
and numerically stable results. However, they rely on prior knowledge of the governing equations of the
problem and neglect possible internal latent variables which would result in noisy results when handling
with real acquired data.
In this work, we propose a neural network model which learns the intrinsic physical nature of non-linear
dynamical problems through the GENERIC formalism, following the methodology presented in [2].
The GENERIC structure of an arbitrary system divides the problem in a conservative term, related to the
reversible evolution of the system (Hamiltonian mechanics), and a dissipative term, related to the entropy
or irreversible part of the system. Furthermore, the degeneracy conditions of this formulation ensures the
energy conservation and the entropy inequality, fulfilling the first and second laws of thermodynamics
respectively.
The introduction of the GENERIC approach inside the neural network framework allows us to take
advantage of current machine learning methods as a solver, while imposing the physical restrictions of
GENERIC. In other words, we are learning the physics of a system from a few observations, ensuring
that future estimations of the state of that system will remain consistent, as they are imposed by those
restrictions. We provide some examples of non-linear dynamical systems to show how our physicalbased machine learning system is able to estimate the correct values, although the real equation is not
known for it.
REFERENCES
[1] M. Raissi, P. Perdikaris and G.E. Karniadakis. Physics-informed neural networks: A deep learning framework for solving forward and inverse problems involving nonlinear partial differential
equations, Journal of Computational Physics (2019) 378: 686-707.
[2] D. González, F. Chinesta and E. Cueto. Thermodynamically consistent data-driven computational
mechanics, Continuum Mechanics and Thermodynamics (2018) 31(1): 239-253.
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ABSTRACT
We present an application on springback of a computational material model on anisotropic elastoplasticity and its theoretical framework, this modelling is built on large strain formulation with nonlinear
combined hardening. The computational procedure allows the sole use of elastic variables as it is fully
hyperelastic. Based on a Lee-type multiplicative decomposition, which permits an additive solution in a
logarithmic strain approach, it resolves the “rate issue” by the employment of a corrector rate of elastic
strains and its algorithmic implementation [1]. The associative nature and Clausius-Duhem inequality
recover the formulation of Simo’s isotropic strain-hardening particular case. Its application to metal
and soft materials has been corroborated as it is also valid for anisotropic yield functions and for any
anisotropic stored energy (linear and nonlinear in logarithmic strains) [2]. The computation of the stresspoint algorithm is done using a simple backward-Euler scheme. Its validation has been performed by the
implementation of the procedure into a subroutine which allows the user to compute benchmark models
into the commercial program ADINA [3]. This permits to explore its usefulness in application to the
numerical prediction of springback in thin sheet metal forming processes. The results are compared with
both experimental and other authors’ results. Moreover, many simulations were performed such as the
draw-bending test, the unconstrained bending problem, the square cup or the 3DS warping benchmark.
REFERENCES
[1] Latorre, M. and Montáns, F.J. A new class of plastic flow evolution equations for anisotropic multiplicative elastoplasticity based on the notion of a corrector elastic strain rate. Applied Mathematical Modelling, 55, 716-740, (2018).
[2] Sanz M.A. Montáns, F.J. and Latorre, M. Computational anisotropic hardening multiplicative
elastoplasticity based on the corrector elastic logarithmic strain rate. Computer Methods in Applied Mechanics and Engineering, 320, 82-121, (2017).
[3] Sanz M.A. and Nguyen K. and Rodrı́guez M. and Latorre M. and Montáns, F.J. Sheet metal forming analysis using a large strain anisotropic multiplicative plasticity formulation, based on elastic
correctors, wich preserves the structure of the infinitesimal theory. Finite Elements in Analysis and
Design, vol164, 1-17 (2019).
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Parallelized clustering techniques were applied to hybrid rocket combustion tests to better understand
the complex flow phenomena. Novel techniques such as hybrid rockets that allow for cost reductions of
space transport vehicles are of high importance in space flight. Recently, combustion tests with different
paraffin-based fuels have been performed at the German Aerospace Center (DLR). For a better understanding of the experiments, the combustion process has been captured with a high-speed video camera,
which leads to a huge amount of images for each test. In order to catch the essential flow structures, the
combustion dataset has been analyzed with unsupervised machine learning techniques.
In this talk, we compare the outcome of different clustering techniques on the test data [1]. Depending
on the approach that is considered, the algorithms either tend to resolve long-running flow phases or
reveal short-term turbulence effects. Since both information are essential to characterize the fluid flow, it
is therefore advantageous to combine different approaches.
Clustering of thousands of images is very demanding with respect to computing time and memory requirement. We develop HeAT [2], the Helmholtz Analytics Toolkit, for the high-performance data
analysis on a parallel cluster at DLR. Using HeAT, the computing time in the order of several days
could be reduced to roughly one hour. HeAT is an open source software and can be downloaded at
https://github.com/helmholtz-analytics/heat.
REFERENCES
[1] Rüttgers, A., Petrarolo, A., and Kobald, M. Clustering of paraffin-based hybrid rocket fuels combustion data. Exp. Fluids, 61:4 (2020), https://doi.org/10.1007/s00348-019-2837-8.
[2] Krajsek, K., Comito, C., Götz, M., Hagemeier, B., Knechtges, P., and Siggel, M. The Helmholtz
Analytics Toolkit (HeAT) - A Scientific Big Data Library for HPC. Extreme Data: Demands, Technologies, and Services. Workshop Proceedings (2019) pp. 57–60.
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We consider a domain Ω experiencing inelastic deformations. Two subdomains are
distinguished in Ω = 𝜔𝜔𝐶𝐶 ⋃ 𝜔𝜔𝐹𝐹 . The subdomain 𝜔𝜔𝐶𝐶 requires a coarse description, whereas 𝜔𝜔𝐹𝐹
needs a ﬁne representation which necessarily has an impact on CPU time and computational
complexity.
Thus, we introduce a reduced order model in 𝜔𝜔𝐹𝐹 , able to infer the internal forces at the
nodes on the subdomain boundary 𝜕𝜕𝜔𝜔𝐹𝐹 , for any displacement applied on 𝜕𝜕𝜔𝜔𝐹𝐹 . This seems an
appealing approach for speeding up calculations.
The main issues are:
− The parametrization of the displacements of 𝜕𝜕𝜔𝜔𝐹𝐹 involves a large number of parameters
(scaling with the number of nodes located on 𝜕𝜕𝜔𝜔𝐹𝐹 , which significantly increases the
computational time of the training stage;
− At time 𝑡𝑡, the instantaneous mechanical state 𝑢𝑢(𝑥𝑥, 𝑡𝑡), depends on the mechanical history
i.e. 𝑢𝑢(𝑥𝑥 ∈ 𝜕𝜕𝜔𝜔𝐹𝐹 , 𝜏𝜏 ≤ 𝑡𝑡), and consequently the parametrization becomes intractable.
− The model relating displacements and forces on 𝜕𝜕𝜔𝜔𝐹𝐹 should evolve in time to adapt to the
irreversible deformations that the material undergoes.
The second issue is very well known, and previously motivated the introduction of state
variables to express the internal behavior at time t as a function of the mechanical ﬁelds, enriched
by some time-dependent state variables.

Figure 1 domain Ω
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The cancerous cells show a collective behaviour that differs from their healthy counterparts,
which is key in the lethality of the tumours. This work is focused on the behaviour of the cells
involved in the glioblastoma multiforme. Numerically, their decisions are modelled with
genotypical variables that change and evolve depending on the mitosis and the available
resources. Those lead toward different actions such as migration, mitosis, and the dead of the
cells. To integrate the model with the contour, it is coupled with a diffusivity FEM that
calculates the field variables of the available resources, and the Navier-Stokes equations that
governs the fluidic behaviour of the cellular community. To enhance the coupling between the
tumour and the surrounding body, a 3D angiogenesis model has been developed to reproduce
its interaction with the vascular network.
REFERENCES
[1] G. Vilanova, I. Colominas, and H. Gomez, A mathematical model of tumour angiogenesis:
growth, regression and regrowth. Journal of The Royal Society Interface, Vol. 14, 2017.
[2] A. R. A. Anderson, M. A. J. Chaplain, E. L. Newman, R. J. C. Steele, and A. M. Thompson,
Mathematical modelling of tumour invasion and metastasis. Journal of Theoretical Medicine,

Vol. 2, pp: 129-154, 2000.
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Realistic models of concrete microstructure were made possible by non-destructive imaging techniques
such as X-ray microtomography. But a full-resolution model of all phase constituents has a billion to
tenths of billions of degrees of freedom per each representative elementary volume, which makes simulation intractable. We propose a manifold-based method for creating a Data-Driven reduced-order models
from X-ray microtomographic scans that can be subject to meshfree simulation within a reasonable time
frame while retaining the morphological characteristics of the original concrete microstructure. The
method has been validated for a series X-ray microtomographic scans of high-performance concrete
scanned prior and post the application of loading. The microstructure models at different levels of reduction were then subject to meshfree simulation with a Reproducing Kernel Finite Volume Method
(RKFM).
REFERENCES
[1] Loeffler, C.M., Qiu, Y., Martin, B., Heard, B., Williams, B., Nie, X. Detection and segmentation of
mechanical damage in concrete with X-Ray microtomography, Materials Characterization (2018)
142:515–522.
[2] Chen, J.-S., Hillman, M., Chi, S.-W. Meshfree methods: Progress made after 20 years, Journal of
Engineering Mechanics (2017) 143(4):04017001.
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LAMSIN (ENIT, U. Tunis El-Manar), Rue Béchir Salem Belkhiria Campus universitaire, BP 37,
1002, Le Bélvédère, 1002, Tunis, Tunisie, mohamedlarbi.kadri@enit.utm.tn, http://www.lamsin.rnu.tn
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When carrying out non-destructive testing of mechanical parts, the identification of boundary conditions
from measurements on other boundaries is problematic. This problem is known as data completion
problem, or Cauchy problem, which is present in a wide range of applications.
However, the Cauchy problem for elliptic PDEs is known to be mathematically ill-posed in the sense of
Hadamard. Its theoretical properties have direct consequences on the feasibility of the resolution in an
industrial context.
A range of methods have been developed in the past decade to adress the ill-posedness of the problem.
One method has been selected in this study, namely the Steklov-Poincaré’s method [1], that relies on the
inversion of a linear system that implies the Steklov-Poincaré operator by a Krylov solver.
In [2], it was shown that it is possible to compute at very low cost the Ritz values and vectors, that
approximate the eigenvalues and vectors of the Steklov-Poincaré’s operator that are arisen by the right
hand side. These Ritz elements are then used to filter the solution.
In the present work, we will show that it is possible to use this Ritz decomposition as a reduced order
model of the inverse problem, that will make the uncertainty quantification much less costly in terms
of computing time. In particular, in the framework of Gaussian uncertainties, the computation of the
uncertainty on the posterior distribution requires to invert the forward operator, which is trivial if this
operator is replaced by its reduced form, which is diagonal in the Ritz basis. This procedure has been be
numerically illustrated on 2D and 3D test cases.
REFERENCES
[1] F. Ben Belgacem and H. El Fekih. On Cauchy’s problem: I. A variational Steklov–Poincaré theory.
Inverse Problems, 21(6):1915, 2005.
[2] R. Ferrier, M. L. Kadri, and P. Gosselet. The Steklov-Poincaré technique for data completion: Preconditioning and filtering. International Journal for Numerical Methods in Engineering,
116(4):270–286.
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Simulated Reality defines the framework to simulate the physical changes that occur in our environment
in real time. The goal is to provide information to a user about physical phenomena that cannot be observed directly with the user’s senses, in a quantified way, such as stresses or other internal variables. This
is done to improve decision-making capacity with a higher level of confidence, known as Intelligence
Augmentation.
To do this, it is first necessary to capture and understand the information of the scene (Spatial Artificial
Intelligence or Spatial AI). We use cameras to capture this information, given the large amount of data
that can be extracted from a video sequence. We use visual reconstruction techniques from images to
scan the environment and create a 3D map of the scene [1].
On the other hand, by means of Data Assimilation techniques and Digital Twins, we update the models to
explain the variations in the captured data from a physical point of view, without simplifications, solving
the true behaviour of the phenomena. It can be done from a Data-Driven approach or by using Order
Reduction methods based on predefined physical models.
The fusion of computational methods in mechanical engineering together with image processing techniques from computer vision, allows us to create a tool for understanding the spatial physics with a great
number of potential applications. A computer can describe the behavior of real objects in the scene, or
even add virtual objects that do not exist, but that interact with real objects and behave as if they were
really present [2]. All this information is sent to the user through Augmented Reality techniques, which
allow an extremely fluid interaction between real and virtual worlds. To support our ideas some examples
of hyper-elastic solids and fluid mechanics are included, but we believe that this work opens the door to
many multidisciplinary applications.
REFERENCES
[1] Mur-Artal, R., Montiel, J. M. M. and Tardos, J. D. ORB-SLAM: a versatile and accurate monocular
SLAM system. IEEE transactions on robotics, 31(5), 1147-1163, (2015).
[2] Badı́as, A., Alfaro, I., González, D., Chinesta, F. and Cueto, E. Reduced order modeling for
physically-based augmented reality. Computer Methods in Applied Mechanics and Engineering,
341, 53-70, (2018).
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Inverse problems are ubiquitous in science and engineering with numerous applications such as electronic cooling system design, ocean modeling, and X-ray tomography. Recent work has demonstrated
the potential of data-driven learning to facilitate efficient and accurate physical simulations [1–6]. However, many tools are developed for specific applications and cannot be easily generalized to other physical systems [7]. We propose a general and robust approach for solving inverse problems using physics
constrained machine learning, which combines the advantages of machine learning, high performance
computing, and numerical partial differential equation (PDE) schemes. Our approach formulates numerical simulators as a computational graph with differentiable kernels. We then solve the inverse problems
by constrained optimization, using gradients calculated by reverse-mode automatic differentiation. This
technique enables us to model unknown physical properties using deep neural networks (DNNs) and
embed them in the PDE model. We apply our method to approximate the spatially varying viscosity and
conductivity fields with DNNs; the DNNs are trained using partial observations of velocity, pressure,
and temperature fields. We observe that the DNNs are capable of modeling complex spatially varying
physical fields with sparse and noisy data. We compare our approach to state-of-the-art methods such
as radial basis functions in solving inverse problems in complex physical systems. We will present numerical results for a model of an electronic cooling system for chip packaging, based on the steady-state
Navier-Stokes equations. Our implementation leverages the open access ADCME1 library, which solves
inverse modeling problems in scientific computing using DNNs and automatic differentiation.
REFERENCES
[1] Julia Ling and J Templeton. Evaluation of machine learning algorithms for prediction of regions of
high reynolds averaged navier stokes uncertainty. Physics of Fluids, 27(8):085103, 2015.
[2] Jian-Xun Wang, Jin-Long Wu, and Heng Xiao. Physics-informed machine learning approach for
1 The

ADCME library is available at https://github.com/kailaix/ADCME.jl.
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Metamaterials are materials that have unusual or tailored properties at the continuum scale due
to their designed structure at the microscale. Metamaterials are gaining importance due to their
versatility. Also, the generative designs are, day by day, more involved in the industrial
processes. Both metamaterials and generative designs are boosted by the irruption of industrygrade 3D printers for a wide range of materials. In this work we show two different
developments of metamaterials that will merge into a global data-driven design framework. The
first one is a 3D generative design model capable of reducing the strain energy through the
optimization of the mechanical properties at the material level. The herein presented model is
designed to be engaged with a mimetic novel metamaterial. This 3D metamaterial can tailor its
stiffness and Poisson´s ratio through connectivity variations, but without changing the reference
global shape of the cell. The global aim is to create a model capable to adapt to the shape and
mechanical properties of a target structure, with gradients of mechanical properties.

REFERENCES
[1] H. M. A. Kolken and A. A. Zadpoor, Auxetic mechanical metamaterials. RSC Adv., Vol.

7, pp. 51115129, 2017.
[2] K. Bandara, T, Ruberg and F. Cirak, Shape optimisation with multiresolution subdivision
surfaces and immersed finite elements. Comput. Methods Appl. Mech. Engrg., Vol. 300, pp.
510539, 2016.
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Tecnológicas, Universidad Cardenal Herrera-CEU, San Bartolome 55, 46115 Alfara del Patriarca,
Valencia, Spain
Key Words: Optimal Transport, Interpolation, Meshing, Deformation, Surface Modelling
Modelling the transformation of a meshing grid through a mechanical deformation presents a real challenge, especially to preserve the surface descriptors integrity while keeping track of the meshing nodes
displacement. In this work, we will apply an Optimal Transport (OT) framework inspired from the Computer Vision, Graph Theory and Machine Learning applications [2] to model a three dimensional surface
mesh transformation and interpolate mesh configuration when the meshed piece is submitted to a pressure field. The Fused Gromov-Wasserstein distance used in our OT model [1] encodes simultaneously
both the features informations (nodes and vertices) and the surface structure informations (geometry,
boundaries, curvature). We will adapt this mathematical framework to our mechanical modelling, prove
its physical interpollation properties, and study the conservation of the mechanical characteristic of the
model.
REFERENCES
[1] T Vayer, L Chapel, R Flamary, R Tavenard, N Courty, Fused Gromov-Wasserstein distance
for structured objects: theoretical foundations and mathematical properties. arXiv preprint
arXiv:1811.02834
[2] T Vayer, L Chapel, R Flamary, R Tavenard, N Courty, Optimal Transport for structured data with
application on graphs. International Conference on Machine Learning 6275-6284
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The aim of this paper is to leverage the main surface topological descriptors to classify tape surface
profiles, through the modelling of the evolution of the degree of intimate contact along the consolidation of pre-impregnated preforms associated to a composite forming process. It is well-known at an
experimental level that the consolidation degree strongly depends on the surface characteristics (roughness). In particular, same process parameters applied to different surfaces produce very different degrees
of intimate contact. It allows us to think that the surface topology plays an important role along this
process. After Physical modelling and simulation for Automated Tape Placement (ATP) have been proposed in [2] to study the influence of material and process parameters, while consolidation modelling
and sPGD-based nonlinear regression have been used in [1] to identify the main surface descriptors for a
comprehensive characterization of the tape surfaces. In the present work, and in order to classify the tape
surfaces according to their characteristics, we will consider experimental data together a novel mathematical technique named Topological Data Analysis (TDA). The TDA offers a set of powerful tools to
extract key information and patterns from experimental data, and can be paired with Machine Learning
(ML) methods to predict, interpolate and classify data. In the case of tape surfaces, we are interested in
extracting the topological features using the TDA and representing them in a functional way, known as
the Persistence Images, and that allows to classify surface profiles according to their originating surface.
We will be using an advanced modelling of the data inspired from the time series analysis framework,
along with the persistence images to classify scanned surfaces profiles, and discuss the accuracy of the
method.
REFERENCES
[1] Argerich C, Ruben I, Leon A, Barasinski A, Abisset-Chavanne E, Chinesta F (2018). Tape surface characterization and classification in automated tape placement processability: Modeling and
numerical analysis. AIMS Materials Science 5(5): 870–888.
[2] Leon A, Argerich C, Barasinski A, Soccard E, Chinesta F (2018). Effects of material and process
parameters on in-situ consolidation. International Journal of Material Forming Volume 12, Issue
4, pp 491–503
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Metamaterials research and, moreover, their obtaining by additive manufacturing is trendy
because of their potential industrial applications, since lattice structures can save weight when
integrated in larger parts. For this reason, it is important to draw these new material properties
in order to compare them with traditional structures obtained by classic manufacturing methods.
In this work we present a numerical procedure to determine the mechanical properties of a
metamaterial based on periodic cells. To date, for these materials there are no standard
procedures to test and validate their structural properties, and specifically to determine their
mechanical bending behaviour.
We apply a virtual testing procedure using finite elements to determine the homogeneous elastic
modulus, Young's modulus and shear modulus, using a set of modified bending virtual test,
based on the three point bending and the four point bending test [1]. Theses physical testing
procedures are common in sandwich composite materials [2], and can be apply to metamaterial
testing taking into account some geometrical and material aspects to determine the proper
parameters for testing. The results obtained are macroscopically independent on the number of
elemental cells used in the metamaterial, and permit us to consider the intrinsic defects that may
appear in the 3D additive manufacturing materials.

REFERENCES
[1] M.F Ashby, The properties of foams and lattices – Philosophical Transactions of The Royal
Society, Vol. 364, pp. 15−30, 2012.
[2] H. Yazdani Sarvestani, A.H. Akbarzadeh, A. Mirbolghasemi, K. Hermeneank, 3D printed
meta-sandwich structures: Failure mechanism, energy absorption and multi-hit capability..

Materials and Design Vol. 160, pp. 179−193, 2018.
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The aim of this talk is to apply the Linear Sampling Method (LSM) [1] in a modal formulation [2]
to recover defects in elastic waveguides. More precisely, the LSM consists, for each sampling point
z describing a grid, to check if some appropriate and analytically known test function depending on z
belongs or not to the range of a linear operator, the definition of which is based on the data. In the case of
a positive answer, the point z belongs to the defect, which is a practical way of retrieving its boundary. An
important feature of the LSM is that it is independent of the number of components and of the type of the
defect. In a waveguide, the projection on the guided modes of the test function and the linear operator
can be used to obtain an infinite linear system to solve at each sampling point. This system is then
truncated by using only the equations corresponding to propagating modes at the considered frequency.
The regularization of the system is hence based on physical properties.
But this method has two main drawbacks for an application to real configurations: the data are supposed
to be in the time harmonic regime and are the traces on sections of the waveguide, located on both part
of the defect, of the scattered fields associated to all incident propagating modes. The method is then
adapted to time-dependent data measured on the surface of the waveguide, for sources located also on
its surface [3]. This adaptation uses the introduction of emission and reception matrices, which link the
data on the surface to the ones on the sections. These matrices are ill-conditionned but their condition
number can be studied analytically. The method has been applied to numerical and experimental data,
showing its applicability to the context of nondestructive testing.
REFERENCES
[1] D. Colton, A. Kirsch: A simple method for solving inverse scattering problems in the resonance
region, in Inverse Problems 12 (1996) pp. 383-393.
[2] L. Bourgeois, F. Le Louër, E. Lunéville: On the use of Lamb modes in the linear sampling method
for elastic waveguides, in Inverse Problems 27 (2011).
[3] V. Baronian, L. Bourgeois, B. Chapuis, A. Recoquillay: Linear Sampling Method applied to Non
Destructive Testing of an elastic waveguide: theory, numerics and experiments, in Inverse Problems
34 (2018).
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We are interested in imaging sparse scenes, accurately, using limited and noisy data. Such imaging
problems arise in many areas such as medical imaging, structural biology, radar and geophysics. Both
the passive and the active array imaging problems with or without multiple scattering can be reduced to
finding the solution of the linear system A ρ = b0 + e, where e is the noise. It is well known, that a sparse
solution of this system can be found efficiently with an 1 -norm minimization approach,
ρ∗ = arg min ρ1 , subject to A ρ = b0 + e,
ρ

(1)

if the data is noiseless. However, determining ρ from data corrupted by noise is still a challenging
problem. For optimal results, current approaches need to tune parameters that depend on the level of
noise, which is often difficult to be estimated in practice. In this talk, the Noise Collector [1, 2], a new
parameter-free, 1 norm minimization approach will be presented. We introduce a no-phantom weight τ
and the Noise Collector matrix C , and solve instead of (1), the augmented system
(ρτ , ητ ) = arg minρ,η (τρ1 + η1 ) ,
subject to A ρ + C η = b0 + e,

(2)

The Noise Collector has a zero false discovery rate (no false positives) for any level of noise, with
probability that tends to one as the dimension of b0 increases to infinity and provides exact support
recovery when the noise is not too large. A Fast Noise Collector Algorithm has been implemented which
makes the computational cost of solving the minimization problem comparable to the original one. The
effectiveness of the method will be demonstrated in imaging applications.
REFERENCES
[1] M. Moscoso, A. Novikov, G. Papanicolaou and C.Tsogka, Imaging with highly incomplete and
corrupted data, Inverse Problems, in press https://doi.org/10.1088/1361-6420/ab5a21 (2019).
[2] M. Moscoso, A. Novikov, G. Papanicolaou and C.Tsogka, The Noise Collector for sparse recovery
in high dimensions, arXiv, 1908.04412 (2019).
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We will review a method that we have proposed in [1] that allows machine learning of physical phenomena from data while, at the same time, satisfying by construction basics principles of thermodynamics.
The proposed methodology combines the employ of metriplectic (viz., GENERIC [2]) expressions to
describe the dynamical evolution of the variables governing the physics and kernel-PCA techniques to
unveil the need for internal variables in the description.
Examples will be presented that show the performance of the method.
REFERENCES
[1] Learning non-Markovian physics from data. D. Gonzalez, F. Chinesta, E. Cueto. Submitted, 2019.
[2] M. Grmela and H.C ttinger. Dynamics and thermodynamics of complex fluids. I. Development of
a general formalism. Phys. Rev. E. 56 (6): 66206632. 1997.
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A Reduced Order Model (ROM) is developed that can accurately predict the elastoplastic simulations for
practical applications. Non-linear solid mechanics problems are computationally expensive because of (i)
large numbers of Degrees Of Freedom (DOFs), (ii) large numbers of quadrature points that must be visited at each iteration to construct the force column and stiffness matrix, and (iii) effectively no quadratic
convergence occurs because the state (i.e. elastic or elastoplastic) of each quadrature point must be iteratively estimated. Reduced order modelling based on proper orthogonal decomposition (POD) [1, 2] is
employed to reduce the DOFs (and at a later stage, yet not reported in this presentation, hyperreduction
[3] will be developed which requires less quadrature points to construct the force column and stiffness
matrix, so that less iterations are needed). At the offline stage of the POD method, elastic and plastic
characteristics of the snapshot solutions are not well captured by POD basis vectors, because the POD
basis vectors are spatially smooth. This results in a lack of accuracy at the online stage. The work focuses on improving the precision of POD method by utilising machine learning techniques. The idea of
the proposed ROM is to separate the snapshots into multiple groups based on the deformation pattern.
Unsupervised learning methods are utilized to group the snapshots into multiple clusters. The ROM is
generated by obtaining the POD basis vectors from snapshots of individual clusters. So that plasticityinduced localisation is better represented in the POD basis vectors. Different unsupervised learning
strategies are investigated, and the computational efficiency of the developed ROM is demonstrated with
numerical examples considering hyper elastoplastic material model.
REFERENCES
[1] Anindya Chatterjee. An introduction to the proper orthogonal decomposition. Current Science. 7,
808–817.
[2] Pinnau R. Model Reduction via Proper Orthogonal Decomposition (2008). Model Order Reduction:
Theory, Research Aspects and Applications. Mathematics in Industry (The European Consortium
for Mathematics in Industry), vol 13. Springer, Berlin, Heidelberg.
[3] Hale, J.S.; Schenone, E.; Baroli, D.; Beex, L.; Bordas, S. A Hyper-Reduction Method Using Adaptivity to Cut the Assembly Costs of Reduced Order Models. Unpublished Manuscript. Available
online: http://orbilu.uni.lu/handle/10993/36557
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ABSTRACT
Due to the volatile development of storage capacities as well as suitable soft- and hardware,
the amount of available data has increased by many orders of magnitude over the last decades.
This influences almost all parts of practical life but also science and technology. In particular,
the area of computational mechanics has a significant role in it, since it seeks for physically
relevant models validated by meaningful data. The question arises as to whether the
challenging step of setting up parametric constitutive models can be left out completely? Is it
possible to represent and numerically predict the material behaviour purely by means of data?
On the one hand, the minisymposium shall focus on data-driven approaches for inelastic
material behaviour, where loading and unloading paths in a stress-strain diagram do not
coincide. An important point is to clarify which data sets are needed to obtain a physically
reasonable material description. What are today’s limitations – also in comparison to standard
continuum mechanical modelling?
Another field of interest concerns the important question how the computational efficiency of
such approaches can be improved. Which ideas exist to reduce the computational effort and
how can large amounts of data be identified from experiments and managed? Furthermore,
ideas how to deal with data-poor areas of the phase space are kindly invited for presentation.
Interdisciplinary contributions are in particular encouraged. Very interesting are also
connections to machine learning algorithms or other surrogate approaches including model
order reduction.
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In this work a reduced order model based on adaptive finite element meshes and a correction
term obtained by using an artificial neural network (FAN-ROM) is presented. The idea is to
run a high-fidelity simulation by using an adaptively refined finite element mesh, and
compare the results obtained with those of a coarse mesh finite element model. From this
comparison, a correction forcing term can be computed for each training configuration. A
model for the correction term is built by using an artificial neural network, and the final
reduced order model is obtained by putting together the coarse mesh finite element model,
plus the artificial neural network model for the correction forcing term.
The methodology is applied to non-linear solid mechanics problems, transient quasiincompressible flows, and a fluid-structure interaction problem. The results of the numerical
examples show that the FAN-ROM is capable of improving the simulation results obtained in
coarse finite element meshes at a reduced computational cost.
REFERENCES
[1] Baiges, J., Codina, R., Castanar, I., & Castillo, E. (2019). A Finite Element Reduced
Order Model based on Adaptive Mesh Refinement and Artificial Neural Networks.
[2] Baiges, J., Codina, R., & Idelsohn, S. (2015). Reduced-order subscales for POD
models. Computer Methods in Applied Mechanics and Engineering, 291, 173-196.
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The classical approach in the computational mechanics considers the formulation of material models
whose development rely on the data usually collected either through experimental measurements or
numerical simulation. The constitutive model should describe the data set as faithfully as possible,
keeping at the same time it’s mathematical structure as simple as possible. Those two opposite demands
usually lead to material model that contains a number of simplifications and adjustments leading to
empirical model which is less rich than the data used for it’s formulation. To overcome this information
loss, Kirchdoerfer and Ortiz [1] recently proposed a new approach which avoids the need of constitutive
model in computational mechanics, replacing it by material data.
In this work, we propose an application of the data driven approach (DDA) to the coupled, electromechanical behaviour. More precisely, we focus on the linear piezo-electric continuum whose governing
equations are related to 1. mechanical (M) sub-problem described by elasticity, related kinematics and
boundary conditions; 2. electrical (E) sub-problem related to the electrostatics, Gauss and Maxwell law
and related boundary conditions; 3. electro-mechanical coupling defined only through the constitutive relations. As opposed to ’standard’ DDA related to elasticity [1] where the local state of the system in every
material point is characterized by set of stress-strain couples, here the material response is characterized
by 4-tuples composed of strain, stress and electrical field and electrical displacement. In DDA the solution is characterized by electro-mechanical points that are ’the closest’ to material points, we propose an
extension of the norm to metrize the distance. In addition, we give the details of the DDA algorithm for
coupled piezoelectric behaviour. Analogously as in standard DDA, the objective here is to find electromechanical states (4-tuples) such that: (i) the strain and electrical fields are derived from displacement
and electrical potential fields respecting the mechanical compatibility equations and Maxwell’s law and
(ii) that the stress and electrical displacement verify the corresponding mechanical equilibrium as well
as Gauss law (dielectric equivalent). The coupling being only in terms of constitutive model, which we
abandon, the great advantage of applying DDA approach to a class of coupled multiphysics problems is
that it results in two decoupled sub-problems, the mechanical and dielectric problem. The performance
of the proposed extension is shown on few illustrative examples.
REFERENCES
[1] T. Kirchdoerfer and M. Ortiz, Data-Driven Computational Mechanics, Comput. Methods Appl.
Mech. Engrg. 304 (2016) 81–101.
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Constitutive laws are an essential part in modeling of materials, as they relate the mechanical stress
and strain. A classical approach to identify a priori established laws is to test samples extensively to fit
an empirical equation that satisfies the observed behavior. However, only a few testing configurations
allow the mechanical stress field to be uniquely determined [4]. Also, this approach includes a bias in
the a priori choice of a specific constitutive law, which in turn propagates into the models where it is
used. Data-driven Identification (DDI) [1] was introduced as a solution for both problems. Based on
the Data-driven Computational Mechanics [2], the algorithm uses strains obtained through Digital
Image Correlation, and a database (to be identified) of strain-stress couples that represent the material
behavior and regularize the problem of stress identification. The method minimizes the distance between each strain-stress couple in the sample and the closest point in the database while constraining
the identified stress to mechanical equilibrium. The solution obtained is a set of mechanical stresses
associated to the measured strains, as well as a set of material states, which represent the behavior of
the material.
In this work we apply the DDI to heterogeneous samples containing different materials (e.g. matrix
and inclusions). The results obtained contain entries that correspond to the different materials involved. However, the information is combined and no clear separation of the different behaviors can
be achieved. We investigate a method that allows separating the behaviors, in order to characterize the
materials involved individually and assign a specific material to each point in the sample. The technique used, known as Correspondence Analysis (CA) [3], gives the principal components of the state
mapping matrix, which is the table that links each mechanical state to a material state. Plotting these
components shows the solution in a difference space, where clusters of points can be identified and
related to the different materials in the sample. This can be used to get the separated behaviors of the
materials in the strain-stress space, as well as the location of the materials with respect to the mesh
used. The method was successfully used on synthetic data with two different materials samples. Good
accuracy is achievable by properly setting the parameters of the DDI and an appropriate clustering
algorithm for CA. This work opens the door for future development where the DDI can be applied to
non-elastic cases where the mechanical stress does not uniquely depend on the local strain.

REFERENCES
[1] Leygue, A. et al. Data-based derivation of material response. Comput. Methods Appl. Mech. Engrg.
(2018) 331:184–196.
[2] Kirchdoerfer, T. and Ortiz, M. Data-driven computational mechanics. Comput. Methods Appl. Mech.
Engrg. (2016) 304:81–101.
[3] Greenacre, M. Correspondence analysis in practice. Chapman and Hall/CRC, 3rd edition, (2016).
[4] Avril, S. Overview of identification methods of mechanical parameters based on full-field measurements. Exp. Mech. (2008) 48:381–402.
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For centuries, scientists and engineers have relied on experimental techniques to characterize the effective mechanical properties of materials. These properties, when paired with appropriate constitutive
models, traditionally serve as the basis for any engineering-level mechanics of materials analysis. Modern methodologies, however, tend to replace this phenomenological approach with a combination of
homogenization schemes and micromechanical models. The hope is that these multi-scale approaches
could minimize empiricism and lead to a more fundamental understanding of the relationship between
process, microstructure, and performance in the material development cycle. A common computational
approach to this problem is the via concurrent multiscale modeling. These schemes generally have the
ability to handle arbitrary microstructures in the nonlinear and history-dependent regimes, but usually
at a prohibitive computational cost. A representative volume element (RVE) of the microstructure has
to be built for every quadrature point of the finite element model, and solved for every time step of
the simulation. Some decoupled variants have been proposed in order to reduce the computational cost
(e.g., micro-macro decoupling schemes, Nonuniform Transformation Field Analysis, etc.) but they are
only applicable to a narrow number of problems. In this presentation, we will present an alternative
formulation to concurrent multiscale models, in which RVEs are utilized in combination with advanced
machine learning (ML) techniques to develop what we call Smart Constitutive Laws (SCLs). Through
a series of examples, we will demonstrate how SCLs can handle the homogenization of nonlinear and
history-dependent microstructures. Perhaps more interestingly, we will show how SCLs can also provide
localization information (e.g., localized plasticity) usually lost in traditional homogenization schemes.
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Since measuring technology today provides much more information in the form of full-field data, the
research in the area of data-driven approaches is of the highest interest. An interesting approach was
recently developed by Kirchdoerfer and Oritz [1]. Here, the initial boundary value problem is reformulated using distances between stress-strain states from two subsets of the corresponding phase space. The
first subset includes all states which fulfill equilibrial and kinematic relations, the second one includes
all material measurements. The solution to the problem is then found by computing the states which are
closest to each other.
The approach described above is based on the assumption that data is available for various heterogenous
stress-strain states. To receive those states it is necessary to solve inverse problems based on measured
strain fields. An inverse formulation of the problem described above is derived in Leygue et al. [2].
Material states are identified without assuming an explicit material model.
Instead, material inelasticty can be incorporated by extending the data set with stress and strain histories
as shown in [3]. In the present work, the focus is on the identification of stresses for inelastic problems,
such as viscoelasticity. In the last step, the goal is to show the direct combination of stress identification
and data usage within a simulation.
REFERENCES
[1] Kirchdoerfer, T., Ortiz, M., Data-driven computational mechanics. Computer Methods in Applied
Mechanics and Engineering. (2016) 304:81-101.
[2] Leygue, A., Coret, M. , Réthoré, J., Stainier, L., Verron, E. Data-based derivation of material
response. Computer Methods in Applied Mechanics and Engineering. (2018) 331:184-196.
[3] Eggersmann, R., Kirchdoerfer, T., Reese, S., Stainier, L., Ortiz, M. Model-free data-driven inelasticity. Computer Methods in Applied Mechanics and Engineering (2019) 350:81-99.
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Design optimization, parameter estimation or uncertainty quantification of engineering systems involves
repeated simulations of the model under varying parameters. The models are often large-scale and pose
a major computational bottleneck. In this context, Model Order Reduction (MOR) has emerged as an
important tool to ensure accuracy with drastically reduced computational costs. Among several MOR
methods, the Reduced Basis Method (RBM) is widely used. In this work, we propose a problem-tailored
approach for constructing the training set for the RBM. Recent works have highlighted the importance
of appropriately sampling the parameters, especially when the parameter space is of high dimension
[1, 2, 3]. Our approach is based on the observation that the (Discrete) Empirical Interpolation Method
((D)EIM) [4, 5] not only picks magic points in the spatial domain but also in the parameter domain.
These parameter magic points provide an insight into the parameter dependance of the quantity of interest
for the given problem. We exploit this to tailor the training set for the greedy algorithm in the RBM. To
validate our method, we show several examples of systems arising in the fields of mechanics and material
science. Our results demonstrate that considerably reduced offline training time can be achieved, without
losing the accuracy of the reduced order model.
REFERENCES
[1] B. Haasdonk, M. Dihlmann, and M. Ohlberger. A training set and multiple bases generation approach
for parameterized model reduction based on adaptive grids in parameter space. Math. Comput.
Model. Dyn. Syst., 17(4):423–442, 2011.
[2] J. S. Hesthaven, B. Stamm, and S. Zhang. Efficient greedy algorithms for high-dimensional parameter spaces with applications to empirical interpolation and reduced basis methods. ESAIM: Math.
Model. Numer. Anal., 48(1):259–283, 2014.
[3] S. Chellappa, L. Feng, and P. Benner. An adaptive sampling approach for the reduced basis method.
e-prints 1910.00298, arXiv, 2019.
[4] M. Barrault, Y. Maday, N. C. Nguyen, and A. T. Patera. An ‘empirical interpolation’ method:
application to efficient reduced-basis discretization of partial differential equations. C. R. Math.
Acad. Sci. Paris, 339(9):667–672, 2004.
[5] S. Chaturantabut and D. C. Sorensen. Nonlinear model reduction via discrete empirical interpolation.
SIAM J. Sci. Comput., 32(5):2737–2764, 2010.
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Over the past years, several fast reconstruction algorithms based on reduced models have been proposed
to address the state estimation problem of approximating from measurement observations an unknown
function u of a Hilbert space (of potentially high dimension) which represents the state of a physical
system. Most strategies are however based on linear mappings where the reduced model is built a priori and independently of the observation space and the measurements. In this work we explore some
nonlinear extensions that take these elements into account in the construction of the basis. The methodology is applied to the reconstruction of 3D blood flows from Doppler ultrasound velocity images. We
show how the methodology can be applied in order to also recover the 3D pressure field despite that
the measurements give partial information about the velocity field only. In addition, we show that other
quantities of interest like the wall shear stress, the vorticity of the velocity and the pressure drop can also
be reconstructed with good accuracy.
REFERENCES
[1] F. Galarce, J.F. Gerbeau, D. Lombardi, O. Mula, State estimation with nonlinear reduced models.
Application to the reconstruction of blood flows with Doppler ultrasound images, Submitted, 2019.
[2] F. Galarce, D. Lombardi, O. Mula, Reconstruction of 3D Velocity and Pressure Fields in the carotid
artery using Reduced Models and Doppler ultrasound velocity images, In Preparation.

3666

Iuri B.C.M.Models
Surrogate
Rocha,for
Pierre
Fe^2:Kerfriden
Classic Mesoscale
and FransModeling,
P. van der Black-Box
Meer
Data-Driven Modeling and
Physics-Informed Subspace Projection
14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

SURROGATE MODELS FOR FE2 : CLASSIC MESOSCALE
MODELING, BLACK-BOX DATA-DRIVEN MODELING AND
PHYSICS-INFORMED SUBSPACE PROJECTION
Iuri B.C.M. Rocha1 , Pierre Kerfriden2,3 and Frans P. van der Meer1
1

Delft University of Technology, Faculty of Civil Engineering and Geosciences, P.O. Box 5048,
2600GA Delft, The Netherlands
2
Centre des matériaux, Mines ParisTech, PSL University, 63 - 65 rue Henri-Auguste Desbrueres BP
87, F-91003 Évry, France
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Numerical analysis of laminated composite materials is often based on mesoscale constitutive models —
i.e. anisotropic models representing a single composite layer as a homogeneous medium. State-of-the-art
mesoscale models such as the one proposed by Vogler et al. [1] include important sources of nonlinearity
— e.g. pressure-dependent plasticity — and can be calibrated with a small number of micromechanical
numerical experiments. However, mesomodels often struggle to represent material behavior under stress
states not considered during calibration. An alternative is to resort to concurrent multiscale (FE2 ) analysis
by embedding micromechanical models at each mesoscopic integration point and solving the associated
nonlinear boundary-value problems for each iteration of each time step of the mesomodel, based on the
notion that a micromechanical model is an accurate predictor of material behavior under arbitrary stress
states. However, FE2 is associated with extreme computational costs and is therefore unsuitable for most
practical applications.
An alternative approach is to employ surrogate models in order to accelerate the microscale computations
associated with the FE2 method. Model Order Reduction (MOR) techniques can be used to reduce
the complexity of the micromodels by constraining displacements and internal forces to lie on solution
manifolds of much smaller dimensionality. Alternatively, physics-based models can be abandoned in
favor of a purely data-driven approach by training neural networks as stress-strain regression models.
In this work, these three alternatives to FE2 — the mesomodel of [1], hyper-reduced micromodels and
neural networks — are compared in terms of accuracy and efficiency. Data for calibration and training
is generated from micromodels with randomly-arranged fibers surrounded by a matrix with pressuredependent plasticity. Focus is given on the ability of each of the models to reproduce unseen stress
combinations as well as on their ability to incorporate new information through retraining. Gains in
execution time are quantified by comparing the surrogate strategies with full-order FE2 models.
REFERENCES
[1] Vogler, M.; Rolfer, R. and Camanho, P. P. Modeling the inelastic deformation and fracture of polymer composites - Part I: plasticity model. Mech Mater (2013) 59:50-64.
[2] Rocha, I.B.C.M.; van der Meer, F. P. and Sluys, L. J. Efficient micromechanical analysis of fiberreinforced composites subjected to cyclic loading through time homogenization and reduced-order
modeling, Comput Method Appl M (2019) 345:644-670.
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Single Crystal.
Multiplication of the existing dislocations is the main source of new ones in the most cases.
The multiplication adjusts the dislocation density even in shock waves produced by highspeed collisions [1]. Increase in strain rate up to 109 s–1 in the femtosecond laser experiments
[2] or loading of nano-volumes at nanoindentation [3] or initiation of nano-voids [4] makes
important the dislocation nucleation or emission from other defects. Homogeneous nucleation
of dislocations is the plasticity incipience in single crystals; understanding of its regularities is
the key for description of other nucleation/emission phenomena. The homogeneous nucleation
is the loos of crystal stability at high shear stress [5]. The nucleation threshold depends in a
complex manner on the lading path. Additional complexity is the non-linear variation of
stresses at elastic stage due to high values of strain achieved before nucleation. Application of
artificial neural networks (ANNs) is promising to describe such a complex behaviour, while
molecular dynamics (MD) simulations can be used for generation of multiple training data.
In this work we apply ANNs for approximation of MD data for stresses, shear modulus and
generalized stacking fault at elastic stage of deformation, and then apply them in the frames of
reconsidered theory of dislocation nucleation. This approach provides quantitative
correspondence with the direct MD simulation of nucleation event. Extrapolation of elastic
behaviour beyond the nucleation point by means of intermediate polynomial extrapolation of
training data increases the precision. ANN training by nucleation events is also considered.
The work is supported by the Russian Science Foundation (Project No. 20-11-20153).
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ABSTRACT
Many problems in engineering sciences can be tackled and understood through the analysis of data
obtained either by experimental tests or by numerical simulations. Uncertainty quantification and optimization under uncertainties in computational mechanics and engineering sciences can take advantage
of all the recent fundamental advances in data sciences and stochastic modeling such as, non-exclusively,
representation of stochastic vectorial spaces, polynomial chaos representations, Gaussian processes for
regression, random matrix theory, non-Gaussian stochastic field theory, computational statistics tools
such as maximum likelihood and Bayesian approaches, etc.
This mini-symposium focuses on the recent developments in scientific machine learning, involving computational statistics and probability theory that bring contributions to new emerging methodologies with
applications in computational mechanics. The applications may concern, among others:
• Solid computational mechanics;
• Computational fluid dynamics;

• Fluid-structure interactions and coupled problems;

• Stochastic multiscale modeling of random heterogeneous materials;
• Stochastic inverse problems in high dimension;

• Wave or crack propagation in random heterogeneous media;

• Uncertain multiphysics linear and nonlinear computational mechanics;
• Nonconvex multidimensional stochastic optimization.
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A graph theoretic view is taken for a range of phenomena in continuum physics in order to develop
representations that will allow analysis of large scale, high-fidelity solutions to these problems. Of
interest are phenomena whose description leads to partial differential equations, with solutions being
obtained by computation. The motivation is to gain insight that may otherwise be difficult to attain
because of the high dimensionality of computed solutions. We consider graph theoretic representations
that are made possible by low-dimensional states defined on the systems. These states are typically
functionals of the high-dimensional solutions, and therefore retain important aspects of the high-fidelity
information present in the original, computed solutions. Our approach is rooted in regarding each state
as a vertex on a graph and identifying edges via processes that are induced either by numerical solution
strategies, or by the physics. Correspondences are drawn between the sampling of stationary states, or
the time evolution of dynamic phenomena, and the analytic machinery of graph theory. A collection
of computations is examined in this framework and new insights to them are presented through the the
analytic techniques made possible by the graph theoretic representation [1]. Additionally, we present a
rigorous framework for reduced order modelling based on these graphs.
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doi.org/10.1016/j.cma.2019.03.053.
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Intentional mistuning (detuning) is known to be an efficient way for reducing the sensitivity of the forced
response of bladed-disk structures to random mistuning, caused by manufacturing tolerances, small discrepancies in the mechanical properties, etc. The objective of detuning is to control the response amplification induced by the random mistuning. The bladed-disk is detuned by using alternating patterns
of different sector types. This research is devoted to the robust analysis of the effects of geometric nonlinearities on the nonlinear dynamic behavior of rotating bladed-disks that are detuned in presence of
random mistuning. It is positioned as a precursor extension of the robust optimization of alternating
patterns of mistuned bladed-disk that has already been studied in a linearized dynamical context [1]. The
consideration of nonlinear geometrical effects can be justified by the use of more flexible and lighter
blades that can yield large displacement levels.
An ensemble of novel results are presented based on analyses performed with a nonlinear stochastic
computational model of an industrial bladed-disk structure [2]. Such results allow for increasing the
knowledge in the area of the nonlinear stochastic dynamics of the detuned rotating bladed disks [3]. The
envelopes of the dynamic amplifications factors among the investigated patterns show that the nonlinear
response is sensitive to the detuning in presence of random mistuning. The results highlight the indirect
excitation of the bladed-disks through the geometric nonlinearities outside the excitation frequency band.
The complexity of the results obtained for the 46 patterns studied, seems to show that there exist detuned
configurations that minimize the dynamic amplification in presence of random mistuning.
REFERENCES
[1] Y. Han, R. Murthy, M.-P. Mignolet, and J Lentz. Optimization of intentional mistuning patterns for
the mitigation of the effects of random mistuning. ASME Journal of Engineering for Gas Turbines
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For many materials, as for instance the biological materials, the microstructure is complex and highly
heterogenous. An efficient approach for constructing the model of such materials consists in modeling
their apparent elasticity properties at mesoscale by a tensor-valued random field [1]. Nevertheless, an important challenge is related to the identification of the hyperparameters of such a probabilistic mesoscopic
model with limited experimental measurements. Some recent works [2, 3] addressed this problem and
an efficient methodology has been proposed which consists in solving a multiscale and multi-objective
optimization problem with limited experimental information at both macroscale and mesoscale. The
multi-objective cost functions that are used rely on four experimentally measured indicators that are sensitive to the values of the hyperparameters even with a very low number of experimental specimens:
good results are obtained with only one specimen. The calculation of the optimal hyperparameters is
carried out in using dedicated algorithms but they cannot quantify the probability level of the solution. In
order to improve the robust identification of the hyperparameters, we propose to train an artificial neural
network with a multiscale computational model and a probabilistic mesoscopic model of the material, for
which the output layer corresponds to the values of the hyperparameters and the input layer corresponds
to the values of the experimentally measured indicators, the effective elasticity tensor at macroscale and
the values of a random vector involved in the probabilistic mesoscopic model. Consequently, for given
values of the indicators and the effective elasticity properties, this artificial neural network can be used
to propagate the uncertainties on the vector-valued stochastic germ to the optimal hyperparameters and
then, the posterior probability density function of the random hyperparameters given the experimental
values of the indicators.
REFERENCES
[1] Soize C., Tensor-valued random fields for meso-scale stochastic model of anisotropic elastic microstructure and probabilistic analysis of representative volume element size. Probabilistic Engineering Mechanics
(2008) 23(2):307–323.
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The linking of microstructure uncertainty with the random variation of material properties at
higher scales is particularly important in the framework of the stochastic finite element
method. Therein arbitrary assumptions are often made regarding the probabilistic
characteristics of the random fields describing the spatial variation of the apparent/effective
material properties. This is mainly due to the fact that insufficient experimental data are
usually available to validate all of the detailed characteristics (probability distribution and
correlation structure) of the random fields.
In view of the above, this paper provides a Bayesian framework for determining the spatial
variability of the apparent material properties of two-phase composites. The application of
Bayesian analysis allows including uncertainty in the parameters of the respective mesoscale
random fields. A lognormal marginal distribution is used to model the random fields in
accordance with previous findings [1]. The information from computer-simulated images is
utilized to define the likelihood function of the random field parameters given the
homogenized microscale data. The uncertainty in the parameter estimates is quantified
through sampling from their posterior distribution. In addition, the presented Bayesian
approach allows for assessing the plausibility of different correlation models through
computing their respective marginal likelihoods [2,3]. Useful conclusions are derived with
regard to the most appropriate correlation model and its parameters.
REFERENCES
[1] G. Stefanou, D. Savvas and M. Papadrakakis, Stochastic finite element analysis of

composite structures based on mesoscale random fields of material properties. Computer
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[2] J. L. Beck and K.-V. Yuen, Model selection using response measurements: Bayesian
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2004.
[3] D. Straub and I. Papaioannou, Bayesian updating with structural reliability methods.
Journal of Engineering Mechanics, Vol. 141(3), 04014134, 2015.

3675

X. Jia andUncertainty
Bayesian
C. Papadimitriou
Quantification for Data-Driven Hierarchical Modeling in Structural Dynamics
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

Bayesian Uncertainty Quantification for Data-Driven Hierarchical
Modeling in Structural Dynamics
Xinyu Jia1 and Costas Papadimitriou1
1

Department of Mechanical Engineering, University of Thessaly, Volos, Greece

Key Words: Bayesian hierarchical modeling, Uncertainty propagation, Parameter inference,
Structural dynamics, Model reduction.
A Bayesian hierarchical modeling framework is proposed to account for multi-level modelling
in structural dynamics. In multi-level modeling the system is considered as a hierarchy of lower
level models, starting at the lowest material level, progressing to the component level, then the
sub-system level, before ending up to the system level. Bayesian modelling and uncertainty
quantification techniques based on measurements that rely on data collected only at the system
level cover a quite limited number of component/subsystem operating conditions that are far
from representing the full spectrum of system operating conditions. In addition, the large
number of models and parameters involved from the lower to higher modelling levels of the
system, constitutes this approach inappropriate for simultaneously and reliably quantifying the
uncertainties at the different modelling levels. As a result, modelling at lower component levels
is inaccurate since it fails to take into account the actual mechanisms activated during system
operation.
The ultimate objective of the work is to obtain validated models at lower modelling levels using
tests performed at the component level and at the level of interaction between components in
order to better understand the phenomena activated and validate the models introduced to
capture such phenomena. Bayesian learning tools are incorporated to properly take into account
the uncertainty in the component model parameters due to variabilities in experimental data,
environmental conditions, material properties, manufacturing process, assembling process,
nonlinear mechanisms activated under different loading conditions. To properly account for
these variabilities in the modelling process of a component, uncertainties are embedded within
the model by introducing a hierarchy in the model parameters. This is achieved by postulating
probabilistic models for the parameters that depend on hyper-parameters. An important issue
that has to be accounted for is that parameters of models at lower levels are shared at the
subsystem and system levels. This necessitates a parameter inference process that takes into
account data from different modelling levels. The Bayesian hierarchical modelling process is
most suitable for this purpose. Due to the high computational cost arising from repeated model
analyses, parameterization-consistent model reduction techniques can be used to reduce the
computational effort to manageable levels. Selected applications in structural dynamics are
used to demonstrate the effectiveness of the proposed framework.
Acknowledgements: This project has received funding from the European Union’s Horizon
2020 research and innovation program under the Marie Skłodowska-Curie grant agreement No
764547.
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Tailoring the architecture of cellular materials – including random foams as well as deterministic truss-,
plate-, and shell-based designs – has produced a wide variety of metamaterials with beneficial mechanical properties. By contrast, the inverse challenge of identifying a microstructural architecture from the
nearly infinite design space to achieve a sought combination of macroscale properties is by far less explored. We here demonstrate that a data-driven approach based on the integration of two neural networks
for the forward- and inverse-problems renders the challenge well-posed. We apply this new framework to anisotropic foam architectures generated by diffusion-driven phase separation (for which we
further introduce an efficient analytical framework as a shortcut to simulating time-dependent spinodal
decomposition processes). We demonstrate that the combination of those approaches reliably and accurately enables us to generate foam-type cellular metamaterials with as-designed three-dimensional (3D)
anisotropy and density in a spatially uniform or functionally graded fashion – for applications ranging
from lightweight structures to patient-specific biomimetic medical implants.
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At the core of uncertainty quantification (UQ) lies the precept that the predictions of computational
models and experiments are affected by the uncertainty in their input parameters. Regardless of the
specific type of investigation performed (e.g. uncertainty propagation, sensitivity or reliability analysis,
etc.), an inescapable requirement is therefore to provide a model of the input uncertainty itself.
Arguably the most common approach to model uncertainty is provided by probabilistic modeling. Recent
applications of modern tools like copula theory and statistical inference have been proven successful in
providing reliable UQ estimations in a variety of contexts ([2, 3]).
Within the increasingly popular data-driven paradigm, probabilistic modeling of pure data can become
a daunting task, especially when tail behavior is of interest (e.g. for rare event estimation). Indeed, classical inference of marginal behavior through standard probability distributions may provide insufficient
expressive power, while non-parametric techniques such as kernel density estimation may force unrealistic tail-behavior on the resulting models [3]. We propose a complete approach to data-driven probabilistic
modeling and inference that capitalizes on the accuracy and flexibility of generalized lambda distributions [1] to model marginals, coupled with vine copulas [4] to model the joint behavior.
We demonstrate that the proposed method provides superior performance on relevant metrics with respect
to the current state of the art on a selection of data-driven benchmarks, especially when data is limited.
REFERENCES
[1] Freimer, M., Kollia, G., Mudholkar G. S. and Lin C. T. A study of the generalized Tukey lambda
family, Commun. Stat. A Theor. (1988) 17:10, 3547–3567.
[2] Torre, E., Marelli, S., Embrechts, P. and Sudret, B. A general framework for data-driven uncertainty
quantification under complex input dependencies using vine copulas, Prob. Eng. Mech. (2019), 55,
1–16.
[3] Torre, E., Marelli, S., Embrechts, P. and Sudret, B. Data-driven polynomial chaos expansion for
machine learning regression, J. Comp. Phys. (2019), 388, 601–623.
[4] Joe, H., Dependence modeling with copulas. Chapman and Hall/CRC (2014).
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In computational solid mechanics, a system analysis is typically performed with a finite element (FE)
model. The FE model receives as input the physical properties of the system under consideration (e.g.
material properties, geometry, support conditions, and applied loading). When the input properties to the
FE model contain uncertainty, it is necessary to model the uncertainty and to make predictions with an
FE model that can propagate this uncertainty in the system.
For this work, we consider the case when we do not have enough information to assume a probability
distribution for the input, but only have access to the upper and lower bounds of the data. In such case,
when only the bounds of the input data are known, interval analysis offers an alternative to model the
uncertainty. Thus, for this work we present a method to model the uncertainty of the input properties for
the Interval Finite Element (IFEM) method [1]. In particular, we previously developed an interval field
method which can model the spatiotemporal variation of an IFEM input variable through a real-valued
interval neural network using indirect observations [2]. For this work, we developed a deep intervalvalued neural network (DINN) to quantify interval uncertainty of IFEM inputs. The DINN takes as input
indirect observations with interval uncertainty (e.g. sensor measurements) and predicts the spatial and/or
temporal variation of an unknown IFEM interval input (e.g. material properties). In this way, interval
uncertainty of the system inputs is quantified by the DINN and the interval uncertainty of the mechanical
response is quantified by the IFEM.
A numerical experiment is conducted using a dataset of concrete mix measurements with interval uncertainty to predict concrete strength. We conclude by showing that our data-centric method achieves
good results compared to ground truth values of the material properties. Additionally, we show results
for various gradient-based optimization methods for the DINN. We also discuss different use cases of
machine learning for uncertainty quantification in computational mechanics, integration with Bayesian
methods, and directions of future work.
REFERENCES
[1] Muhanna, R.L., and Mullen, R.L Uncertainty in mechanics problems—Interval–based approach.
Journal of Engineering Mechanics. (2001) Vol. 127: 557:566.
[2] Betancourt, D.F., Muhanna, R.L. and Mullen, R.L Interval field for spatially and temporally dependent uncertainty—machine learning approach. Proceedings of the 8th international workshop
on reliable engineering computing, Vol. 8. (2018).
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Fast and reliable prediction of the riverine surface flow velocity is important in flood risk management.
The shallow water equations (SWEs) are typically used for prediction of the riverine surface flow velocities. However, common solvers of the SWEs are computationally expensive and require high resolution
riverbed profile measurement (i.e., bathymetry), making them unfit in situations that they need to be
evaluated repetitively due to rapid changes of the boundary conditions (BCs), or when the bathymetry
information is not available with certainty. In this work, we propose a two-stage process that tackles
these issues. First, using principal component geostatistical approach (PCGA) [1] we estimate the probability density function of the bathymetry from the surface flow velocity measurement, and then we
use several data-driven machine learning algorithms in order to obtain a fast solver of the SWEs, given
augmented realizations from the posterior bathymetry distribution and the prescribed range of potential
BCs. The first step of the proposed approach allows prediction of the surface flow velocities without
any direct measurement of the bathymetry. Furthermore, the augmentation of the distribution in the
second stage allows incorporation of the additional bathymetry information into the flow velocity prediction for improved accuracy and generalization performance, even if the bathymetry changes over time
due for instance to erosion or sediment deposition. We have used three different solvers, referred to
as PCA-DNN (principal component analysis-deep neural network), SE (supervised encoder), and SVE
(supervised variational encoder), and validated them on the Savannah river near Augusta, GA, USA. Our
results show that the fast solvers are capable of predicting flow velocities with variable bathymetry and
BCs with good accuracy, at a computational cost that is significantly lower than the cost of solving the
boundary value problem.
REFERENCES
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Fourier integral operators can be used to represent the response of a medium to an initial excitation u(x)
in the form

1
e iφ(t,x,y,ξ) a(t, x, y, ξ)u(y)dydξ
R[u](t, x) =
(2π)m

(x location, t time). Such operators deliver explicit expressions for propagating waves in elastic media, where the phase function φ(t, x, y, ξ) models the propagation geometry and the amplitude function
a(t, x, y, ξ) represents the frequency distribution. The numerical evaluation is much less expensive than
a finite element computation, because it can be done at single points of interest without computing the
whole wave field. This offers a new possibility for describing the response of a randomly perturbed
medium, by modelling the operator’s phase and amplitude functions as random fields, with stochastic parameters to be calibrated. It thus implies a new approach to structural health monitoring, when
changes in material properties are sought to be detected by analyzing the response of the structure to an
excitation by acoustic waves [1].
Damage detection thereby turns into a task of computational statistics. First, the stochastic parameters
of the phase and amplitude functions are calibrated at the undamaged structure, using data at finitely
many sensor locations. Thus random material properties of the undamaged structure are modelled solely
through the Fourier integral operators. Second, a Monte Carlo sample of the structural response at
the sensor locations is generated efficiently by the Fourier integral operator representation. Third, a
hypothesis test is set up, where the Monte Carlo sample realizes the null hypothesis of undamaged
material. Fourth, the null hypothesis is tested against sensor data of the material subjected to damage or
fatigue.
The feasibility of the procedure is demonstrated by means of virtual data produced by a finite element
model. The statistical properties of the hypothesis tests are validated by an additional Monte Carlo study.
REFERENCES
[1] M. Oberguggenberger and M. Schwarz. Stochastic methods in damage detection. In M. De Angelis, editor, REC2018 – Proceedings of the 8th International Workshop on Reliable Engineering
Computing, pages 1–11. University of Liverpool, 2018.
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Advances in physics-based modeling are responsible for the generation of enormous datasets
that contain rich information about the physical and/or engineering systems they describe.
However, quantifying the uncertainty of large-scale systems is often limited by the complexity
and the size of these data. To overcome this limitation an new paradigm for uncertainty
quantification is emerging over the last few years that, utilizes machine learning techniques in
order to identify lower-dimension spaces (manifolds) that encompass the structural information
of the high-dimensional data. By unlocking the embedded geometry of the high-dimensional
problem, we can downsize the complexity of the problem and have a better understanding of
how the various forms of uncertainty affect the response of the system [1]. In this work we
propose a two-level dimensionality reduction of the solutions of numerical models in order to
facilitate the development of non-intrusive hyper-reduced predictive models. The first level of
dimensionality reduction corresponds to a point-wise operation to reveal the intrinsic geometry
of each solution by projecting it onto the Grassmannian [2]. The second level of reduction
utilizes diffusion maps [3] in order to identify the low-dimension geometry of the manifold via
a global multi-point dimension reduction. Two applications are considered in order to showcase
the performance of the proposed method. The first application is the modeling of failure in
amorphous solids such as Bulk Metallic Glasses (BMGs) via the Shear Transformation Zone
theory (STZ) [4] while, the second application uses the Wiener Path Integral (WPI) technique to
estimate the system response joint probability density function of nonlinear oscillators used
in engineering dynamics [5].
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[1] Giovanis, D. G. and Shields, M. D. (2018). Uncertainty quantification for complex systems
with very high dimensional response using Grassmann manifold variations, Journal of
Computational Physics 364: 393-415.
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REPRESENTATION OF NOISY DATA SETS
P. Shekhar1 , A. Patra1
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We will describe in this talk a strategy for hierarchical regularization of irregularly structured data motivated originally by the need to create sparse representations from noisy observations of icesheet altimetry
data. The sparse representation facilitates faster inference at user chosen ‘query locations’. Hierarchy
arises from careful construction of data dependent basis functions at multiple scales keyed to the length
scales intrinsic to the data. We will present algorithms showing representations with orders of magnitude
reduction in data set size and a full theory with analysis of convergence, error and stability.
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Many dynamical systems have their evolution law well modeled by ordinary/partial differential equations. This is typical in many applications of physics and engineering, where these evolution equations
are obtained via first principles (e.g. balance principles of mass, energy, and momentum), but this is not
a common scenario in some novel dynamical systems applications (complex networks, epidemiology,
bioengineering, etc). When the first principles of a phenomenon or system are (partially or totally) unknown, using system observations (data) together with machine learning techniques is a very appealing
option for obtaining the evolution law (or even the first principles). A novel machine learning approach
for this problem, based on a sequential thresholded sparse regression technique, dubbed Sparse Identification of Nonlinear Dynamics (SINDy), has been showing to be very efficient in inferring evolution
laws of nonlinear dynamical systems [1, 2]. In this context, the present work proposes to investigate the
effectiveness of SINDy algorithm to identify the evolution law of a nonlinear vibratory structural system.
For this purpose, a nonlinear system that can be represented by a Duffing oscillator is used as benchmark,
only providing as information to the learning algorithm experimental [3] or synthetically generated (simulation with added noise) measures about the system displacement and a library of polynomial functions,
that are used in the reconstruction of the dynamic evolution law. The new technique is very effective in
all tests, showing high learning ability in scenarios where only transient data is provided and relative
robustness to noise. Surprisingly, in the cases with synthetic data associated with a conservative system, the new technique can even identify the law governing the energy dissipation process induced by
numerical integration.
REFERENCES
[1] S. L. Brunton, J. L. Proctor, and J. N. Kutz. Discovering governing equations from data by sparse
identification of nonlinear dynamical systems. Proccedings of the National Academy of Sciences,
113:3932–3937, 2016.
[2] S. L. Brunton, B. Silva, J. N. Kutz, and D. M. Higdon. Discovery of physics from data: Universal
laws and discrepancy models. Preprint, 2019. http://arxiv.org/abs/1906.07906.
[3] L.G.G. Villani, S. Silva, A. Cunha Jr, and M. D. Todd. On the detection of a nonlinear damage in an
uncertain nonlinear beam using stochastic Volterra series. Structural Health Monitoring, 2019.
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Alberto Brandl1,∗ , Manuela Battipede2
1

Polytechnic University of Turin, c.so Duca degli Abruzzi, 24 - Turin (Italy), alberto.brandl@polito.it
2
Polytechnic University of Turin, c.so Duca degli Abruzzi, 24 - Turin (Italy),
manuela.battipede@polito.it

Key Words: AOA Estimation, Cross-Validation, Neural Network, Machine Learning, Synthetic Sensor
In 2019, two tragedies related to the failure of the Air Data System (ADS) led to a growing interest
in synthetic sensors for aerodynamic angles. The MIDAS project is funded by Clean Sky 2 with the
aim of design and manufacture a modular, fully integrated and digital ADS equipped with synthetic
sensors based on neural networks [1]. Started at the end of 2018, it is following a certifiable process
based on DO-254 and DO-160 and in 2021 it will constitute a rare case of certifiable probe equipped
with synthetic estimators of AOA/AOS. In literature, it is usually studied the choice of the architecture
of the neural network, regardless of the efficiency of the training phase. However, the generalization
capabilities of the estimator cannot be predicted nor optimized. This work proposes a technique to
improve the performance of the sensor, independently from the architecture. Instead of partitioning by
experience the dataset in a training set and a test set, this work proposes to apply a partitioning based on
the flight condition, followed by the Cross-Validation technique. It is hence possible to generate several
different pairs of training sets and test sets and to choose the best estimator [2]. In this framework, it is
possible to subdivide each flight so that each partition can be identified with a flight maneuver. Once the
CV training is conducted, the analysis of the selected training and test sets can help to analyze which
are the most suitable maneuvers and which ones can be discarded. The comparison can be conducted
both on the error timeseries and on the uncertainty charts. In fact, one of the most interesting result is
the homogeneity assumed by the uncertainty on the flight envelope. A drawback of this method is that
the computational cost increases by the number of possible training sets and, sometimes, the various
partitions will contain more than a singular flight maneuver in order to reduce the number of trials. This
work gives evidence that a careful definition of the training set can help to reduce the error peaks without
modifying the neural architecture, provided a sufficient number of neurons. Moreover, it provides some
insight in the definition of the best set of flight maneuvers necessary to properly design a virtual sensor.
REFERENCES
[1] Lerro, A. and Brandl, A. and Battipede, M. and Gili, P. Preliminary Design of a Model-Free
Synthetic Sensor for Aerodynamic Angle Estimation for Commercial Aviation. Sensors, (2019),
19(23), 5133. https://doi.org/10.3390/s19235133
[2] Arlot, S. and Celisse, A. A survey of cross-validation procedures for model selection. Statistics
Surveys (2010) 4 40–79. https://doi.org/10.1214/09-SS054
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Modeling of heterogeneous 3D-materials is a challenge in itself, especially when considering the underlying microstructure of the material. This leads to a ludicrous amount degrees of freedom, and therefore,
exhaustive computation times. Combining unsupervised and supervised learning, the proposed surrogate
model predicts the thermal as well as mechanical effective properties of the material in real time.
Assuming the separation of length-scale, the microstructure can be defined by the representative volume
element (RVE) which is a single frame of the microstructure usually equipped with periodic boundary
conditions. For a RVE given in terms of voxel data, it suffices to compute the effective material property
on this frame to characterize the material.
A broad variety of different microstructures are considered, with each microstructure being different
in volume fraction, inclusion morphology, orientation and topology. The wide variety of considered
in-silico data enables a stable uncertainty quantification when treating image data of experimental microstructure samples. It is, thus, our goal to predict the materials effective properties, while solely
relying on the given by the image data. With one sample easily consisting of millions of voxels, a
low-dimensional representation of the microstructures key features is sought-after.
Therefore, the 2-point spatial correlation function (2pcf) is used to characterize the underlying microstructure. To adequately represent the multitude of different microstructures with a single reduced
basis, an iterative snapshot proper orthogonal decomposition (POD) is required in the unsupervised learning phase. Using the resulting reduced basis, a low-dimensional feature vector is extracted, retaining the
most salient features of the 2pcf.
The extracted feature vector is subsequently used as input by an artificial neural network (ANN). Learning the property linkage using in-silico data, the ANN is able to predict the mechanical- as well as thermal
effective material property in real time.
A recent study has shown that the 2pcf is able to capture the microstructural properties only up to a
certain extent. Current research explores additional features to enhance the surrogate models accuracy,
considering significant morphological or topological nuances which majorly affect the effective material
property. Nevertheless, the feature extraction needs to be computationally efficient.
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NON-GAUSSIAN VECTORS MODELING BY COMPRESSED
PRINCIPAL COMPONENT ANALYSIS
MARC MIGNOLET∗ AND CHRISTIAN SOIZE†
Abstract. The objective of this paper is to describe and validate a novel small parameterized
representation of any non-Gaussian second-order random variable X = (X1 , . . . , Xn ) with values in
Rn . This representation, referred to as Compressed Principal Component Analysis (CPCA), is useful
for solving statistical inverse problems related to any stochastic computational model for which there
is an uncertain vector-valued system-parameter that is modeled by a random vector X.
Such vectors are typically represented as X = g(z, Ξ) in which Ξ = (Ξ1 , . . . , Ξp ) is the Rp -valued
normalized Gaussian random variable, i.e., centered and with a covariance matrix that is the identity
matrix. The parameterization of the representation corresponds to the vector z = (z1 , . . . , zM ) of
hyperparameters, which belongs to an admissible set that is a subset Cz of RM . An often used
representation of X starts with a Principal Component Analysis (PCA) in which this random vector
is approximated by
(0.1)

Xm
PCA = mX +

m 


λα Γα ϕα .

α=1

In this equation, mX is the mean vector of X and λα and ϕα are the eigenvalues and the eigenvectors
of the covariance matrix of X. Then, the centered random vector Γ = (Γ1 , . . . , Γm ) whose covariance
matrix is the identity matrix can be represented by a truncated Polynomial Chaos Expansion (PCE)
with M PCE basis vectors. Then, for a fixed value of m and M , the number of coefficients of
this representation is m × M which can be exceedingly large rendering the identification of these
coefficients a computationally demanding and arduous task. There is thus significant interest for
constructing other representations with reduced number of coefficients that have to be identified.
Such dimensionality reduction of the representation is addressed here through the novel representation of the random vector X
N 

µ
(0.2)
XN
=
m
+
H α ϕJ α .
X
CPCA
N
α=1
m
In this equation, µ =
α=1 λα and J = (J1 , . . . , JN ) is a random vector of independent components with values in the set {1, . . . , m} of integers, and for which the probability distributions are
proportional to eigenvalues λ1 , . . . , λm . The presence of such random indices implies first that the
covariance matrix of XN
CPCA matches its PCA counterpart for any values of N . Moreover, it also follows that the probability density function of the random variables Hα can be selected, without loss
of accuracy, to be symmetric in RN which is a key property not shared by the standard PCA variables Γα . To represent the random variables Hα , a novel set {ψ k (Ξ)}k of symmetric vector-valued
multidimensional polynomial of the canonical Gaussian random vector Ξ is first derived. Then, the
random vector H = (H1 , . . . , HN ) can be written as
(0.3)

H=

M


zk ψ k (Ξ)

k=1

in which the coefficients of the representation are gathered in vector z = (z1 , . . . , zM ) whose length
M is very small. The approach thus provides a framework for drastically reducing the number of
hyperparameters as compared to a PCE implementation. The identification of the coefficients zl from
samples of the random vector X can then be performed using maximum likelihood and least squares
strategies. This proposed CPCA methodology is finally demonstrated on a representative nonGaussian example in which it is shown that an excellent approximation of the marginal distributions
of the elements of X is achieved with as few as 13 coefficients, far fewer than would be necessary
with a PCA/PCE implementation.

∗ Arizona State University, SEMTE, Faculties of Mechanical and Aerospace Engineering, Tempe,
AZ 85287-6106, USA (marc.mignolet@asu.edu).
† Université Gustave Eiffel, Modélisation et Simulation Multi-Echelle, MSME UMR 8208 CNRS,
5 bd Descartes, 77454 Marne-la-Vallée, France (christian.soize@univ-eiffel.fr).
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NOVEL STOCHASTIC MODEL FOR PRODUCING VOICE BASED ON
THE UNIFICATION OF EXISTING DETERMINISTIC MODELS AND
REPRESENTED BY A NEURAL NETWORK
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The objective of this paper is to propose a new stochastic model for producing voice considering the
source-filter Fant theory to generate voice signals. The model proposed here is based on two one-mass
deterministic mechanical models for the vocal folds known from literature that do not consider the coupling between the vocal tract and the vocal folds. The vocal tract is a digital filter constructed using
the vowel formants and also the bandwidths of these formants to obtain better intelligibility. The new
model considers the stiffness as a stochastic process and the great novelty here is exactly to show that it is
possible to construct a stochastic model, based on simpler models known in the literature, to synthesize
intelligible realistic voice signals, mainly with jitter phenomenon present in all the real voice signals.
After creating the model, a stochastic inverse problem is solved to identify parameters related to the
stochastic process, obtaining the constants of the spectral density, associated to the stochastic process,
through an artificial neural network. At first, the entries will be measures obtained from simulated voice
signals, and after measures obtained from real voice signals, normal and with pathological characteristics.
REFERENCES
[1] Cataldo, E., Soize, C. Stochastic mechanical model of vocal folds for producing jitter and for
identifying pathologies through real voices. Journal of biomechanics (2018), 74: 126–133.
[2] Mendonza, L., Vellasco, M., Cataldo, E. Classification of vocal aging using parameters extracted
from the glottal signal. Journal of Voice (2014), 28(5): 532-–537.
[3] Qureshi, T. M. A one-mass physical model of the vocal folds with seesaw-like oscillations. Archives
of acoustics (2011), 36: 15-27.
[4] Titze, I. R. The physics of small-amplitude oscillation of the vocal folds. J. Acous. Soc. Am. (1988),
83: 1536-1552.
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Key Words: Quantum Machine Learning
Gaussian processes are a well established Bayesian machine learning algorithm with significant merits,
despite a strong limitation: lack of scalability. Clever solutions address this issue by inducing sparsity
through low-rank approximations, often based on the Nystrom method. Here, we propose a different
approach to achieve unprecedented scalability using quantum computing. Unlike most recent quantum
machine learning research, we do not recommend just replacing the computationally expensive linear
algebra operations with their quantum counterparts. Instead, we induce a low-rank approximation using
Quantum Phase Estimation, in order to achieve a simultaneous improvement of scalability and accuracy. We provide evidence that quantum Gaussian processes can address the “curse of dimensionality”,
where each additional input parameter no longer leads to an exponential growth of the computational
cost. We include numerical tests, error estimation and complexity analysis to support our claims. The
algorithmic developments, however, require significant quantum computing hardware improvements that
are expected within the next decades in order to achieve quantum advantage.
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Various methods of numerical analysis technologies have been developed with a view to advanced disaster simulations. However, those methods and large-scale numerical simulations generally demand high
computational cost that is an obstacle in carrying out real-time predictions. To overcome this problem,
this study presents a new framework for real-time tsunami simulations using a mode decomposition technique, which provides us with an efficient surrogate model to perform tsunami simulations with a low
calculation cost.
In the proposed framework, a certain number of numerical simulations are performed in consideration
of uncertainties to capture the tendency of the distribution of the target object. Then, Proper Orthogonal
Decomposition (POD) is applied to the numerical analysis results to extract the characteristic or principal
modes of the original data and to reduce its dimension. To be more specific, thanks to the POD, the
spatial distribution can be approximated as a linear combination of the modes whose coefficients are
determined in association with the uncertainty parameters. Then, the POD coefficients are interpolated
in the parameter space by us of the radial basis functions so as to be continuous with respect to the
uncertainty parameters. Thus, the resulting linear combination with the POD coefficients is regarded as a
surrogate model for real-time tsunami simulations with low calculation costs. In the numerical example,
one of the tsunami-affected areas at the great east Japan earthquake in 2011 is taken as a target area.
The time history data of the tsunami forces acting on buildings are obtained by conducting advanced
numerical simulations and stored to be input for the POD. Finally, we demonstrate that the constructed
surrogate model can successfully be utilized to a tsunami risk analysis by application of Monte Carlo
Simulations.
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Predicting random vibroacoustic responses can be hard task when considering complex problems with
numerous sources of uncertainties. For robust design, it reveals necessary to develop reliable and efficient
tools for the prediction of such responses and in this framework, functional approaches for uncertainty
quantification suffer from the highly nonlinear behaviour of the response to the input uncertainties. We
propose here to construct approximations of the random frequency responses from some evaluations of
the model using statistical learning methods. The frequency space is first transformed (see e.g. [1])
so to smoothen the function to approximate with respect to the random variables, the transformation is
defined using empirical interpolation method and requires the approximation of multivariate functions.
These high dimensional functions are approximated in the model class of tree based tensor formats
using statistical learning methods based on least squares. Such low rank formats have the advantage of
having representation complexities that grow only linearly with the dimension of the problem, a property
the algorithms take advantage of particularly when only few evaluations of the vibroacoustic model are
affordable [2]. We will present the algorithms and show the efficiency of the overall method on numerical
examples.
REFERENCES
[1] B. Sudret V. Yaghoubi, S. Marelli and T. Abrahamsson. Sparse polynomial chaos expansions of
frequency response functions using stochastic frequency transformation. Probabilistic Engineering
Mechanics, 2017.
[2] Erwan Grelier, Anthony Nouy, and Mathilde Chevreuil. Learning with tree-based tensor formats.
arXiv:1811.04455, 2018.
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The present work deals with the statistical inverse identification of the geometrical and material hyperparameters of a stochastic computational mechanical model. This latter corresponds to a simplified
random elasto-acoustic multilayer model of a biological system (cortical bone) that is representative of a
quantitative ultrasound evaluation technique (axial transmission technique) for the ultrasonic characterization of cortical bone properties. The biomechanical system is composed of a random heterogeneous
damaged/weaken elastic solid layer (cortical bone layer) sandwiched between two deterministic homogeneous acoustic fluid layers (soft tissues and marrow bone layers) and excited by an acoustic line source
located in the soft tissues layer [1]. An ad hoc probabilistic model of the random elasticity field in
the cortical bone layer is considered to take into account the random fluctuations of the experimental
measurements. The hyperparameters of the stochastic computational model are two geometrical parameters (corresponding to the thicknesses of the “healthy” and “damaged” elastic solid parts), a dispersion
parameter (controlling the level of statistical fluctuations of the random elasticity field) and a spatial
correlation length along the thickness direction (characterizing the spatial correlation structure of the
random elasticity field). Identifying such hyperparameters from relevant quantities of interest by classical inverse identification methods requires a high-dimensional statistical inverse problem to be solved,
which may be computationally expensive and hardly tractable in practice, and whose results would be
arguably questionable when only limited experimental data are available. Alternatively, we propose to
design and train a multilayer artificial neural network [2] for solving such a challenging statistical inverse problem and using a numerical database generated with the stochastic computational model in a
preliminary (potentially computationally expensive) offline learning phase. The trained artificial neural
network can then be used as an efficient random generator for drawing independent realizations and estimating a posterior probability density function of the random hyperparameters given some observed
output quantities of interest in a (computationally cheap) online computing phase.
REFERENCES
[1] C. Desceliers, C. Soize, S. Naili, and G. Haiat. Probabilistic model of the human cortical bone with
mechanical alterations in ultrasonic range. Mechanical Systems and Signal Processing, 32:170–177,
2012. Uncertainties in Structural Dynamics.
[2] Martin T. Hagan, Howard B. Demuth, and Mark H. Beale. Neural Network Design. PWS Publishing
Co., Boston, MA, USA, 1996.
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This paper presents the construction of a stochastic computational model for the structural
vibration analysis of canisters used for transportation and/or storage of spent nuclear fuel (SNF).
The canister structure is multilevel and consists of a cylindrical container (upper level) that
contains 68 fuel assemblies (FA). A FA (medium level) is made up of a pack of slender fuel
rods (lower level) that are placed alongside and held together by the FA structure. The FA
considered in this paper has 92 fuel rods. Due to the multiplicity of levels and components, the
structural dynamics is characterized by a very large number of vibration eigenmodes and
eigenfrequencies, associated with different types of deformations: long-wavelength
deformations of the whole structure (global deformations) and isolated short-wavelength
deformations of small components (local deformations). In such a context, one typical vibration
mode consists of a mix of global and local deformations due to the coupling between
components of different structural levels. The quantities of interest (QoI) of the computational
model are the frequency response functions (FRF) with excitation and observation points
restricted to the outer surface of the canister since it cannot be easily opened to minimize
exposure to radioactivity.
A computational model is developed to study the sensitivity to internal damage or, in the case
of the availability of experimental data, to identify the damage to internal components. To
distinguish between model imprecision/errors and variations due to damage, model uncertainty
quantification is necessary.
In structural dynamics, the nonparametric model of uncertainties for reduced matrix models has
been introduced twenty years ago. It consists in replacing the reduced matrices obtained through
modal projection by random reduced matrices whose construction has been derived following
the maximum entropy principle using the available information for the mass, damping, and
stiffness matrices (e.g., positiveness, finite energy). Thus, in contrast to the parametric approach
where a probability distribution is given to the system parameters (e.g., to the Young modulus),
it is the discretized mathematical operators that are written as random variables. The
nonparametric approach is well suited to representing modeling errors/simplifications (diffuse
uncertainty rather than uncertainty localized on a few parameters) and has been successfully
applied to various problems (composites, viscoelasticity, vibroacoustics).
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In this work, difficulties arise due to the large number of modes (half a million, compared to
hundreds in general) and the diversity of the deformation modes. It has been shown possible to
isolate a subset of dominant modes that still accurately captures the dynamics. Nevertheless,
this subset remains large and still includes both global and local deformations. Since the entries
of the random matrices are associated with the modal coordinates, the nature of the matrix
entries is as diverse as the deformations. The contribution of a local mode can be very small in
a deterministic analysis with its removal resulting in a negligible effect. In contrast, in the
stochastic analysis, the contribution of the same local mode can be significant through its
random coupling with dominant global modes. The behavior of the nonparametric model is
examined and modifications dealing with the modal coupling and with the high modal density
are explored.
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Abstract

Nearshore bathymetry is crucial for a wide variety of applications including
route planning, harbour construction, and military operations. In this work,
we consider the problem of predicting nearshore bathymetry using sparse pointwise measurements and grid cell averages. We propose the application of deep
learning-based methods within a Bayesian framework that provides uncertainty
quantification. In particular, we sample from the posterior distribution by either
training a conditional Generative Adversarial Network (cGAN), or combining
a fully connected Deep Neural Network (DNN) with bootstrapping. We also
propose a method named DNN-Kriging that combines the advantage of both
DNN and Kriging to further improve the posterior estimates. We compare our
methods with traditional methods such as Kriging on real bathymetry surveys
as well as ones that have artificial features with sharp gradients. Our results
show that deep learning-based methods provide more accurate predictions by
learning arbitrary priors from the training set, whereas Kriging is restricted to
Gaussian processes that often promote solutions with smooth variations.
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ABSTRACT
Application of artificial intelligence technology in the field of computational mechanics has
been established for a long time. However, many examples of applying deep learning
technology currently dominating the world to computational mechanics have not been
reported yet. The objective of this mini-symposium is to discuss how to apply artificial
intelligence such as deep and machine learning technologies to computational mechanics. We
warmly welcome anything related to computational mechanics or artificial intelligence toward
uniting both technologies into significant and beneficial applications. Particularly by using
deep learning, it is necessary to discuss examples that make it possible to simulate objects that
were difficult to simulate in the past, or to improve the accuracy of simulations that have been
done in the past.
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A manifold learning approach for multiscale simulation of fracture in fiberreinforced composites
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Multiscale simulation of fracture in fiber-reinforced composites is always an important and
difficult issue, which attracts much attention in the field of computational solid mechanics. In
this work, we propose a novel computational framework for solving and accelerating multiscale
fracture problems in fiber-reinforced composites. At the microstructure level, representative
volume elements (RVEs) of fiber-reinforced composites with elastic matrix and fiber are
adopted for solving fracture problems at the microstructure level, which can be extended to
multiscale simulation using the FE2 (finite element2) homogenization scheme [1]. In addition,
we consider two of the failure modes of fiber-reinforced composites, namely, matrix cracking
and fiber-matrix interface debonding, which are solved by the variational phase field approach
[2] and the cohesive zone model, respectively. However, simulation of matrix cracking and
fiber-matrix interface debonding is a nonlinear process, requiring unpredictable iteration steps
and thus making the simulation very costly. For accelerating this costly simulation, a manifold
learning technique, locally linear embedding (LLE) [3] is utilized to extract the manifold
containing the current crack path, or to say inputs, to the RVE, where the evolved crack path in
response to a certain load, or to say outputs, can be directly reconstructed with satisfactory
accuracy and efficiency from the learned manifold [4]. Compared to methods involving the
artificial neural network (ANN), this proposed framework has two key advantages: a minimum
number of parameters to tune, and an input-specific error bar that can determine whether a new
input should be processed using the less expensive, approximated reconstruction or the costly,
accurate nonlinear FE simulation.
REFERENCES
[1] F Feyel, Multiscale FE2 elastoviscoplastic analysis of composite structures. Comput. Mater.

Sci., Vol. 16, pp. 344-354, 1999.
[2] Y Shen, M Mollaali, Y Li, W Ma and J Jiang, Implementation details for the phase field
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[3] S T Roweis and L K Saul, Nonlinear dimensionality reduction by locally linear embedding.
Science, Vol. 290, pp. 2323-2326, 2000.
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In the field of fluid dynamics, attempts to use machine learning are increasing [1]-[3], such as
for turbulence modelling, flow control and visualization. With the aid of recent progress of
deep learning techniques, most of the works utilize Convolutional Neural Networks (CNN) or
similar ones. In this paper, however, we propose a new concept of flow visualization method
for computed results using Self-Organizing Map (SOM).
The way to use SOM for flow visualization is as follows. Firstly physical quantities, such as
pressure, pressure gradients, velocity magnitude, velocity gradients, etc. are calculated at each
computational node point to construct the input vector. The input vectors are given to the
SOM in order to make a map that is to be expected to classify each node point as flow
features. Once the map is generated, each input vectors is given to the map again to obtain the
two-dimensional coordinates of the ignition point. The idea here is to use the coordinate data
for visualization. A simple idea is to make colour contour using the coordinate data. As node
points of similar flow features have the same colour, the resultant contour must show flow
pattern. Figure 1 shows an example of flow around a cylinder. Input vector is a combination
of pressure, velocity components and their gradients. The vortex shedding and the wake
region are clearly observed. As the SOM is two-dimensional and the colour components are
three (RGB, HSV, etc.), there are choices to map colour components to the SOM. In this
paper, these choices are examined as well as the three-dimensional SOM is tried to match the
three colour components.
REFERENCES
[1] J. N. Kutz, Deep learning in fluid

Fig. 1 Colour contour of flow around a
cylinder using SOM.

dynamics, J. Fluid Mech. 814, 1–4
(2017).
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Topology Optimization (TO) redistributes material in a defined design space to provide optimal
designs for multiple objectives under prescribed constraints. In the early design phase, due to
flexibility in optimization constraints or boundary conditions, TO can be used to generate a
large dataset of different design concepts. A few of the resulting designs can then be picked for
further analysis of requirements not considered in the TO. Since the designer cannot review all
designs generated by TO, different design exploration methods are suggested. For example,
Dommaraju et al. [1], [2] propose to select a few representative designs in the dataset based on
geometric or performance features. These methods are based on a feature extraction step
followed by a design selection step. The extracted features such as weight, position of center of
gravity, stiffness, or task-specific features influence heavily the design selection step which
involves ranking or clustering [3] of designs with similar features. Often, user-specified features
might not be effective in the selection of designs with novel geometry, i.e. designs with different
topology, size or shape. Hence, a method is proposed here to learn features using a deep
autoencoder neural network [4]. We adapt this method to more topologically complex datasets.
A large training-dataset is generated using TO (Solid Isotropic Material with Penalization [5])
by varying prescribed boundary conditions. Since the autoencoder requires a point cloud
representation of designs, we convert designs first into a surface mesh and then to a point cloud.
The surface mesh is generated using the marching cubes method [6] and the point cloud using
uniform mesh sampling. Then, the point cloud autoencoder is trained to learn geometric features
characterized by higher generalization ability compared to the hand-engineered features. The
learned features are compared to commonly used geometry similarity metrics such as voxel
differences, chamfer distance, and earth mover distance [4]. Based on evaluation of the
proposed method, we find it promising in identifying novel geometries and supporting
engineering design process via TO.
REFERENCES
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ABSTRACT
Currently, Machine Learning is attracting attention in various industrial fields. Machine
learning is one of the research subjects in artificial intelligence, and is a technology that finds
regularity and judgment criteria in data, makes judgments using them, and predicts unknown
things. The number of foreigners studying abroad or finding employment in Japan is increasing.
Due to the situation, there are problems with Japanese for most foreigners. When I used an
ordinary translation app, I got translation results that even Japanese people couldn't understand.
The purpose of this study is to help foreigners learn daily necessities efficiently and
conveniently. Therefore, the output layer has 1000 units, 1000 classes are classified, and the
trained neural network VGG16 model is used. Given that most data or tasks are relevant,
transfer learning allows the trained model parameters to be shared with the new model in a
particular way to accelerate and optimize the training efficiency of the model.

REFERENCES
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ABSTRACT
Most fire alarm systems are implemented by sensor-based systems that sense
temperature and smoke. However, it cannot meet the requirements for accuracy and
real-time performance in certain environments. For example, large-space factories,
stadiums, etc. In this research, we tried to improve the problem by using camera
image processing based on yolov3. In addition, smoke will appear along with the
burning of the flame and cover the flame in the initial stage. So we will detect flames
and smoke at the same time to further improve real-time and accuracy.
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Precise knowledge of the load history of safety-relevant structures is a central aspect within the
fatigue strength design of modern vehicles. Since the experimental measurement of load variables
is complex and therefore associated with high costs, vehicles require the estimation of these variables in order to design even more customer-orientedly in the future and thus consistently pursue
sustainable lightweight construction. Hence the data measured by sensors in today’s standard
production vehicles is based on vehicle bus system signals which can be permanently retrieved.
Due to the increasing availability of large quantities of recorded vehicle data, machine learning
methods are moving into the focus of application.
In this work, the implementation of Recurrent Neural Networks for the estimation of load-time
curves is investigated. In order to close existing gaps in the state of the art, successful concepts
of machine learning for sequential data, such as speech processing, are to be transferred to this
application case. Long Short-Term Memory cells [1] play a central role for this type of problem.
In addition to the adaptation of the network architecture, the integration of engineering knowledge
is pursued within the method development process in order to increase the quality of the model.
Relevant input variables are specifically selected by feature engineering and new meaningful variables are generated by filtering. Statistical analysis is used to investigate the correlation of these
input signals with the estimated quantities.
The development of a robust load estimation takes place in the course of model development on
the basis of the torque of the left-hand rear drive shaft. Results reveal that the recurrent neural
networks approach is justified in estimating the highly nonlinear load curve of a complexly loaded
part – as a component of the dynamic system – by means of available sensor signals [2]. Subsequently, the model is validated using recorded measurement data for different chassis settings
of the same vehicle. Finally, the transferability of the designed network configuration to other
chassis components of the same vehicle is investigated and evaluated.
REFERENCES
[1] Gers, F.A. and Schraudolph, N.N. and Schmidhuber, J. Learning precise timing with lstm
recurrent networks. J. Mach. Learn. Res. (2003) 3: 115-143.
[2] Rueckert, E. and Nakatenus, M. and Tosatto, S. and Peters, J. Learning inverse dynamics models in o(n) time with lstm networks. 17th International Conference on Humanoid
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Molecular dynamics (MD) simulations are attracting more and more attention because of the
ability to provide insights into the structure and behavior of materials that are difficult or
sometimes impossible to be obtained by experimental approaches. In MD simulations, a
sufficiently small timestep related to atomistic vibration has to be applied[1], which makes the
time integration becomes extremely expensive. Even at the lowest end of the accuracy
spectrum and when using massively parallel computers, traditional MD simulations are
typically limited to sub-microsecond timescales. However, phenomena of interest, such as
diffusion or thermal relaxation, often take place at much longer timescales, and the time scale
problem of MD simulations hampers it to capture crucial mechanisms of the phenomena to be
studied.
In this study, three strategies are pursued to mitigate the time scale problem. The first strategy
is using a time-parallelization approach for rare event systems that control the evolution of
materials over long timescales by leveraging parallel computing resources. The second
strategy is accelerating the calculation of the forces acting on every atom by the application of
machine learning (ML)[2] for representing fast and accurate interatomic potentials. The third
strategy is combining the two approaches mentioned above.
Using simulations of the diffusion of carbon atoms in -iron, a performance analysis
including efficiency and accuracy of the three methods is presented. The results show that the
time-parallelization approach and ML-based interatomic potentials both reach high accuracy
levels and at the same time, are orders of magnitude faster than the traditional MD
simulations.

REFERENCES
[1] D.C. Rapaport, The Art of Molecular Dynamics Simulation, 2nd Edition, Cambridge
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Size optimization of building frames is one of the main issues in the field of structural
optimization, where cross-sections of members are optimized as design variables. For practical
applications to steel frames, the sizes are preferred to be chosen from a fixed list of standard
sections, and the optimization problem is formulated as a combinatorial optimization problem.
Although many integer programming and heuristic approaches have been proposed for this
problem, the computational cost sharply grows as the problem size increases.
In the past decades, a large number of applications of machine learning (ML) have been
proposed in the field of structural optimization. For example, previous researches showed good
performance in obtaining near-optimal material distribution of cantilevered beam [1] and shear
capacity of reinforced concrete beams [2]. However, there are few number of researches
focusing on how to utilize the prediction results for optimal design of discrete structures [3].
In this research, reinforcement learning (RL) [4], which is an area of ML, is applied to
minimization of the total structural volume of steel frames. The design process of steel frames
under static loads is modelled using RL so as to simulate the sequential process of design change
by structural engineers. Performance of the proposed method is demonstrated through
numerical example of planar steel frame models. The trained model is capable of leading
current design to a sub-optimal solution with less computational cost. In addition, the model
can be reused to other frame models with different geometry and topology. Owing to these
characteristics, the trained model is expected to support structural engineer’s decision making
process in determining cross-sections of steel frames.
REFERENCES
[1] R. Cang, H. Yao, Y. Ren. One-shot generation of near-optimal topology through theory-

driven machine learning. Computer-Aided Design, 109, pp.12-21, 2019.
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deep beams. Engineering with Computers, published online, DOI: 10.1007/s00366-01900753, 2019.
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In this work, a methodology for the design optimization of reinforced concrete slabs is
presented, where the prediction of outputs is carried out through the implementation of
several artificial intelligence methods [1,2]. The numerical computations of slabs with
different configurations are performed in the finite element analysis software Sofistik 2018,
and a large database of more than 50000 calculations which relates inputs and outputs for
every test case is obtained. The input parameters are the geometry, material parameters,
boundary conditions, and imposed loading, including earthquake combinations. The output
parameters considered are the computed reinforcement quantity (steel area) and the maximal
vertical displacement of the slab. The values of input parameters are randomly assigned
within a bounded set, and the generation and computation of test cases is fully automatized.
The machine learning techniques used in this work are different kinds of regularized and
unregularized linear and polynomial models, decision trees, random forests, SVMs, kNNs,
boosting methods, Gaussian processes, and neural networks. The procedure is implemented in
Python using Scikit-Learn 0.18.1 and Keras-Tensorflow 1.2.1. The models are trained,
validated and chosen using cross-validation with three folds. The different machine learning
techniques are compared, and the neural network appears to be the most efficient.
The capabilities of our model to obtain applicable results while significantly reducing
computational time (by a factor of ~1000) are shown. This leads to economically feasible
solutions and cost reduction, both in the design phase, and during construction. The potential
of applying the developed methodology on a wide variety of problems in structural
engineering and computational mechanics is considered, ranging from the extension of the
model to different types of structural elements (walls, beams, columns) and entire structures,
to applications in earthquake engineering, and modeling of composite materials, as in [3].
REFERENCES
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STUDY ON PARTICLE SETUP METHODS WITH MACHINE
LEARNING FOR PARTICLE METHODS
Masao Ogino¹
1

Daido University, 10-3 Takiharu-cho, Minami-ku, Nagoya 457-8530, Japan, m-ogino@daido-it.ac.jp

Key Words: Initial Particle Distributions, k-means Clustering, Reinforcement Learning,
Unsupervised Learning, Particle Methods.
The particle methods such as the SPH method for fluid flows and the DEM method for granular
flows have been widely used. This paper focuses on the initial placement of particles for the
particle method.
In the SPH method, initial particle distributions on the regular Cartesian grid is generally
adopted. However, it is difficult to represent arbitrary boundaries such as slopes, curved walls,
and fluid surfaces and then has negative effects on the precision of the numerical calculation.
To solve this issue, determining evenly-spaced particle distributions to capture the curvature of
the boundary is required.
In the DEM method, a dense random particle packing is generally required as initial particle
distributions. However, it is difficult to efficiently generate particle packs in a domain with
arbitrary boundaries. To solve this issue, improving random particle packing is required.
In this study, particle setup methods with the machine learning are considered. For the SPH
method, a new evenly particle distribution based on the centroidal Voronoi tessellation (CVT)
[1], which is a special type of Voronoi tessellation, is proposed. By the famous Gersho's
conjecture [2], Voronoi cells of the CVT asymptotically agree to regular hexagon grid in the
two dimensional case. The CVT can be determined by the Lloyd algorithm of the k-means
clustering. For the DEM method, a random particle packing based on a multi-agent system with
the reinforcement learning is proposed.

REFERENCES
[1] Q. Du, V. Faber, and M. Gunzburger, Centroidal Voronoi tessellations: Applications and

algorithms, SIAM Review, Vol. 41, pp. 637−676, 1999.
[2] A. Gersho, Asymptotically optimal block quantization, IEEE Trans. Info. Theory, Vol. 25,
pp. 373−380, 1979.
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ABSTRACT
Machine learning (ML) is useful achieve the enhanced computational power and flexibility by learning to
represent a complex activity as a nested hierarchy of simple concepts. Physics informed neural networks
can be trained to solve practical problems, satisfying any given law of physics described by general nonlinear partial differential equations. Furthermore, multilayered artificial neural networks can be used to
learn digitally from large datasets , a process known as deep learning (DL) [1, 2]. Therefore, with appropriate training, neural networks can be employed to efficiently solve complex engineering problems.
Deep machine learning (DML) based solutions of Partial Differential Equations (PDEs); especially for
coupled problems, i.e. problems with high dimensionality are particularly important. Typically, FEM solutions become increasingly inefficient with increasing dimensionality. Here, DML based solutions seem
to be a good alternative since their computational cost increases only slightly with dimensionality. Furthermore, the inverse analysis, e.g. for crack detection problems, of such problems becomes increasingly
difficult. DML based solutions can treat forward and inverse problems in the same manner. The focus
of this symposium will be on DML based solutions for PDEs and their applications. The applications
are not limited, however, some are listed: coupled electro-mechanical problems, development of novel
materials, optimised structural designs, topology optimisation, fracture mechanics, molecular dynamics
simulations, to name a few.
REFERENCES
[1] Rumelhart, D.E., Hinton, G.E. and Williams, R.J. Learning representations by back-propagating
errors. Cognitive modeling, 5(3), 1, 1988.
[2] Lin, X., Rivenson, Y., Yardimci, N.T., Veli, M., Luo, Y., Jarrahi, M. and Ozcan, A. All-optical
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A Generative Model to Solve Steady Navier-Stokes Equations with
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Traditional computational fluid dynamics (CFD) seeks high-performance computational
resources to reduce computational time. Recently, machine learning has been deployed
to create data-driven surrogate models for CFD that improve computational efficiency. A
majority of these approaches rely on labeled CFD datasets which are computationally
intractable to obtain at a scale necessary to build data-driven models. Weakly-supervised
learning, as an alternative approach, has shown the ability for solving Laplace’s equation
with costless training data by building up a generative model with the physics-driven loss
function according to the finite-difference method. Here we extend such an approach and
train a model that instantly generates the steady solutions of the Navier-Stokes equations
with various boundary conditions. We improved the model to handle the computational
domains with internal obstacles. The trained model produces accurate steady solutions
facilitated by warm-up initializations given during training. We expect that the model can
be generalized to speed up the boundary-value CFD problems with minimal requirement
of training data.
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Αn autoencoder-based surrogate modeling approach for parametrized
time-dependent PDEs
Stefanos Nikolopoulos¹, Vissarion Papadopoulos1 and Ioannis Kalogeris1
MGroup, Engineering Simulations Lab, Institute of Structural Analysis and Antiseismic research,
National Technical University of Athens, Zografou Campus, 9 Iroon Polytechniou str, 15780 Zografou
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We present a surrogate modeling scheme based on Machine Learning technology for the
solution of parametrized time dependent partial diffential equations (PDEs). The proposed
method utilizes a convolutional autoencoder in conjuction with a feed forward neural network
and is applied to dynamic problems governed by one or more parameters. Traditional solution
schemes such as finite elements, suggest that for a set of parameter values, the PDEs are
spatially discretized and the solution vector at each time increment is obtained by solving a
corresponding linear system of equations. Instead, the proposed method evaluates directly the
entire time history solution matrix, thus reducing significantly the computational cost. For the
preprocessing phase, we calculate samples of time history data of previous solutions for a
small, yet sufficient set of parameter values in order to construct a projection from the
parametric space to the solution space. The training process begins with the autoencoder
(encoder and decoder) which is used for mapping the solution matrix to a low dimensional
latent vector representation. Consequently, a Neural Network is trained to map the
parameter(s) of each dynamic problem to the compressed version of the respective solution
matrix. Therefore, when a dynamic problem is initiated by a new set of parameters, the
encoded solution is calculated through the corresponding parameter(s) by the neural network
and the full time history solution matrix is delivered by the decoder, providing 'on the fly'
computation of the system's response for all time steps.
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Data-Driven Full-Field Stress and Strain Measurements and Their
Applications
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Data-driven stress identification (DSI) from full-field strain measurements, often obtained from
digital image correlation (DIC), opens up a great opportunity to study in-situ mechanics of
materials. In this work, we apply the technique to study martensitic transformation and energy
dissipation characteristics of shape memory alloys [1]. Among different shape memory alloys,
Cu-based shape memory alloys have shown a great potential for seismic applications due to
their excellent superelasticity and damping capacity. Understanding dissipation energy from
phase transformation is the key to improve the performance of the materials. We apply DSI
combined with DIC measurements to study local energy dissipation characteristics of Cu-AlMn alloys. We found that the superelasticity behavior, e.g., the overall mechanical response of
shape memory alloys, can be captured by the method. With the measured stress and strain fields,
martensite phase transformation and energy dissipation features are revealed. We found that the
dissipated energy occurs mainly in the interfacial region of martensite to austenite
transformation. During the forward/reverse martensitic transformation associated with moving
of the interfaces, energy is dissipated at the pathway of these interfaces. The local specific
dissipation energy in martensitic bands can be two times as high as the average value of the
bulk materials.
REFERENCES
[1] T.H. Su, N.H. Lu, C.H. Chen and C.S. Chen, Full-Field Stress and Strain Measurements

Revealing Energy Dissipation Characteristics in Martensitic Band of CuAlMn Shape
Memory Alloy. 2020 (Submitted)
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In the past few years deep artificial neural networks (DNNs) have been successfully employed in a large
number of computational problems including, e.g., language processing, image recognition, fraud detection, and computational advertisement. Recently, it has also been proposed in the scientific literature to
reformulate partial differential equations (PDEs) as stochastic learning problems and to employ DNNs
together with stochastic gradient descent methods to approximate the solutions of such PDEs. Numerical simulations for such methods suggest that DNN approximations might have the capacity to indeed
overcome the curse of dimensionality (CoD) in the sense that the number of real parameters used to
describe the approximating DNNs grows at most polynomially in both the PDE dimension d ∈ N and the
reciprocal of the prescribed approximation accuracy ε > 0. There are now also a few rigorous mathematical results in the scientific literature which substantiate this conjecture by proving that DNNs overcome
the CoD in approximating solutions of PDEs. Each of these results establishes that DNNs overcome
the CoD in approximating suitable PDE solutions at a fixed time point T > 0 and on a compact cube
[a, b]d but none of these results provides an answer to the question whether the entire PDE solution on
[0, T ] × [a, b]d can be approximated by DNNs without the CoD. In this talk we show that for every a ∈ R,
b ∈ (a, ∞) solutions of suitable Kolmogorov PDEs can be approximated by DNNs on the space-time
region [0, T ] × [a, b]d without the CoD.
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DEEP NEURAL NETWORK SOLVERS FOR TIME-DEPENDENT
PARTIAL DIFFERENTIAL EQUATIONS
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A class of approaches to solve time-dependent partial differential equations (PDEs) by means of deep
learning methods is presented. We build on the property of deep neural networks as universal function
approximators [1] to obtain accurate solutions which are derived from the physical governing equations.
This approach can be used to solve challenging engineering problems where normally a fine mesh and/or
small time-steps are required.
We investigate the use of collocation and energy minimization approaches, as well as space-time formulations and traditional time integration methods. A computational framework is implemented using the
Tensorflow library in Python language. Several problems involving wave propagation and other timedependent PDEs have solved using this method. A suitable loss function and adaptive methods [2, 3] to
prevent overfitting have been implemented. The methods is tested on some benchmark problems, where
good accuracy and computational efficiency is obtained when compared to traditional methods.
REFERENCES
[1] K. Hornik, M. Stinchcombe, and L. White, Multilayer feedforward networks are universal approximators Neural Networks (1989) 2:5, 359–366.
[2] C. Anitescu, E. Atroshchenko, N. Alajlan, and T. Rabczuk, Artificial Neural Network Methods for
the Solution of Second Order Boundary Value Problems Computers, Materials & Continua (2019)
59:345–359.
[3] E. Samaniego, C. Anitescu, S. Goswami, V.M. Nguyen-Thanh, H. Guo, K. Hamdia, X. Zhuang, and
T. Rabczuk, An energy approach to the solution of partial differential equations in computational
mechanics via machine learning: Concepts, implementation and applications Comput. Methods
Appl. Mech. Engrg. (2020), in press.
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Data science is gaining prominence in engineering and sciences. However, the substitution of theoretical
models by data predictions is not that simple. Scientific problems suffer most times from paucity of
sufficient data and involve a large number of variables and parameters interacting in complex and nonstationary ways. Moreover, a physically-based model allows both (i) to make predictions and (ii) to gain
physical knowledge by the interpretation of its mathematical structure. These two aspects (predictive
and explanatory capacities) are difficult to cover jointly using data science, and have therefore prevented
it from succeeding in physical problems as much as in the social and economic fields.
The solution to these shortcomings seems to be the seamless blending of the tremendous power of datadriven predictions with the scientific consistency and interpretability of physically-based models, in what
is called eXplainable Artificial Intelligence (XAI). The term coined for this new hybrid paradigm is
Physically-Guided Data Science (PGDS), whose aim is to build a data science model consistent with the
fundamental physical laws and able to make explicit the knowledge implicit in the data. Recent efforts in
this direction are based on discovering hidden relations between the data in a certain state space, ranging
from nearest neighbour interpolation [1] to manifold learning [2].
We use the concept of Physically-Guided Neural Networks (PGNN) to predict both the input-output
relation in a system (defined by a set of algebraic or differential equations) and an unknown state model,
which allows to infer additional knowledge about it. The internal hidden state variables are associated
with a set of internal neuron layers, whose values are constrained by the known physical equations.
We demonstrate both the explanatory and predictive capacities of the method. In addition, this method
goes beyond standard neural network approaches, since it allows an acceleration of the training process, a
reduction of the amount of data required to get similar accuracy and an improvement in the extrapolation
capacity as well as providing a way of filtering part of the noise intrinsic to the experimental data.
REFERENCES
[1] Kirchdoerfer, Trenton, and Michael Ortiz. Data-driven computational mechanics. Comput. Methods
in Appl. Mech. Eng. Vol. 304, pp. 81-101, 2016.
[2] Ibanez, Rubén, et al. A manifold learning approach to data-driven computational elasticity and
inelasticity. Arch. Comput. Method E., Vol. 25.1, pp. 47-57, 2018.
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Despite the many triumphs of artificial intelligence in commercial, medical, scientific, and engineering
areas, there remains a deep chasm between machine learning (ML) and some mature fields of science.
Computational simulation (CS) based on principles of physics is one of those realms unconquered by
ML. Although CSs have played a crucial role, due to complex hidden interactions of underlying physics,
ML has been used as a secondary tool for CS, not as an innovator. There exists a deep chasm between
ML and high-fidelity computational material models in science and engineering. It is not mature for ML
methods to conquer or innovate science and engineering. In the hope of filling the chasm, our research
group suggests a novel approach to infuse physics into ML. We found an answer from the central notions of deep learning (DL), and proposed convolved information index (II) and expressive link functions
(LFs) which are essential to infuse principles of physics into ML.
Inspired by the convolution of DL, the proposed II integrates adjacent information and quantifies the
physical similarity between laboratory and reality, enabling ML to see through a complex target system
with the perspective of scientists. Via II, ML will be able to not only see through the target system but also
infuse physical principles into the observed scene. To some extent, the DL’s typical multi-layered convolution inside the opaque networks is replaced by the externalized convolution over physical information
giving rise to a new notion of the convolved information. Next, LFs describe the hidden connection
between II and internal physical rules. The expressive LFs seek to unravel the hidden relations between
II and physics rules. Transparent expressions are sought by the new LFs and final learning outcome is
always given in mathematical expression, not merely prediction values. Validations confirm that a fusion
of II, LFs, evolutionary algorithm, and Bayesian update scheme can engender ”self-evolving” computational material models, and that the fusion will help rename ML as a partner of researchers in the broad
science and engineering.
REFERENCES
[1] Cho, I., A Framework for Self-Evolving Computational Material Models Inspired by Deep Learning. Int. J. Num. Meth. Engng. (2019) 120(10):1202–1226. [DOI:10.1002/nme.6177].
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Aluminum alloy sheets show anisotropic deformation behaviors depending on their
underlying crystallographic textures. In order to predict the deformation behavior,
experimental biaxial tensile testing using a cruciform specimen [1, 2], and numerical biaxial
tensile testing (NBT) based on crystal plasticity finite element method (CPFEM) [3] have
been developed. However, the testing methods are time consuming for obtaining stress-strain
curves under various stress conditions. In this study, we use deep learning using neural
network (NN) to rapidly estimate the anisotropic deformation behavior of aluminum alloy
sheets which depend on the crystallographic texture [4]. NN used in this study is composed of
convolutional neural networks and max pooling layers. The input data for NN is an image of
{111} pole figure and ratio between true stresses along rolling direction (RD) and transverse
direction (TD) of the sheet; RD: TD. The output data of NN is biaxial stress-strain (SS)
curves for RD and TD of the sheet. Since the deep learning often requires a large amount of
training datasets, we generate 5944 synthetic crystallographic textures by changing fraction of
major preferred orientations including Cube, Goss, S, Brass, and Copper components and
variance of each preferred orientation. For all the synthetic crystallographic textures, we
perform NBTs to obtain biaxial SS curves for 9 linear stress ratios; RD: TD = 1:0, 4:1, 2:1,
4:3, 1:1, 3:4, 1:2, 1:4 and 0:1. Therefore, we generate 53496 training datasets in total. The
trained NN can estimate the biaxial SS curves depending on the texture with the same
accuracy as the NBT based CPFEM.
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stress-strain curve and r-value of aluminium alloy sheet using deep learning. J. Jpn. Soc.
Technol. in print, 2020.
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Metal additive manufacturing (AM) is a disruptive technology that has the capability to
transform the manufacturing science by minimizing the material loss and tailoring the final
properties to suit the application [1]. Because of the complex multiscale and multiphysics
processes involved, using computational modelling techniques to optimize and design AM
process-structure-property relationship is prohibitively expensive at this moment [2, 3].
However, the recent boom in use of machine learning for process control and developing
reduced-order models for designing materials [4] has provided an alternative way to device a
fast and accurate design framework for AM parts. So far, different machine learning techniques
have been applied for process-structure and structure-property relationships [5, 6]. Some studies
adopted advanced data visualization techniques [7] to obtain process-structure-property
linkage. While the studies are promising, a complete analysis on the appropriate machine
learning technique and data to be used in metal AM is lacking.
In this work, the authors use real-time infrared thermal history data for 135 samples of
additively manufactured (Directly Energy Deposited) IN718 and explore different machine
learning and feature engineering techniques to correlate high-dimensional history data with
experimental mechanical properties (ultimate tensile strength, failure strain, Young’s modulus,
yield strength and strain).
The results show that transforming the thermal history of the build to frequency-time domain
and using CNN give the best results for prediction of mechanical properties in terms of
correlation co-efficient, mean-squared error, and mean relative error. If the dimension of
thermal history is reduced using temperature binning with respect to time, relative importance
analysis by Random Forest algorithm can reveal the most important temperature ranges for
alloy and correlate these ranges with first and second order phase transformation during
solidification. Using principal components of the thermal history as the input of the feed
forward neural network also performs at comparable level with CNN and better than the other
methods considered in this work. The work provides a guideline on how to choose the
appropriate machine learning technique to use in AM quality control and what information the
data can reveal about the materials physics. Since thermal history is used directly, the method
can be implemented to control the process parameters for AM alloy design. Moreover, the work
provides a way to use data science for optimizing multiple mechanical properties
simultaneously in AM.
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This work introduces a framework of geometric deep learning to incorporate non-Euclidean microstructural descriptors for complex phenomena in computational mechanics applications, where microstructures can be readily interpreted as graphs (i.e. the anisotropic mechanical behavior of polycrystals and
the fluid flow through granular material). While traditional constitutive models often incorporate homogenized measures of microstructural attributes, such as the porosity, the averaged orientation of constitutes, these measures cannot reflect the topological structures of the attributes. We fill this knowledge
gap by introducing the concept of weighted graph as a new mean to store topological information, such
as the connectivity of anisotropic grains in an assemble. Initially, we generate hybrid neural network
models that simultaneously perform unsupervised classification of polycrystals and supervised regression of a stored energy functional to describe the anisotropic hyperelasticity of polycrystals in the finite
deformation range. By leveraging a graph convolutional deep neural network architecture in the spectral domain, we introduce a mechanism to incorporate the non-Euclidean weighted graph data directly
as input for training and for predicting the elastic responses of materials with complex microstructures.
To ensure smoothness and prevent non-convexity of the trained stored energy functional, we introduce
a Sobolev training technique for neural networks such that stress measure is obtained implicitly from
taking directional derivatives of the trained energy functional. Finally, the geometric learning approach
is extended to tackle history-dependent problems (fluid flow and plasticity), where the influence of the
graph descriptors changing with time is investigated.
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Machine learning is beginning to change computational science and engineering in
many different and fundamental ways. Traditional computational methods that have
been around for decades may not be able to directly deal with noisy and dynamic big or
small data, and it is worth exploring novel combinations of traditional and emerging
machine learning techniques to reach beyond the current state of the art. Deep neural
networks (DNNs), in particular, is an enabling technology for data-driven modeling as
well as physics-informed modeling or a combination of the two. Inverse problems for
parameter estimation or even discovery of new functional relationships can be
effectively tackled using DNNs. A potentially breakthrough property of DNNs is that they
represent nonlinear approximations, which are independent on the dimensionality.
However, the urgent and unmet need to formally analyze, design, develop and deploy
machine learning methods and develop algorithms that can scale in statistical and
computational complexity to the size of modern data sets must be addressed. Many
central problems, of both mathematical and physical nature, remain open and there is
no clear guidance on when it is more appropriate to use machine learning tools
compared to classical numerical tools in engineering applications. Similarly, optimization
of neural networks is becoming an art developed mostly in the context of the nonscientific world for classification but not for regression, which is more relevant for
computational science and engineering. To make significant and fast progress, it
requires a holistic approach involving both new foundational theory and algorithms, and
diverse applications. The primary goal of this minisymposium is to discuss recent results
and techniques at the interface between traditional methods and emerging data-driven
techniques to enable innovation in scientific computing in computational science and
engineering.
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An Augmented Multi-Fidelity Approach for Computational Mechanics
Roland C. Aydin1, Kevin Linka2, Lu Trong Khiem Nguyen1, Christian J. Cyron1, 2
1 Institute

of Materials Research, Helmholtz-Zentrum Geesthacht
2 Hamburg

University of Technology

For the training of artificial neural networks (ANNs) in the domain of computational mechanics, a bottleneck can be the availability of training data. If ANNs are to be trained to predict or control the behavior of
complex physical systems, often not enough real-word training data are available, for example, because experiments or measurements are too expensive, time-consuming or dangerous. In this case, generating training data by way of realistic computational simulations is a viable and often the only promising alternative.
Doing so can, however, be associated with a significant and often even prohibitive computational cost,
which forms a serious bottleneck for the application of machine learning to complex physical systems. To
overcome this problem, we have developed a both systematic and general approach: It uses cheap lowfidelity computational models to start the training of the ANN and gradually progresses towards higherfidelity training data as the training of the ANN converges. We demonstrate the benefits of this strategy using examples from both structural and materials mechanics. We demonstrate that in these examples the multi-fidelity strategy can reduce the total computational cost–compared to simple brute-force training of
ANNs–by a half up to one order of magnitude. This gain can be further increased through the usage of training samples selected based on an importance-metric that takes into account the intended target machine
learning architecture. This augmented multi-fidelity strategy can thus be hoped to become a powerful and
versatile tool for the future combination of computational simulations and artificial intelligence, in particular
in areas such as structural and materials mechanics.
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Since the pioneering works of Boris and Book, and then van Leer, Harten, and followers, one of the central questions in the discretisation of hyperbolic PDEs has been the non linear stabilisation of methods.
On one hand, here exists very nice numerical methods, which are very stable and accurate, such as the
Lax-Wendroff schemes and its counterparts in the finite element setting, the SUPG scheme for example.
However, the generic solution of the Cauchy problem of a hyperbolic PDE present discontinuities. In
that case, the previously mentioned schemes become highly oscillatory, because the stability mechanism
is only a linear one. Because of that, several methods has been designed to overcome this issue: artificial
viscosity, the introduction of limiters in the high order approximation, and other stabilisation mechanisms, such as [4]. On the other hand, any engineer kind of know where ideally artificial viscosity, or
limiters should be used, so that the maximum accuracy is obtained. One recent method to use a nonlinear
scheme (almost) only when needed can be achieved via the MOOD paradigm [1]. Another drawback of
this method is that it need the computation of several solution at the same time to compare them.
One possible solution to the problem can be achieved via machine learning. This has been shown in [3]
for example. In the present contribution, we want to go further on this via two methods.
• One is rather close from [3] but the baseline schemes are different, an we show how retraining can
be used in order to export the knowledge gained for one type of numerical method to a completely
different one. A critical analysis will also be performed.
• In the second one, we show, inspired by [2], how to tune automatically artificial viscosity for
second order approximation.
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Partial differential equations (PDEs) are used to model a broad range of phenomena (e.g., diffusion,
electromagnetism, elasticity, options pricing) and are particularly pervasive in the physical sciences.
Many current, long-standing challenges in engineering, such as wave, diffusion, and electromagnetic
control problems, are approximately governed by partial differential equation are either combinatorial
control problems or can be reduced to one. Combinatorial PDE-constrained optimal control problems
are particularly difficult because 1) combinatorial optimization is generally computationally expensive
and 2) optimizing over fields arising from PDEs can be difficult due to the lack of understanding of their
behavior under nonlinear control.
Reinforcement learning techniques have demonstrated state-of-the-art performance on board games,
which can be represented as sequential combinatorial control problems. Motivated by applications in
metal additive manufacturing and the objective of controlling the temperature history of their produced
objects, we build on deep reinforcement learning techniques in order to identify high-quality control sequences for objective functions of time-dependent PDEs’ field histories. More specifically, our method
augments techniques à la DeepMind’s AlphaZero [1] with the Traveling Salesperson Problem-inspired
k-opt heuristic to outperform other leading methods to identify high-quality solutions in cardinality up
to O (1041 ) in less than 24 hours. Our results demonstrate the efficacy of deep reinforcement learning as
a method for combinatorial control of PDEs and illustrate its potential for understanding and optimizing
PDE behavior.
REFERENCES
[1] Silver, David, et al. ”A general reinforcement learning algorithm that masters chess, shogi, and Go
through self-play.” Science 362.6419 (2018): 1140-1144.
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To arrive in continuum mechanics at a closed system of equations, a so-called constitutive model is
required which relates kinematic and kinetic quantities to each other. Classical constitutive modeling
includes two steps: first, selecting a certain functional form that seems reasonable (and ideally perhaps
even physically motivated), second, fitting the parameters in this functional form to available stress-strain
data. The first step is often time-consuming because for new materials an appropriate functional form is
often not obvious. Moreover, it necessarily introduces a form of bias due to a certain arbitrariness of the
choice made for the functional form.
To overcome such problems, model-free data-driven methods have been proposed. These do not postulate any specific functional form for the constitutive relation and instead solely rely on experimental
stress-strain data. However, so far proposed methods of data-driven constitutive modeling often require a
relatively large amount of (sufficiently accurate) material data, which may in practice often not be available.
In this contribution, we propose a novel approach that can help overcome the shortcomings and combine
the strengths of both classical and modern data-driven constitutive modeling. Our approach relies on socalled Constitutive Artificial Neural Networks (CANNs), a novel machine learning architecture. CANNs
incorporate by their very design theoretical knowledge, e.g., from invariant theory to reduce the amount
of training data and simultaneously regularize the predictive capabilities of the model. Beyond that,
however, specific functional relations between stress and strain measures are not postulated a priori
but rather learned from a data base. Moreover, CANNs have the ability to incorporate not only stressstrain data but also non-mechanical information. Therefore, CANNs offer not only descriptive but also
predictive abilities for the in-silico design of new materials.
In this talk we introduce the theoretical background and design of CANNs and illustrate their practical
capabilities for capturing both the elastic and inealastic behavior of materials under large deformations.
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The discovery of unknown parameters in PDE is of vital significance to determine the
governing law underneath experimental data. The existing approach developed by
Karniadakis et al [1, 2] based on zero-mean Gaussian Process (GP) has satisfactory
performance for continuous data, but fails to give accurate prediction when there appears
discontinuity, e.g., shock. This failure arises from the smooth mean function in GP, which is
not compatible with discontinuous input data. In view of this, we propose a novel scheme
which replaces the commonly-used zero-mean function with a discontinuous Heaviside
function, and put forward two methods - Maximum Likelihood Estimation (MLE) and
Predicting-Comparison (PC) - with different forms of loss function. The method is verified
with the linear wave equation and the inviscid Burgers’ equation. Various cases with different
magnitudes of jump, distributions of data and levels of noise are conducted, which prove the
effectiveness and advantages compared to the conventional zero-mean GP model.
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Abstract
Deep neural networks have recently been demonstrated effective in solving inverse modeling problems
involving partial differential equations (PDE). For inverse modeling problems that involves neural networks to approximate unknown functions, many methods rely on minimizing a loss function that measures the discrepancy between predictions and observations in some chosen norm. This loss function
often includes a penalty term used to enforce the PDE in a weak sense, which is key in cases where
sparse observations are available only. As a result, the PDE is only satisÞed approximately by the solution. Moreover, the penalty term typically slows down the convergence of the optimizer. We propose a
new approach which allows enforcing the PDE constraint accurately. This results in faster convergence;
in our benchmarks, we achieve up to a 104 speed-up with respect to the number of iterations compared
to penalty methods. Additionally, we develop an algorithm for “automatically” computing the sparse
Jacobian matrices and gradients used in the optimization algorithm; the algorithm gets rid of the timeconsuming and error-prone process of implementing gradients and Jacobian matrices by hand, as well as
improves the computational efÞciency by leveraging computational graph optimization techniques.
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The solution of time-dependent mathematical models, in the form of PDEs or ODEs, may require huge
computational resources. This is certainly the case when there is the need to perform simulations multiple
times (multi-query) and for many different inputs. Moreover, in some contexts, such as computational
medicine, results must be provided in nearly real-time. This motivates the development of reduced
models, that is computationally tractable, lower dimensional mathematical models, yet reproducing the
results of the high-fidelity (HF) model [2]. Here we propose a data-driven Model Order Reduction
(MOR) approach, based on Artificial Neural Networks (ANNs), applicable to both linear and nonlinear
time-dependent systems of ODEs or PDEs [3]. We set the problem in an abstract form, where we look
for the maximum-likelihood estimation of the HF model into a class of simpler models. This is an
optimization problem, where the unknown is the model itself. Then, we select a class of reduced models,
written in the form of a system of ODEs, whose right-hand side is represented by an ANN, which we train
to learn from input-output pairs obtained from the HF model. This non-intrusive approach also allows to
incorporate into the supervised learning process available a priori information on the nature of the model
(such as location of equilibria, symmetry properties, etc.). We show an application of our MOR approach
in the field of cardiac modeling, for which a delicate trade-off between the need for model accuracy and
for computational efficiency of numerical simulations must be achieved. This is a multiscale problem,
for which the mechanical work responsible of the macroscopic cardiac motion is fueled by the energy
consumed at the microscale by subcellular mechanisms. Specifically, we replace the microscale HF
model of active force generation with an ANN-based surrogate, thus achieving a computational speedup
of about one order of magnitude, while preserving almost the same accuracy of the HF solution.
REFERENCES
[1] Alber, M. and Tepole, A. B. and Cannon, W. R. et al. Integrating machine learning and multiscale
modeling – perspectives, challenges, and opportunities in the biological, biomedical, and behavioral
sciences. npj Digital Medicine (2019) 2(1):1-11.
[2] Benner, P. and Gugercin, S. and Willcox, K. A Survey of Projection-Based Model Reduction Methods for Parametric Dynamical Systems. SIAM review (2015) 57.4:483–531.
[3] Regazzoni, F. and Dedè, L. and Quarteroni, A. Machine learning for fast and reliable solution of
time-dependent differential equations. Journal of Computational Physics (2019) 397:108852.
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Machine learning methods and in particular deep learning via artificial neural networks have
generated significant enthusiasm in the last years. Since these methods can provide
approximations to general, non-linear functions by learning from data without a-priori
assumptions, they are particularly attractive for the generation of subspace models for multiscale problems. In the areaof computational fluid dynamics, research into how ML methods
can enhance current capabilities is an active topic of investigation. Deep learning methods
have been shown to provide accurate shock-capturing sensors [1], improve RANS turbulence
models [2] and provide approximate deconvolutions of a coarse-scale flow fields [3].
In this presentation, we present a novel data-based approach to turbulence modelling for
Large Eddy Simulation by deep learning via artificial neural networks [4]. We first discuss
and define the exact closure terms including the discretization operators and generate training
data from direct numerical simulations of decaying homogeneous isotropic turbulence. We
then present the design and training of artificial neural networks based on local convolution
filters to predict the underlying unknown non-linear mapping from the coarse grid quantities
to the closure terms without a priori assumptions.
All investigated networks are able to generalize from the data and learn approximations with
high cross correlation, leading to the conclusion that the current training success is merely
data-bound and not method-bound. We further show that selecting both the coarse grid
primitive variables as well as the coarse grid LES operator as input features significantly
improves training results. Finally, we show how to construct a stable and accurate LES model
from the learned closure terms. Therefore, we translate the model predictions into a dataadaptive, pointwise eddy viscosity closure and show that the resulting LES scheme performs
well compared to current state of the art approaches. While we use a high order Discontinuous
Galerkin framework as an LES baseline scheme, the methods and modeling ideas presented
here are independent of the discretization scheme.
REFERENCES
[1] Deep Ray and Jan S Hesthaven. An artificial neural network as a troubled-cell indicator.
Journal of Computational Physics, 367:166–191, 2018.
[2] Karthik Duraisamy, Gianluca Iaccarino, and Heng Xiao. Turbulence modeling in the age
of data. Annual Review of Fluid Mechanics, 51:357–377, 2019.
[3] Romit Maulik and Omer San. A neural network approach for the blind deconvolution of
turbulent flows. Journal of Fluid Mechanics, 831:151–181, 2017.
[4] A. Beck, D. Flad, and C.-D. Munz. Deep neural networks for data-driven LES closure
models. Journal of Computational Physics, 398, 2019.
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Learning interpretable mathematical models from data is a topic of growing interest. Applications range
from learning partial differential equations (PDE) from measurements, to learning closure and error terms
of numerical schemes, to learning surrogate models for analytical solutions of PDEs. The PDE-FIND
algorithm [1] has demonstrated the feasibility of PDE learning from data. Its sensitivity to noise and to
manually tunable parameters have been relaxed in the PDE-STRIDE algorithm [2], which is robust to
noise and parameter free, as achieved by L0 -regularization and stability selection [3]. Together, these
enable learning of interpretable mathematical models from limited and noisy data, e.g., in biology.
The PDE models thus learned can then be discretized and studied in numerical simulations. It has
recently been shown that the numerical approximations can be learned from high-resolution data [4].
This results in data-adaptive coarse-graining schemes. So far, however, this only works if the PDE is
known beforehand and if large amounts of noise-free training data are available.
Here, we present a method to learn both the governing equation and a data-adaptive discretization of
it jointly from limited data. Instead of learning a symbolic equation, our approach learns a generalized
discrete moment expansion, which is inspired by how differential operators are approximated in meshless
particle methods [5]. This can directly be computationally evaluated. In this sense, we learn computable,
discrete models with good coarse-graining capabilities. Through a constraint term, we ensure that the
moment expansions correspond to consistent discretizations of differential operators. Therefore, the
model remains interpretable and a differential equation can be written in the continuum limit, if required.
REFERENCES
[1] Rudy, S.H., Brunton, S.L., Proctor, J.L., and Kutz, J.N. Data-driven discovery of partial differential
equations. Science Adv. (2017) e1602614.
[2] Maddu, S., Cheeseman, B.L., Sbalzarini, I.F., and Müller, C.L. Stability selection enables robust
learning of partial differential equations from limited noisy data. arXiv:1907.07810 (2019).
[3] Meinshausen, N. and Bühlmann, P. Stability selection. J. Roy. Stat. Soc. B (2010) 72:417–473.
[4] Bar-Sinai, Y., Hoyer, S., Hickey, J., and Brenner, M.P. Learning data-driven discretizations for
partial differential equations. Proc. Natl. Acad. Sci. USA (2019) 116:15344–15349.
[5] Schrader, B., Reboux, S., and Sbalzarini, I.F. Discretization correction of general integral PSE
operators in particle methods. J. Comput. Phys. (2010) 229:4159–4182.
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For many physical processes, the micro-scale dynamics are known but coarse grained, continuum models are either unavailable or difficult to derive. Recently, machine learning techniques have been applied
discover dynamics directly from simulations or experiments. A previously introduced method for regressing over spatial operators [1] proposed a parameterized spatial operator that is the composition of a
nonlinear point–wise functional and a pseudo–differential operator where both the point–wise functional
and the symbol of the operator are parameterized by neural networks. This regression framework was
able to recover the spatial operators in a fractional heat equation and the Kuramoto–Sivashinsky from
numerical simulations thereof. In this work, we extend this method to multidimensional, vector valued
problems and evaluate its performance in finding coarse grained, continuum models from micro-scale
dynamics.
Using this method, we are able to recover the associated Fokker-Planck equation from sample trajectories
of SDEs. The method is able to find the heat equation from Brownian motion, a drift diffusion equation
from Brownian motion under a potential, and a fractional heat equation from a Levy flight. Additionally,
we use the method to obtain a continuum model for colloidal flows that captures shear–induced migration
from LAMMPS [2] simulations of colloidal suspensions under Poiseuille flow.
REFERENCES
[1] Patel, R.G. and Desjardins, O. Nonlinear integro-differential operator regression with neural networks. arXiv:1810.08552v1 (2018).
[2] Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics, J Comp Phys, 117,
1-19 (1995)
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Many tasks in fluid mechanics, such as design optimization and control, are challenging because fluids
are nonlinear and exhibit a large range of scales in both space and time. This range of scales necessitates
exceedingly high-dimensional measurements and computational discretization to resolve all relevant features, resulting in vast data sets and time-intensive computations. Indeed, fluid dynamics is one of the
original big data fields, and many high-performance computing architectures, experimental measurement techniques, and advanced data processing and visualization algorithms were driven by decades of
research in fluid mechanics. Machine learning constitutes a growing set of powerful techniques to extract patterns and build models from this data, complementing the existing theoretical, numerical, and
experimental efforts in fluid mechanics. In this talk, we will explore current goals and opportunities for
machine learning in fluid mechanics [5], and we will highlight a number of recent technical advances.
Because fluid dynamics is central to transportation, health, and defense systems, we will emphasize
the importance of machine learning solutions that are interpretable, explainable, generalizable, and that
respect known physics. We will emphasize parsimonious models that balance complexity while avoiding overfitting [2, 3] and how machine learning optimizations may be used for sensor placement and
control [4].
REFERENCES
[1] S. L. Brunton and B. R. Noack. Closed-loop turbulence control: Progress and challenges. Applied
Mechanics Reviews, 67:050801–1–050801–48, 2015.
[2] S. L. Brunton, J. L. Proctor, and J. N. Kutz. Discovering governing equations from data by sparse
identification of nonlinear dynamical systems. Proceedings of the National Academy of Sciences,
113(15):3932–3937, 2016.
[3] J.-C. Loiseau and S. L. Brunton. Constrained sparse Galerkin regression. Journal of Fluid Mechanics, 838:42–67, 2018.
[4] S. L. Brunton and J. N. Kutz. Data-Driven Science and Engineering: Machine Learning, Dynamical
Systems, and Control. Cambridge University Press, 2019.
[5] Steven L. Brunton, Bernd R. Noack, and Petros Koumoutsakos. Machine learning for fluid mechanics. to appear in Annual Review of Fluid Mechanics (arXiv preprint arXiv: 1905.11075), 52,
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In this work we investigate the possibility of using physics-informed neural networks (PINNs) to approximate the Euler equations that model high-speed aerodynamic flows. In particular, we solve the inverse
problems, which utilize the Euler equations as well as small data, for the two-dimensional shock wave
problems. Motivated by mimicking the Schlieren photography experimental technique used traditionally in high-speed aerodynamics, where we can obtain data on the density gradient ∇ρ(x,t), we aim to
infer all states of interest (density, velocity and pressure) and investigate what is the minimum number
of additional measurements required, i.e., on the pressure p(x∗ ,t). Additionally, we incorporate other
invariants known a priori, e.g., global conservation of mass, momentum and energy. We present illustrative benchmark examples for oblique shock, expansion wave as well as bow shock problems with PINNs,
demonstrating that all inferred states are in good agreement with the given synthetic data. We show that
only partial data of the density gradient is required. We also show that we require more data of pressure
for the bow shock problem that that for oblique shock or expansion wave problems. Furthermore, for the
bow shock problem, an additional condition, i.e., n ·U = 0 on the surface, is essential in obtaining good
predictions.
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Data-based discovery of effective, coarse-grained (CG) models of high-dimensional dynamical systems
presents a unique challenge in computational physics and particularly in the context of multiscale problems [1, 2]. The present paper offers a probablistic perspective that enables the quantification of predictive uncertainties. One of the outstanding problems has been the introduction of physical constraints
in the probabilistic machine learning objectives. The primary utility of such constraints stems from the
undisputed physical laws such as conservation of mass, energy etc that they represent. Furthermore and
apart from leading to physically realistic predictions, they can significantly reduce the requisite amount
of training data which for high-dimensional, multiscale systems are expensive to obtain (Small Data
regime). We formulate the coarse-graining process by employing a probabilistic state-space model and
account for the aforementioned (in)equality constraints as virtual observables in the associated densities.
We demonstrate how probabilistic inference tools can be employed to identify the coarse-grained variables and their evolution model without ever needing to define a fine-to-coarse (restriction) projection
and without needing time-derivatives of state variables .
We advocate a sparse Bayesian learning perspective which avoids overfitting and reveals the most salient
features in the CG evolution law [3]. The formulation adopted enables the quantification of a crucial, and
often neglected, component in the CG process, i.e. the predictive uncertainty due to information loss.
Furthermore, it is capable of reconstructing the evolution of the full, fine-scale system and therefore
the observables of interest need not be selected a priori. We demonstrate the efficacy of the proposed
framework by applying it to a system of moving particles and an series of images of a moving pendulum.
In both cases we identify the underlying coarse dynamics and can generate extrapolative predicitions.
REFERENCES
[1] S. L. Brunton, J. L. Proctor, J. N. Kutz, Discovering governing equations from data by sparse
identification of nonlinear dynamical systems, Proceedings of the National Academy of Sciences
113 (15) (2016) 3932–3937.
[2] M. Raissi and G.E. Karniadakis, Hidden physics models: Machine learning of nonlinear partial
differential equation, Journal of Computational Physics 357 (2018) 125–142.
[3] L. Felsberger, P. Koutsourelakis, Physics-constrained, data-driven discovery of coarse-grained dynamics, Communications in Computational Physics 25 (5) (2019) 1259–1301.
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Several recent works have focused on implementation of machine-learning closures for turbulence using neuralnetworks. The resulted schemes although they allow for the accurate representation of the sub-grid processes they
often lead to instabilities and numerical blow ups. We demonstrate that the enforcement of an energy conservation
constraint on the total advective fluxes during the training phase leads to stable prediction and uncertainty
quantification schemes. In addition, in order to increase the effective dimensionality of the sub-grid dynamics,
modeled by the machine-learning scheme, we employ non-local, non-Markovian representations, implemented
by recurrent neural networks for the temporal structure and convolutions for the spatial structure. We employ the
developed schemes for developing i) coarse scale models for prediction (closures of the mean field equation) and ii)
coarse scale models for uncertainty quantification (closures of 2nd order field equations). We assess the formulated
methods on a variety of turbulent fluid flows, ranging from engineering turbulent jets to quasi-geostrophic turbulence
with baroclinically unstable modes.

3741

Physics/Dns-Informed
Didier
Lucor, Atul Agrawal
Dnnand
Surrogates
Anne Sergent
of Turbulent Thermal Convection

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

PHYSICS/DNS-INFORMED DNN SURROGATES OF TURBULENT
THERMAL CONVECTION
D. Lucor1,∗ , A. Agrawal2 and A. Sergent3
1
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The motivation of this work stems from the limited understanding of the physical mechanisms responsible for the heat transfer enhancement in turbulent convection over rough geometry. Indeed, in natural
convection, strong dynamic interactions between a large spatial/time scale range from mean wind to
small-scale plumes remain difficult to investigate based on partial data acquisition from expensive direct numerical simulations (DNS) [1] or the spatially limited measurements of experimental set-ups.
Moreover, the development of data-driven surrogate models for the prediction and compression of such
complex fluid phenomena, in place of more standard numerical simulations may help when many query
and/or real-time simulations are required, for instance in order to perform signal processing and analysis,
uncertainty quantification, data assimilation or control [2]. In this study, we make the choice to rely on
deep neural networks (DNN). The approach retained is the one of training a DNN by leveraging some
underlying physical laws (PDE) of the system. A natural approach is to incorporate (some of) the governing partial differential equations of the physical model (e.g. mass/momentum/energy conservation)
at the core of the DNN, i.e. in the loss/likelihood functions, [3, 4]. We propose to investigate how this
additional information effectively regularizes the minimization procedure in the training of DNN, and
allows the recovery of various hidden flow variables when the training is performed with partial data.
More specifically, we will report on the influence of the choice of the training domain for data acquisition as well as for the enforcement of the PDE, in relation to the problem geometry and initial/boundary
conditions. Finally, we will put in perspective the future use of experimental data in place of DNS data.
REFERENCES
[1] A. Castillo-Castellanos , A. Sergent , B. Podvin and M. Rossi. Cessation and reversals of large-scale
structures in square Rayleigh-Bénard cells. J Fluid Mech., 877:922-954, 2019.
[2] J.N. Kutz. Deep learning in fluid dynamics. J Fluid Mech., 814:1-4, 2017.
[3] M. Raissi, P. Perdikaris, and G.E. Karniadakis. Physics-informed neural networks: A deep learning framework for solving forward and inverse problems involving nonlinear partial differential
equations. J. Comp. Phys., 378:686-707, 2019.
[4] Y. Zhu, N. Zabaras, P. Koutsourelakis, and P. Perdikaris. Physics-constrained deep learning
for high-dimensional surrogate modeling and uncertainty quantification without labeled data.
arXiv:1901.06314, 2019.
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Machine Learning methods and, in particular, Artificial Neural Networks (ANNs) have demonstrated promising capabilities in material constitutive modeling [1, 2]. However, one of the main
drawbacks of such approaches is the lack of a rigorous frame based on the laws of physics. This
may render physically inconsistent the predictions of a trained network, which can be dangerous
for real applications.
Here we propose a new class of data-driven, physics-based, neural networks for constitutive
modeling of strain-rate independent processes at the material point level, which we define as
Thermodynamics-based Artificial Neural Networks (TANNs) [3]. The two basic principles of
thermodynamics are encoded in the network’s architecture by taking advantage of automatic
differentiation [4]. In this way, derivatives of the free-energy, the dissipation rate and their
relation with the stress and internal state variables are hardwired in the network.
We investigate the numerical requirements regarding the mathematical class of appropriate
activation functions to be used in this frame. More specifically, the internal restrictions, derived
from the first law of thermodynamics, require activation functions whose second gradient does
not vanish. The remedies to this new problem, defined here as second-order vanishing gradients,
are extensively explored and discussed.
The proposed network does not have to identify the underlying pattern of thermodynamic laws
during training, reducing the need of large data-sets, improving the robustness and the performance of predictions. Finally and more important, the predictions remain thermodynamically
consistent. Based on these features, TANNs are a starting point for data-driven, physics-based
constitutive modeling of inelastic materials with neural networks.
REFERENCES
[1] Ghaboussi, J., Garrett, J. H. and Wu, X. Knowledge-based modeling of material behavior
with neural networks. Journal of engineering mechanics (1991) 117(1):132–153.
[2] Mozaffar, M., Bostanabad, R., Chen, W., Ehmann, E., Cao, J. and Bessa, M. A.. Deep
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ABSTRACT
The minisymposium (MS) aims to bring together several presentations dealing with numerical methods,
their analyses and applications of optimization techniques. Nonlinear inverse problems, optimal flow
control, shape optimization as well as coupled systems are considered. The MS invites papers applying
all optimization methods to heat transfer, fluid-based, multiscale and multiphysics problems:
1. Heat transfer problems(e.g. conduction, convection and conjugate heat transfer models, etc.).
2. Fluid flow problems (e.g. laminar/ turbulent, feedback control, etc.).
3. Multiphysics problems (e.g. fluid-structure interaction, MHD, reacting flows, species transport,
two-phase flows, etc.).
4. Multiscale problems (e.g. 1D/3D (or 1D/2D) coupling, etc.).
REFERENCES
[1] Gunzburger, M. D. Perspectives in flow control and optimization. Siam, Vol. 5, (2003).
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Adjoint-based methods are now widely used in various areas of fluid mechanics for extraction and evaluation of gradient, for the purpose of sensitivity analysis or control and optimization. However, when
applied to real-scale configurations of unsteady flows, usually containing very complex physical phenomenon, such as interfaces in multiphase flows, or flames in reactive flows, or shocks in high speed
flows, the computation of the direct-adjoint loop can become very time consuming, and considering a
full optimisation scenario, sometimes infeasible. One common way to overcome this problem is parallelisation. Domain parallelisation is undoubtedly a very good option for significantly reducing the
cost of computations, and has been applied extensively to date, making simulations of complex physical
processes with an astonishing degree of fidelity and accuracy, a possibility. Nevertheless, application
of adjoint-based methods to above mentioned configurations of interest, still remains out of reach. The
direct-adjoint loop computation can be further accelerated by parallelising the system in time as well
as in space. While various forms of parallel-in-time algorithms exist in literature, they are yet to be
implemented and tested in complex flow scenarios and specifically, when considering the optimization
procedure. In this study, we aim to introduce a parallel in time algorithm designed for gradient extraction
using adjoint equations. The code used to perform the calculations is a two-dimensional incompressible
Navier-Stokes solver with immersed boundaries capabilities. Various control strategies are considered,
from volume forcing to shape optimisation using the Lagrangian points at the boundary as controllers.
The performances of the serial and time parallel implementations are compared, in the context of the
fluidic pinball case.
REFERENCES
[1] Taira, K. and Colonius, T. ,The immersed boundary method: a projection approach. Journal of
Computational Physics 225.2 (2007): 2118-2137.
[2] Skene, C.S, Adjoint based analysis for swirling and reacting flows, 2019. PhD Thesis. Imperial
College London.
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Adjoint-based optimisation of interfacial flows in the sharp interface
limit
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The flows encountered in energy conversion systems consist of a wealth of complex
phenomena, including interfaces, reactions and turbulence. While the past decades have
seen remarkable progress in computing capabilities, allowing computational fluid dynamics
to become an ever more present tool in describing and predicting such multi-physics flows,
these state-of-the-art computational resources still provide limited insight towards a robust
optimization framework for technological applications. Targeted manipulation of such
flows by enhanced designs or active control strategies is indeed crucial for improvements
in performance and robustness and venturing beyond standard operating conditions. The
transition from model-based numerical simulations to model-based optimal control requires
an alternative approach, which allows access to inverse information. In the fields of external
aero-dynamics and aero-acoustics for example, the introduction of such an approach has
led to improved airframe designs and reduced noise production levels, with considerable
economical, environmental and health-related implications.
The multi-physics aspects of interfacial two-phase flows however constitute a far larger
step in complexity, due to the presence of discontinuities across the interface, and to the
highly unsteady nature of the flow. As far as two-phase flows are concerned, to date,
inverse information has been extracted from simulations of simplified configurations with
additional unrealistic assumptions, or from low-fidelity models. In this work, on the other
hand, the one-fluid formulation is used, where the sharp interface representation is captured by a level set method. Gradient extraction strategies, such as the differentiate-thendiscretize and discretize-then-differentiate approaches, to minimize tracking-type objective
functions are compared.
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AN ADJOINT METHOD FOR THE OPTIMAL BOUNDARY CONTROL
OF TURBULENT FLOWS MODELED WITH THE RANS SYSTEM
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In recent years the optimal control in fluid dynamics has gained attention for the design and the optimization of engineering devices. One of the main challenges concerns the application of the optimal control
theory to turbulent flows, due to the high computational effort of a Direct Navier-Stokes Simulation
(DNS) in turbulent conditions. The application of the Reynolds averaging to energy and Navier-Stokes
equations allows to reduce the grid resolution and the computational time of numeric simulations. However, this operation introduces a large number of unknowns to close the state system and makes the
formulation of optimal control problems more challenging. In this work we propose the implementation
of an optimal boundary control problem for the Reynolds-Averaged energy and Navier-Stokes system
closed with a two-equations turbulence model. The optimal boundary velocity is sought in order to
achieve several objectives, i.e. the enhancement of turbulence or the matching of the temperature field
in a region of the domain. The boundary where the control acts can be the main inlet section or additional injection holes placed along the domain. We also consider buoyancy effects within the OberbeckBoussinesq assumption, therefore temperature distribution affects the velocity and the turbulent fields.
By minimizing the augmented Lagrangian functional we obtain the optimality system comprising the
state, the adjoint and the control equations. Furthermore, we propose numerical strategies that allow to
solve the optimality system in a robust way for such a large number of unknowns.
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We present machine learning control (MLC) and explorative gradient search (EGS) for optimal openand closed-loop control of an actuated light truck model. The aim of the study is drag reduction at
low actuation power to achieve maximum combined power savings. MLC is used for optimization of
closed-loop control. It is an optimization procedure that uses genetic programming to evolve an initially
random set of control laws until a breaking criterion is met. EGS is used to find an optimal parameter set
for open-loop control. The algorithm is specifically suited for high-dimensional parameter space problems and excels due to a combination of sequential exploratory and exploitative steps. The experimental
model is a generic light truck model similar to the one used by Pfeiffer and King [1]. It is equipped with
4 Coanda jet actuators at the trailing edges and a vertical blowing slot.
Machine learning control [2] mimics evolution through natural selection or ”survival of the fittest”. A
set of control laws b = K(s) that return an actuation signal b for one or more sensor signals s is evolved
through a set of genetic operations to minimize a cost function J. Control laws are formulated in a way
that allows parts of their structure to be passed on like genes. The chance that the genes of one control
law are passed on depends on its fitness value. For the light truck model, surface mounted pressure
sensors that return information on the flow state are used as sensor signals s. Fast switching valves feed
the Coanda jet actuators based on the actuation signal b. MLC has been implemented on a range of
applications, such as a D-shaped bluff body, a shear layer, and a jet flow.
The explorative gradient search algorithm was recently proposed by Li et al. [3] and numerically applied
to find the optimal actuation settings for active flow control on a slanted Ahmed body. The algorithm has
shown to be very efficient at finding and exploiting local and possibly global optima in high dimensional
parameter space. The actuation settings for open-loop control of the light truck model are actuation frequency, duty cycle and phase shifts between the four groups of actuators. The key idea behind EGS is
to alternate between exploration of the parameter space by Latin hypercube sampling and exploitation of
found optima by the downhill simplex method. To the authors’ knowledge, the method is applied in an
experiment for the first time.
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OPTIMAL PRESSURE BOUNDARY CONTROL OF STEADY
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In recent years fluid-structure interaction (FSI) problems have been widely studied due to their applicability in science and engineering. In this work we consider the hemodynamic applications of FSI
simulations by using a membrane model, derived from the Koiter shell equations. With this approach
the thickness of the solid wall can be neglected, with a meaningful reduction of the computational cost
of the numerical problem. The fluid structure simulation is then reduced to the fluid equations on a
moving mesh together with a Robin boundary condition imposed on the moving solid surface. In many
engineering applications it is interesting to study the inverse FSI problem which aims to achieve a certain objective by changing some design parameters such as forces, boundary conditions or geometrical
domain shapes. In this paper we would like to study the inverse FSI membrane model by using an optimal control approach based on Lagrangian multipliers and adjoint variables. In particular we propose
a pressure boundary optimal control method with the purpose to control the solid behavior by changing
the fluid pressure on a domain boundary. The optimality system is derived from the first order optimality
condition by taking the Fréchet derivatives of the Lagrangian with respect to all the variables involved.
This system is solved by using a finite element code with mesh-moving capabilities. In order to support the proposed approach we perform numerical tests where the pressure on a fluid domain boundary
controls the displacement that occurs in a well defined region of the solid domain.
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ABSTRACT
This minisymposium is organized by young investigators (all of which are members of the
ECCOMAS Young Investigators Committee) for young investigators. The format, which has
been introduced at the ECCOMAS Congress 2016 and at the ECCM-ECFD Conference 2018
with great success, is quite different from the regular minisymposia in order to particularly
attract young researchers and to foster intensive scientific exchange.
There are two possibilities for presentations:
1. Presentation in pairs
Two presenters prepare and submit their abstract together, and they
also give the presentation together – whether as a “duet” or more as a
“duel” is up to you. The two presenters should know each other but
should ideally not work at the same institution. The idea is to view a
topic from two different perspectives, thus leading to discussions on
pros and cons or complementarity of the presented approaches.
Presentations in pairs are allowed 1.5 times the time of regular talks.
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2. Presentation of things that did not work (as expected)
This session is dedicated to those research ideas that did not work or
that led to different outcomes than expected. This gives the chance to
present “negative” results. Authors should discuss why things went
“wrong” with the aim to prevent others from falling into the same
traps. It is also possible to present a problem that you have been
working on for quite some time, but for which you could not yet find
a good solution. This additionally gives the chance to present
“unfinished” work and to get valuable input from the audience.
Noteworthy: Since the format of this minisymposium is quite different from the regular ones,
authors have the possibility to give a presentation in this minisymposium in addition to a
regular one in another session. Please clearly indicate in your abstract which of the two
possible presentation formats (i.e. 1 or 2) you intend to follow. If you are not sure on how to
prepare your presentation and in which way it should be different from regular talks, all of the
organizers are more than happy to give you some advice.
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A posteriori error estimation techniques are widely used to evaluate the quality of the finite element
approximations without knowledge of the exact PDE solution. The hypercircle result due to the PragerSynge Theorem [1] allows to provide error estimators via the equilibrated fluxes procedure, giving quantitative information on local distribution of numerical errors. In particular, the error estimator bounds the
numerical errors from above and below with some multiplicative constants independent of the mesh size,
such that it can be used as a tool to implement adaptive mesh refinement.
In this talk (type 1, presentation in pairs), we will recall the properties of such error estimators by flux
reconstructions as in [2]. We will emphasize the robust control of the algebraic error with respect to
the polynomial degree of the finite element approximation (as in [3]) as well as provide algorithms to
use the error estimator in a wide range of applications including solid mechanic and poroelasticity [4].
Thus, we will provide a bridge between mathematics and engineering, leading to discussions on the
complementarity of the presented approaches.
REFERENCES
[1] W. Prager and J. Synge. Approximations in elasticity based on the concept of function space. Quarterly of Applied Mathematics 5.3 (1947): 241-269.
[2] F. Bertrand and D. Boffi. The Prager-Synge theorem in reconstruction based a posteriori error
estimation. (2019) arXiv:1907.00440.
[3] A. Miraçi, J. Papež, M. Vohralı́k. A multilevel algebraic error estimator and the corresponding
iterative solver with p-robust behavior. (2019) HAL preprint 02070981.
[4] F. Bertrand, M. Moldenhauer and G. Starke. Weakly symmetric stress equilibration for hyperelastic
material models. (2019) https://doi.org/10.1002/gamm.202000007.
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The success of the eXtended, or Generalized, Finite element method (XFEM/GFEM) in the modeling of
discontinuities such as holes, inclusions and cracks stems form two main factors. Firstly, the use of partition of unity (PU) to enrich the standard solution space allows to account for the singular stresses and
discontinuous displacements associated with those special features, effectively preserving the optimal
convergence properties of the model. Secondly, the representation of discontinuities can be decoupled
from the one of the domain (FE mesh) by describing their interfaces as the root of implicit functions,
known as level-sets.
Despite these qualities, enriched FEM are still limited in their efficiency (accuracy per degree of freedom) due to their restriction to low order elements. A motivation to apply enrichment methods on high
order FE lies in the prospect of exploiting higher convergence rates which ultimately lead to accelerated
analyses. This contribution highlights some of the challenges encountered when trying to accurately
represent curved discontinuities on a FE mesh, which is an instrumental step in achieving high order
behaviour.
In this process, element partitions delimited by the interface are represented as a set of sub-elements
conforming with it. A quadrature rule for the cut element is then obtained by mapping the Gauss points
of the sub-elements to the initial reference system. The choice of standard high order tetrahedral elements to perform this task seems obvious, due to their simple topology and the direct applicability of
iso-parametric mapping. However, it is shown that this approach leads to interpolation errors which
propagate in the subsequent integration of the weak form. The error is generated by sub-elements whose
edges are distorted so as to conform with the curved discontinuity, and further compounded by recursive application of the procedure in partitioning with multiple level-sets and adaptive discretization of
complex geometries. To cope with these problems, alternative available formulations are presented along
with their benefits and drawbacks. These include recently introduced homogeneous integration strategies
which eliminate the need for element partitioning [1]. The presentation will be held in the ECCOMAS
Young Investigators minisymposium in the format type 2.
References
[1]

E. B. Chin and N. Sukumar, “Modeling curved interfaces without element-partitioning in the extended finite element method,” International Journal for Numerical Methods in Engineering, vol. 120,
no. 5, pp. 607–649, 2019.

3764

Creating
Emma
Lejeune
a Computational Mechanics Version of Mnist

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

CREATING A COMPUTATIONAL MECHANICS VERSION OF MNIST
Emma Lejeune1
1

Boston University, Department of Mechanical Engineering, email: elejeune@bu.edu,
website: http://sites.bu.edu/lejeunelab/
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Submitted to the Young Investigator’s Minisymposium, Presentation Format 2
Metamodels, or models of models, map defined model inputs to defined outputs. Typically, metamodels
are constructed by generating a dataset through sampling a direct model and training a machine learning
algorithm to predict a limited number of model outputs from varying model inputs. When metamodels
are constructed to be computationally cheap, they are an invaluable tool for applications ranging from
topology optimization, to uncertainty quantification, to multi-scale simulation. By nature, a given metamodel will be tailored to a specific dataset. However, the most pragmatic metamodel type and structure
will often be general to larger classes of problems. At present, the most pragmatic metamodel selection
for dealing with mechanical data has not been thoroughly explored. Drawing inspiration from the benchmark datasets available to the computer vision research community (ex: MNIST), our goal is to introduce
and popularize benchmark data sets to enable the research that relies on constructing metamodels.
In this talk, we introduce a benchmark data set (Mechanical MNIST) for constructing metamodels of
heterogeneous material undergoing large deformation. We also introduce a corresponding low-fidelity
version of this dataset (Low Fidelity Mechanical MNIST) that is targeted at enabling multi-fidelity metamodeling. We then show examples of how our benchmark datasets can be used, and establish baseline
metamodel performance using both standard neural networks and convolutional neural networks. Our
hope is that because our dataset is readily available, it will enable the direct quantitative comparison
between different metamodeling approaches in a pragmatic manner. We anticipate that it will enable the
broader community of researchers to develop improved metamodeling techniques for mechanical data
that will surpass the baseline performance that we show here.
In the spirit of the Young Investigator Minisymposium, this talk will highlight the challenges faced with
this work and solicit feedback on the utility of benchmark data sets for mechanical metamodeling. Some
of the challenges faced include selecting relevant problems to simulate, arranging long-term data hosting
in an open source data repository, and keeping track of improved metamodeling techniques. Finally, we
hope that this talk will stimulate discussion on the utility of this open source benchmark data set and on
what data sets may be useful to the community in the future.
REFERENCES
[1] LeCun, Y., Cortes, C. and Burges, C.J., MNIST handwritten digit database (2010) http://yann.
lecun. com/exdb/mnist
[2] Lejeune, E. Mechanical MNIST: A benchmark dataset for mechanical metamodels (submitted).
[3] Lejeune, E. Mechanical MNIST (2019) https://open.bu.edu/handle/2144/38693.
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Increasing Robustness of Large Deformation
EAS elements in Newton-Raphson Iterations
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Presentation Format 1: “Presentation in pairs” (Pfefferkorn/Bieber)
Key Words: finite elements, mixed finite elements, enhanced assumed strains, NewtonRaphson scheme, robustness.
This contribution addresses numerical robustness of mixed finite elements in nonlinear
simulations. In particular, the widely used elements based on a Hellinger-Reissner (HR) type
functional proposed by Pian and Sumihara [3] and the enhanced assumed strain (EAS)
element, which is based on a Hu-Washizu type functional and introduced by Simo and Rifai
[4] are compared. Both approaches are closely related and it can in fact be shown that they are
equivalent in linear analyses (cf. [1]). However, in nonlinear simulations EAS elements are
better suited for complex material laws due to their strain driven format, whereas HRelements exhibit superior robustness in the Newton-Raphson scheme, concerning size of load
steps and number of iterations. Recently, Magisano et al. [2] proposed a method to improve
the robustness of displacement based finite elements. In the current study we use this
approach to increase the robustness of EAS elements, while maintaining their favourable
strain driven format.
REFERENCES
[1] M. Bischoff, E. Ramm, and D. Braess. A class of equivalent enhanced assumed strain and

hybrid stress finite elements. Comput. Mech., Vol. 22(6), pp. 443449, 1999.

[2] D. Magisano, L. Leonetti, and G. Garcea. How to improve the robustness of the Newton

method in geometrically non-linear structural problem discretized via displacement-based
finite elements. Comput. Methods Appl. Mech. Engrg., Vol. 313, pp. 9861005, 2017.
[3] T. H. H. Pian and K. Sumihara. Rational approach for assumed stress finite elements. Int.
J. Numer. Meth. Engng., Vol. 20(9), pp. 16851695, 1984.
[4] J. C. Simo and M. S. Rifai. A class of mixed enhanced assumed strain methods and the
method of incompatible modes. J. Numer. Meth. Engng., Vol. 29(8), pp. 15951638,
1990.

3766

Instabilities
Michael
C. Hillman
in Petrov-Galerkin Methods for Elastodynamics
14th World Congress in Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19 – 24 July 2020, Paris, France

INSTABILITIES IN PETROV-GALERKIN METHODS FOR
ELASTODYNAMICS
Michael C. Hillman
The Pennsylvania State University, University Park, PA 16802, mhillman@psu.edu

mcharleshillman.com

Key Words: Petrov-Galerkin, Elastodynamics, Time Integration, Stability
In addition to conventional weak-form Galerkin and strong-form collocation formulations,
meshfree methods can also be implemented in a finite volume framework. This approach can
be shown to be highly effective for meshfree analysis of static self-adjoint problems such as
steady heat conduction and elastostatics. That is, they offer low cost, simplicity, optimal
convergence, and good spatial stability. Interpreted from the Galerkin point of view, this
particular approach can be derived from a Petrov-Galerkin formulation, and results in nonsymmetric stiffness and mass matrices. While well-behaved for static analysis, it appears that
when it is applied to problems such as elastodynamics, in conjunction with conventional time
integration schemes [1], the full discretization appears to be unconditionally unstable. That is,
traditional implicit methods, even ones thought to exactly conserve fully discrete energy such
as average acceleration, do not yield stable results, and instead can yield unbounded energy
growth. And, it appears there is no stable time step for explicit methods such as central
difference with lumped mass.
In this work, it is first shown that for a semi-discretization of elastodynamics, energy
conservation directly depends on the symmetry of the mass and stiffness matrix. For a system
with symmetric matrices, energy is exactly conserved, meanwhile, for non-symmetric semidiscrete systems, the rate of change of energy is not guaranteed to be zero for an arbitrary
discretization. Then, using the energy method for the analysis of the fully discrete system with
Newmark time integration, it is shown that the possibility of energy growth exists, and is again
due to the non-symmetry of the stiffness and mass matrix. This analysis seems to show that
there is no guarantee of stability of fully discrete non-symmetric systems for elastodynamics,
at least with conventional Newmark time integration. Numerical experiments seem to confirm
that the energy of fully discrete systems can indeed grow unbounded. This particular problem
appears to present quite an impasse to the effective application of Petrov-Galerkin methods to
elastodynamic problems, and perhaps other transient problems. Meanwhile, the literature on
this topic appears to be sparse or difficult to find, and is also spread across disparate disciplines.
Several strategies to overcome this issue are discussed.
REFERENCES
[1] T.J.R. Hughes, The finite element method: Linear static and dynamic finite element

analysis, Courier Corporation, 2012.
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Adaptive schemes for instance in the context of finite element strategies generally guarantee convergence
and offer an improvement of estimation accuracy at least in a goal-oriented sense [1]. On the contrary,
using usual adaptive sampling schemes to enrich kriging metamodels may be a detrimental idea leading to worse prediction results compared to one-shot sampling techniques and additionally to higher
computational cost. The goal of this contribution is to share our experience on cases which lead to this
disadvantageous behavior. Furthermore we analyze corresponding conditions and highlight criteria for
distinguishing problems leading to high performance improvements using adaptive sampling strategies
on one hand [2] and unfavorable applications on the other.

REFERENCES
[1] Bangerth, W. and Rannacher, R. Adaptive finite element methods for differential equations.
Birkhäuser Verlag, 2000.
[2] Fuhg, J.N. and Fau, A. Surrogate model approach for investigating the stability of a friction-induced
oscillator of Duffing’s type, Nonlinear Dynamics, 98 (3), pp.1709-1729, 2019.
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THE CARTESIAN GRID FINITE ELEMENT METHOD: AN
INTERESTING ALTERNATIVE TO BODY-FITTED FE SIMULATIONS
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The Finite Element Method (FEM) has become the standard method for solving mechanical problems. In
FEM, the discretization of both the approximation of the solution and the analysis domain representation,
including its boundary, is usually the same. Therefore, the complexity of the FEM mesh is directly
linked to that of the analysis domain. One idea to reduce the cost and complexity associated to the mesh
generation process is to use an auxiliary embedding domain which is easier to mesh. Several alternative
methods to the standard FEM have been developed based on this idea, under the names of Immersed
Boundary, Fictitious domain or Embedded domain methods.
Among these methods we find the Cartesian grid Finite Element Method (cgFEM)[1]. Using a hierarchical data structure based on a set of Cartesian grids with h-adaptive refinement, the method can easily
reuse data between calculations, project information through the refinement process, or apply parallel
computation algorithms, among other interesting features. All these considerations result in a highly
efficient method in terms of computational cost. In this presentation we show some advantages of using
cgFEM with some application cases, such as medical image analysis [2] or optimization problems [3].
We will also show the weak points of the method with respect to body-fitted FE formulations, together
with the approaches followed to overcome them.
This abstract is submitted for the ”ECCOMAS young investigators minisymposium” in the format of
presentation in pairs.
REFERENCES
[1] E. Nadal Soriano. Cartesian grid FEM (cgFEM): High performance h-adaptive FE analysis with efficient error control. Application to structural shape optimization. PhD thesis, Universitat Politcnica
de Valncia, Valencia (Spain), 2014.
[2] L. Giovannelli, J.J. Rdenas, J.M. Navarro-Jimnez, and M. Tur, Direct medical image-based Finite
Element modelling for patient-specific simulation of future implants, Finite Elements in Analysis
and Design, vol. 136, 2017.
[3] E. Nadal, J. J. Rdenas, J. Albelda, M. Tur, J. E. Tarancn, and F. J. Fuenmayor, Efficient Finite
Element Methodology based on Cartesian grids: Application to structural shape optimization. Abstract and Applied Analysis, vol. 2013, pp. 119, 2013.
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THEORY AND PRACTICE OF SPACE-TIME FINITE ELEMENTS
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Space-time finite element methods are a particularly attractive choice for the simulation of
time-dependent partial differential equations (PDEs), especially for problems with moving singularities. From the analysis point of view, the simultaneous discretization of space and time
with finite elements leads to a clean formulation based on a single numerical method. From the
computational point of view, space-time methods allow, e.g., for adaptive mesh refinement in
space and time [1], as well as, handling complex and time-dependent computational domains.
The theoretical part of this joint contribution, focuses on the treatment of inhomogeneous constraints in the setting of parabolic problems. We consider a space-time discretization method
for the heat equation with inhomogeneous (time-dependent) Dirichlet boundary conditions. It is
shown that an appropriate projection of the boundary conditions is necessary to obtain optimal
error bounds. Both space-time errors and nodal superconvergence are discussed, see [2].
In the computation part of this contribution, application examples of finite element simulations
on space-time meshes are presented. The potential of the proposed method to handle topology
changes is demonstrated in flow simulations of valves solving the compressible Navier-Stokes
equations [3]. An extension to fluid-structure interaction problems is under development.
REFERENCES
[1] M. Behr, “Simplex space-time meshes in finite element simulations”, International Journal
for Numerical Methods in Fluids, 57 (2008) 1421–1434.
[2] I. Voulis and A. Reusken, “Discontinuous Galerkin time discretization methods for parabolic
problems with linear constraints” Journal of Numerical Mathematics, 27:3 (2019) 155–182.
[3] M. von Danwitz, V. Karyofylli, N. Hosters, and M. Behr, “Simplex space-time meshes in
compressible flow simulations”, International Journal for Numerical Methods in Fluids,
91 (2019) 29–48.
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Although it has been around for several decades, mesh adaption is still a very active research
topic, especially when coupled to high performance computing. Mesh adaption is an
optimization problem where the objective function is a quality measure for triangles. It is solved
iteratively by operating local modifications such as node repositioning or edge swap in small
patches defined as the triangles containing a given node or edge.
The main issue for parallel computing is that patches overlap, and thus while a patch of elements
is being optimized, any other patch containing at least one of these elements cannot be
optimized at the same time. The most widely used way to solve this issue on both distributedmemory and shared-memory architectures is to partition the mesh, and then adapt the mesh
within each partition independently while freezing inter-partition boundaries (i.e., nodes or
edges shared by two partitions cannot be modified). To ensure the whole mesh gets adapted, it
can be repartitioned and re-adapted several times with changing inter-partition boundaries. This
coarse-grained strategy is actually used both for mesh generation and adaption [1–3]. Recently,
fine-grained and hybrid strategies have been proposed for mesh generation on shared-memory
architectures [4].
The objective of this work is to implement efficiently the topological optimization algorithm of
T. Coupez [1,5] on a Graphics Processing Unit (GPU). While a Central Processing Unit (CPU)
can run sequential instructions very fast, it is hoped that with an efficient massively parallel
algorithm, more computational power will be accessed on the GPU. In this presentation of
things that did not work (as expected), memory latency, occupancy, and other GPU-related
notions will be introduced and discussed in order to give insights on what can be done on the
GPU and what cannot, especially when finite element meshes are involved.
REFERENCES
[1]
[2]
[3]
[4]
[5]

T. Coupez, H. Digonnet, R. Ducloux, Parallel meshing and remeshing, Appl. Math.
Model. 25 (2000) 153–175.
F. Alauzet, A. Loseille, On the Use of Space Filling Curves for Parallel Anisotropic
Mesh Adaptation, in: Proc. 18th Int. Meshing Roundtable, Springer Berlin Heidelberg,
Berlin, Heidelberg, 2009: pp. 337–357.
C. Marot, J. Pellerin, J. Remacle, One machine, one minute, three billion tetrahedra,
Int. J. Numer. Methods Eng. 117 (2018) nme.5987.
J.-F. Remacle, A two-level multithreaded Delaunay kernel, Comput. Des. 85 (2017) 2–
9.
M. Shakoor, P.-O. Bouchard, M. Bernacki, An adaptive level-set method with
enhanced volume conservation for simulations in multiphase domains, Int. J. Numer.
Methods Eng. 109 (2017) 555–576.
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ABSTRACT
In the field of computational mechanics, the phase-field method (PFM) has emerged as a powerful tool
to simulate evolving interfacial problems. Due to the simplicity of representing evolving phases via implicit function representation, PFM has contributed to solving challenging engineering problems such
as the modeling of brittle and ductile fracture, hydraulic fracture modeling in fluid-saturated and unsaturated porous media, phase-transitions such as crystallization and melting materials in free or porous
material. In spite of the excellent capacity to capture complex geometrical changes, such as branching
and coalescence in fracture mechanics, proper validation of phase field models against real experiments
or lower-scale numerical experiments is still a big challenge. In particular, the physical underpinning and
corresponding inverse problems that recover the length scale parameter(s), remains a matter of debate in
the computational mechanics community. This mini-symposium aims to provide a forum for presenting
and discussing recent advances and challenges related to the experimental validation of PFM via comparison with real or lower-scale experimental results. This includes approaches related to the PF parameter
estimation and numerical issues that affect the results quality.
REFERENCES
[1] Heider, Y. et al. Modeling of hydraulic fracturing using a porous-media phase-field approach with
reference to experimental data. Eng Fract Mech (2018) 202:116–134.
[2] Na, S. and Sun, W. Computational thermo-hydro-mechanics for multiphase freezing and thawing
porous media in the finite deformation range. CMAME (2017) 318:667–700.
[3] Noii, N. and Aldakheel, F. and Wick, T. and Wriggers, P. An Adaptive Global-Local Approach for
Phase-Field Modeling of Anisotropic Brittle Fracture. CMAME (2019) accepted.
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A DIFFUSE-INTERFACE MODEL FOR CAPILLARITY-DRIVEN
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Models of binary-fluid flows can be distinguished into two main classes, viz. sharp-interface and diffuseinterface models. The numerical treatment of sharp-interface models generally proceeds via interfacetracking methods, while diffuse-interface models naturally lead to interface-capturing approaches. The
implicit nature of this second type of method renders diffuse-interface methods particularly suitable for
complex multi-phase flow problems with topological changes, in particular, moving contact lines [1, 2].
Moreover, provided with appropriate wetting boundary conditions, diffuse-interface models possess a
thermodynamic structure in the sense that the dynamics of the flow and the motion of the contact line
dissipate a convex (Helmholtz) free-energy functional [3].
In this presentation, we consider a three-dimensional phase-field model for two-phase pore-scale imbibition in a thin channel with full wetting behavior. The binary-fluid model is based on the quasiincompressible Navier–Stokes–Cahn–Hilliard (NSCH) equations [3]. To exploit the thinness of the
channel, we consider a tensor-product approximation space composed of high-order curvilinear elements
in-the-plane and a single high-order element in the thickness direction. Error based spatial adaptivity of
the mesh is required to account for the large differences in length scales. The numerical results are
compared with experimental data. Furthermore, dampening rates and frequencies of simulations of twodimensional oscillating droplets are compared to those of analytical solutions in order to validate the
model’s viscous dissipation rate and surface tension forces.
REFERENCES
[1] Z. Guo, P. Lin and J.S. Lowengrub, A numerical method for the quasi-incompressible Cahn–
Hilliard–Navier–Stokes equations for variable density flows with a discrete energy law, Journal
of Computational Physics, Vol. 276, pp. 486–507, 2014.
[2] D. Han and X. Wang, A second order in time, uniquely solvable, unconditionally stable numerical
scheme for Cahn–Hilliard–Navier–Stokes equation, Journal of Computational Physics, Vol. 290,
pp. 139–156, 2015.
[3] M. Shokrpour Roudbari, G. Şimşek, E.H. van Brummelen and K.G. van der Zee, Diffuse-Interface
Two-Phase Flow Models with Different Densities: A New Quasi-Incompressible Form and a Linear
Energy-Stable Method, arXiv preprint arXiv:1603.06475v3, 2017.
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Porous media fracture is connected to several important applications in geomechanics, geothermal energy
and soil science. For instance, in enhanced geothermal systems (EGS), high-pressure water is injected
into deep rock layers with low permeability in order to enhance the rocks permeability [1], which leads
to improve the systems efficiency and helps to produce electricity with lower prices. Opposite to this,
drying induced fractures can occur in unsaturated, low-permeable clay due to capillary pressure increase
[2]. This might lead to change of the thermo-hydro-mechanical properties of soil and endanger the
stability of constructions due to degradation of foundation ground stiffness.
In this presentation, we present a numerical modeling framework and experimental study of fracturing in
saturated and unsaturated heterogeneous porous media. To this, the phase-field method (PFM) together
with porous media continuum mechanics are applied. The proposed modeling framework accounts for
the crack nucleation and propagation, deformation of the solid matrix and the different types of fluid flow
in the porous domain and the crack. If unsaturated porous media is considered, then one has to deal with
more then one pore fluid (e.g. water and air). In this case, the mechanical behavior can be expressed by
using Bishops effective stress principle, and phase-field related stiffness degradation mechanism would
be different from the case of fully-saturated porous media. Several numerical examples will be presented
and include qualitative and quantitative comparisons with experimental data. Besides, an overview of
recent advancements in related unsaturated porous media modeling will be presented. This will focus
on the possible inclusion of machine learning in retention curves and anisotropic permeability modeling
using, e.g., deep recurrent neural networks (RNN) and reinforcement learning (RL).
REFERENCES
[1] Heider, Y. and Reiche S. and Siebert P. and Markert, B., Modeling of hydraulic fracturing using a
porous-media phase-field approach with reference to experimental data. Eng. Fract. Mech. (2018)
202: 116134
[2] Heider, Y. and Sun, W. A phase field framework for capillary-induced fracture in unsaturated porous
media: Drying-induced vs. hydraulic cracking. Comput Methods Appl Mech Eng (2019) DOI:
j.cma.2019.112647
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The phase-field model for fracture is a powerful numerical framework to approximate the evolution of
cracks in a continuous and mesh-independent manner. The energetic evaluation of the strain energy density with respect to crack driving and persistent components is a thermodynamically consistent approach
to describe the dissipation of strain energy into the formation of a crack surface for brittle fracture characteristics, see e.g. [1]. The extension to transient simulations provides the means to model a crack tip
velocity and branching characteristics according to experimental evidence, see e.g. [2] and [3].
A key ingredient of the phase-field model is the split of the strain energy density. It can be shown, that
the most commonly applied spectral and volumetric-deviatoric splits result in realistic crack patterns at
monotonic loading. Nevertheless, their approximation of the post-fracture behaviour is incorrect [4].
The directional split is based on an additional vector to describe the spatial orientation of the crack and
allows for a more realistic simulation of the post-fracture behaviour [5].
The contribution at hand demonstrates the application of the directional phase-field model to the simulation of the evolution of fracture in concrete plates at impact loading. The transient simulations give
insight into the different mechanisms, that lead to the final crack patterns observed in experiments. Especially their formation as a subsequent and/or simultaneous process gives valuable insight for the understanding of crack evolution in concrete due to impact loading and allows for enhanced countermeasures
against this extraordinary load case.
REFERENCES
[1] M. Ambati, T. Gerasimov, L. De Lorenzis: A review on phase-field models of brittle fracture and a
new fast hybrid formulation, Comput Mech, 55, 383–405 (2015).
[2] B. Yin, C. Steinke, M. Kaliske: Formulation and Implementation of Strain Rate-Dependent Fracture
Toughness in Context of the Phase-Field Method, Int J Numer Methods Eng, 121, 233–255 (2020).
[3] C. Steinke, K. Öcenç, G. Chinaryan, M. Kaliske: A comparative study of the r-adaptive material
force approach and the phase-field method in dynamic fracture, Int J Fract, 201, 97–118 (2016).
[4] M. Strobl, T. Seelig: A novel treatment of crack boundary conditions in phase field models of
fracture, Proc Appl Math Mech, 1, 155–156 (2015).
[5] C. Steinke, M. Kaliske: A phase-field crack model based on directional stress decomposition, Comput Mech, 63, 1019–1046 (2019).
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FEM SIMULATION OF CRACK PROPAGATION IN A CARBON BLACK
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We consider a monolithic phase-field description for fractures in nearly incompressible materials, i.e.,
carbon black filled ethylene propylene diene monomer rubber (EPDM). The used quasi-static phase-field
fracture model in its classical formulation fails due to locking effects if the considered solid is nearly
incompressible [1]. To allow simulating crack growth in rubber-like materials, the classical phase-field
fracture model is extended [2]. The approach builds on a mixed form of the solid-displacement equation
resulting in two unknowns: a displacement field and a hydrostatic pressure variable. In order to fulfill an
inf-sup condition, stable Taylor-Hood elements are employed for the displacement-pressure system. The
fracture path is described with a phase-field function defined as a smoothed indicator variable. The crack
irreversibility constraint is handled with a Lagrange multiplier embedded in the overall system, see [2].
Alternatively, a primal-dual active set method can be used instead, see [3].
Numerical results are validated on crack propagation experiments of EPDM. Experiments in punctured
EPDM strips from Deutsches Kautschukinstitut e.V. (DIK) are evaluated by digital image correlation for
a carbon black filled EPDM. These crack propagation experiments are complemented with investigations
identifying the mechanical material properties as well as the critical strain energy release rate. To approve
and demonstrate the quality of the new established mixed phase-field fracture model, it is applied to
simulate crack propagation in punctured EPDM strips. As two quantities of interest, the crack paths and
the load-displacement curves are discussed.
REFERENCES
[1] P. Šuštarič, M. RR Seabra, J. MA C. de Sa, T. Rodič, Sensitivity analysis based crack propagation criterion for compressible and (near) incompressible hyperelastic materials, Finite Elements in
Analysis and Design, Volume 82, pp. 1-15, 2014.
[2] K. Mang, T. Wick, W. Wollner, A phase-field model for fractures in nearly incompressible solids.
Computational Mechanics, pp. 61-78, 2020.
[3] T. Heister, M. F. Wheeler, T. Wick, A primal-dual active set method and predictor-corrector mesh
adaptivity for computing fracture propagation using a phase-field approach. Computer Methods in
Applied Mechanics and Engineering, Volume 290, pp. 466-495, 2015.
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Ice formation in porous media is a phenomenon characterized by coupled heat and mass transport which
could lead to considerable deformations [1]. Studying of such process is important in many engineering
applications. In cold regions where periodic freezing occurs, porous materials like road pavements and
concrete are usually subjected to frost damage. Moreover, some techniques such as artificial ground
freezing, which are widely used for ground-water control and temporary excavation support in noncohesive soils, can lead to heave and settlement of the ground surface.
In the underlying research work, a macroscopic model based on the Theory of Porous Media (TPM)
extended by the phase-field modeling (PFM) is presented toward the description of freezing and thawing processes in unsaturated porous media. The proposed thermo-hydro-mechanical model consists of
a porous solid matrix, a pore-fluid phase representing solid ice and liquid water, and a gas phase. The
model accounts for the temperature development, fluid-phase transitions, and the accompanied volume
deformations. The TPM is used for the description of the deformable, heterogeneous porous solid [2],
while the PFM is employed to depict the phase change process in the fluid constituent that is described by
a unified formulation [3]. The thermally-driven phase-field model allows for a diffusive interface treatment of the freezing front and can easily be implemented, where it is not required to explicitly prescribe
the boundary conditions on the moving freezing interface [4]. Numerical examples are presented and
compared with experimental data to demonstrate the ability and usefulness of the model in describing
the freezing-thawing process in porous solid under thermal cyclic loading.
REFERENCES
[1] J. Bluhm, T. Ricken, M. Blofeld. Ice Formation in Porous Media, Advances in Extended and Multifield Theories for Continua, pp. 153–174. Springer Berlin Heidelberg 2011 (ed.) B. Markert.
[2] A. Obaid, S. Turek, Y. Heider, B. Markert. A new monolithic Newton-multigrid-based FEM solution scheme for large strain dynamic poroelasticity problems, Int. J. Numer. Meth. Eng. (2017)
109(8):1103–1129 .
[3] W. J. Boettinger, J. A. Warren, C. Beckermann, A. Karma. Phase-Field Simulation of Solidification,
Annu. Rev. Mater. Res. (2010) 32:163–194.
[4] A. Sweidan, Y. Heider, B. Markert. Modeling of PCM-based enhanced latent heat storage systems
using a phase-field-porous media approach, Continuum Mech. Therm. (2019) 1–22.

3780

Microscopic
Fadi
Aldakheel
Modeling of Concrete Failure Under Fully Saturated Conditions

14th World Congress on Computational Mechanics (WCCM)
ECCOMAS Congress 2020
19–24 July 2020, Paris, France

MICROSCOPIC MODELING OF CONCRETE FAILURE UNDER
FULLY SATURATED CONDITIONS
Fadi Aldakheel
Leibniz Universität Hannover, 30167 Hannover, Germany
e-mail: aldakheel@ikm.uni-hannover.de, web page: https://www.ikm.uni-hannover.de/aldakheel
Key Words: Phase-Field Modeling, Microstructure, Concrete, Experimental Observation, Poro-Plasticity
This work provides a micromechanical framework for modeling water-induced failure mechanisms of
concrete in an experimental-virtual lab. The complicated geometry and content of concrete at lower
scale can be detected by a computed tomography (micro-CT) scan. Based on the experimental observations of [1], we developed a constitutive model for the coupled problem of fluid-saturated heterogeneous
porous media at fracture. The poro-plasticity model is additively decomposed into reversible-elastic and
irreversible-plastic parts. The governing formulations are based on an energetic response function and a
dissipated work due to plasticity (Drucker-Prager model [2]), fluid transport (Darcys law [3]) and fracture
(phase-field method [4, 5, 6, 7]) for the multiphysics problem. The model performance is demonstrated
by means of some representative numerical examples, as outlined in [8].
REFERENCES
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using an efficient virtual element scheme. Comput. Mech. Comput. Methods Appl. Mech. Engrg.
(2018) 341:443-446
[7] Aldakheel, F., Hudobivnik, B. & Wriggers, P., Virtual element formulation for phase-field modeling
of ductile fracture. INT J MULTISCALE COM (2019) 17(2):181-200
[8] Aldakheel, F. A microscale model for concrete failure in poro-elasto-plastic media. Submitted to
Elsevier, 2019.
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Fatigue fracture is one of the most important causes of material failure in engineering
applications. Numerical modelling of fatigue processes still presents a considerable challenge
for engineers and researchers. While the phase-field approach to numerical fracture modelling
has already proved its great potential in predicting complex fracture processes such as
nucleation, propagation, branching and merging for the cases of monotonic quasi-static and
dynamic loadings outlined in [1], it is still lacking a proper definition for the cases of cyclic
loading.
This contribution presents a phase-field model for fatigue fracture modelling as an extension to
the algorithm presented in author’s previous study [2]. It is based on the introduction of a local
energy accumulation variable which allows for structure loading history to be taken into
account. The variable is then inserted into a degradation function which lowers the material
fracture properties, as similar to [3]. In this work, an elastic brittle material and a ductile material
are both considered. In addition to the numerical examples showing the capability of the model
to retrieve the characteristic fatigue fracture features, a comparison with the experimental
results is conducted. Within the framework of experimental investigations, the crack
propagation and fatigue life test are carried to validate the presented model.
REFERENCES
[1] F. Aldakheel, B. Hudobivnik, A Hussein, P Wriggers, “Phase-field modeling of brittle fracture
using an efficient virtual element scheme”, Comput.Methods in Appl.Mech.Eng., Vol. 341, pp.
443−466, (2018).
[2] K. Seleš, T. Lesičar, Z. Tonković and J. Sorić, “A residual control staggered solution scheme for
the phase-field modelling of brittle fracture”, Eng. Fract. Mech., Vol. 205, pp. 370−386, (2019).
[3] R. Alessi, S. Vidoli and L. De Lorenzis, “A phenomenological approach to fatigue with a
variational phase-field model: the one-dimensional case”, Eng. Fract. Mech., Vol. 190, pp. 53−73,
(2018).
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ABSTRACT
This minisymposium aims to provide an outstanding opportunity for academic and scientists'
communities and all experts alike to address technical advances and challenges in masonry
analysis. Masonry structures, mainly existing constructions, constitute an important part of the
international heritage such as buildings, bridges, tunnels, etc. Their degradation and aging
raise many issues about preservation prediction methods and techniques. In order to provide
reliable solutions, it is important to understand their mechanical, thermal and hydric behavior
and couplings. However, the masonry complexity from the point of view of material and
structure requires various analysis approaches, in particular experimental, numerical or
theoretical methods.
The proposed topics cover a wide range of scales from material to structure, while integrating
architectural and construction aspects: Arches, Vaults, Domes, Walls, Bridges, Earth
constructions... The used materials can be issued from natural origin (stones, earth,..),
industrial material (cooked clay bricks..) and is also an innovative material used for the
repairing and rehabilitation of these constructions.
Minisymposium Topics:
Theory and practice of conservation; Inspection methods; Non-destructive techniques and
laboratory testing; Numerical modeling and structural analysis; Management of heritage
structures and conservation strategies; Structural health monitoring; Repair and strengthening
strategies and techniques; Vernacular constructions; Architectural heritage; Seismic analysis
and retrofit; Vulnerability and risk analysis; Durability and sustainability.
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Failure of vertically perforated brick masonry under vertical loading is triggered by lateral
tensile stresses in the upper and lower regions of the perpendicular webs [1]. Thus,
reinforcement of the bed joints introduces a new way to improve the vertical resistance of
masonry by stiffening these perpendicular webs, thereby reducing the lateral tensile stresses.
The aim of this work was to estimate the feasible increase of the vertical load carrying capacity
by means of the Extended Finite Element Method (XFEM). Using a unit cell approach, the
orthotropic Hoffman damage initiation criterion and the Virtual Crack Closure Technique
(VCCT) for crack propagation, the compressive masonry strength could be predicted accurately
[1]. Fibre reinforced bed joints with homogenized material properties were introduced in the
simulation tool by means of a multiscale approach. The simulations showed, that with fibre
reinforced bed joints not only the initial crack could be postponed, but also a more ductile
fracture behaviour could be observed. A stochastic approach allowed to study the fluctuations
of the compressive masonry strength as well as the fluctuations of the strength increase. Taking
this information into account, an increase of the compressive masonry strength's 5 %-quantile
up to 33 % could be predicted, using a glass fibre reinforced bed joint. Hence, this work
illustrates the vast potential of fibre reinforced bed joints in improving the vertical load-bearing
capacity of brick masonry.
In addition, homogenisation strategies, able to link mechanical properties of the ceramic brick
body to microstructural characteristics of fired clay, will be presented. These models are based
on a huge set of identification experiments, such as, e.g., scanning electron microscopy, μ-CT
[2], grid nanoindentation [3], and scanning thermal microscopy, to identify material phases as
well as their elastic and thermal properties. The XFEM approach at the masonry scale together
with these models at the brick body scales ultimately allow a continuous mechanical description
from the microscale of fired clay to the masonry scale through a so-called multiscale model.
REFERENCES
[1] T. Kiefer, H. Kariem, M. Lukacevic, J. Füssl; The compressive strength of vertically

perforated clay block masonry predicted by means of a unit-cell type numerical simulation
tool taking discrete cracking into account. Construction and Building Materials 150, 2434, 2017.
[2] H. Kariem, C. Hellmich, T. Kiefer, A. Jäger, J. Füssl; Micro-CT-based identification of
double porosity in fired clay ceramics. Journal of Material Science 53, 9411-9428, 2018.
[3] H. Kariem, J. Füssl, T. Kiefer, A. Jäger, C. Hellmich; The viscoelastic behaviour of
material phases in fired clay identified by means of grid nanoindentation. Construction and
Building Materials 231, 2020.
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The development of different constructive techniques is somehow conditioned to the investment in scientific research, aiming at comprehend the behaviour of materials; not only as individuals, but also as
a whole compound. One area that has growth, for its importance in structural integrity analysis, is the
analysis of masonry structures in fire situations. However, there exists an inherent difficulty on performing real standard tests under fire situations [1], [2]. The present work has as its main objective the study
of the thermal behaviour of clay blocks at high temperatures, having the geometry of internal cavities as
the main reference parameter. For this purpose, three different geometric configurations were analysed.
The thermal analysis was accomplished by using the commercial software ABAQUS. It was considered
radiation, convection and conduction as heat transfer mechanisms. Radiation and convection was accounted for heat transfer between fire and the fire-exposed face of the wall, and between the wall and
the ambient. It was considered air as fluid for the cavity representation. Thus, fluid-structure analysis
was considered within the internal cavities. The numerical simulations were purely thermal, aiming at
analysing the dependence of the internal geometry of the cavities. Numerical results were compared with
experimental results obtained from literature [3], showing good correspondence.
REFERENCES
[1] European Committee for Standardization. EUROCODE 6: EN 1996-1.2: Design of masonry structures: Part 1-2: general rules: structural fire design, Brussels, (2005).
[2] Associação Brasileira de Normas Técnicas. NBR 5628: Componentes Construtivos Estruturais Determinação da Resistência ao Fogo, Rio de Janeiro, (2001).
[3] Lima, R.C.A. and G., Mohamad and Kirchhof, L.D. and Neto, A.B.S.S. Assess of hollow clay block
masonry wallets under high temperature, Revista Matéria, (2018) 23(3).
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Since the first discovery by Robert Hook of the analogy between the structural behavior of a masonry
arch with that of a catenary, for approximately three centuries the analysis of masonry structures has been
pursued through the research of equilibrium states under compressive forces. A rigorous formalization
of such an approach was finally provided by Heyman [1], who showed that standard limit analysis theory
can be rigorously adopted for masonry structures under the assumptions of negligible elastic strains, infinite compressive strength, vanishing tensile strength, and no-sliding condition for the masonry material.
In last decades, modern computers and advanced numerical methods have made possible to translate
those principles in powerful tools for the analysis of masonry constructions. Among them, it is worth
mentioning rigid block computational analysis, originated from the pioneering work by Livesley [2];
computational thrust-line analysis [3]; approaches based on the thrust network analysis [4]; numerical
solution strategies of Milankovitch’s equations [5, 6].
In the present work, a unifying computational method is presented for the lower-bound analysis of systems of masonry arches and buttresses, based on the original model of monodimensional masonry structural element with multiple potential failure sections [7]. The predicting capabilities of the proposed
approach are investigated in numerical simulations, proving that an accurate and safe prediction of the
loading capacity of real structures can be derived in a completely automatic fashion.
REFERENCES
[1] Heyman, J. The stone skeleton. Int. J. Solids Struct. (1966) 2:249–279.
[2] Livesley, R. K. Limit analysis of structures formed from rigid blocks. Int. J. Numer. Methods Eng.
(1978) 12:1853–1871.
[3] Block, P. and Ciblac, T. and Ochsendorf, J. Real-time limit analysis of vaulted masonry buildings.
Comput. Struct. (2006) 84:1841–1852.
[4] O’Dwyer, D. W. Funicular analysis of masonry vaults. Comput. Struct. (1999) 73:187–197.
[5] Milankovitch, M. Theorie der Druckkurven. Zeitschrift für Mathematik und Phyisk (1907) 55:1–27.
[6] Ricci, E. and Fraddosio, A. and Piccioni, M. D. and Sacco, E. A new numerical approach for
determining optimal thrust curves of masonry arches. Eur. J. Mech. A-Solids (2019) 75:426–442.
[7] Nodargi, N. A. and Bisegna, P. A unifying computational approach for the lower-bound analysis of
systems of masonry arches and buttresses. submitted (2020).
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Environmental actions can play a significant role in the degradation of porous building
materials such as masonry, also due to climate change-related phenomena. Salt crystallization
is typically recognized as one of the main degrading phenomena [1]. Furthermore,
environmental actions can also degrade the performance of strengthening systems, e.g. fiber
reinforced polymer (FRP) and fiber reinforced cementitious matrix (FRCM), typically applied
on masonry substrates [2] to enhance the structural resilience.
In this research, the numerical simulation of accelerated ageing cycles of unreinforced and
strengthened masonry [3] is conducted through a multiphase model accounting for salt transport
and crystallization. Particularly, this model appears also extendible to a multiphysics
framework capable to account for damage as well.
Furthermore, to assess the effects of ageing also at the structural level, the environmentallyinduced loss of mechanical performance in strengthened masonry structures is assessed through
an efficient modelling strategy [4] able to deal with full-scale structures. Accordingly, the loss
of performance is determined by comparing the mechanical response at degraded conditions
with the one at state-of-the-art conditions.

REFERENCES
[1] Scherer, G. W. (2004). Stress from crystallization of salt. Cement and concrete research,

34(9), 1613-1624.
[2] Franzoni, E., Gentilini, C., Santandrea, M., & Carloni, C. (2018). Effects of rising damp
and salt crystallization cycles in FRCM-masonry interfacial debonding: Towards an
accelerated laboratory test method. Construction and Building Materials, 175, 225–238.
[3] de Miranda, S., D’Altri, A. M., & Castellazzi, G. (2019). Modeling environmental ageing
in masonry strengthened with composites. Engineering Structures, 201, 109773.
[4] D’Altri, A. M., Messali, F., Rots, J., Castellazzi, G., & de Miranda, S. (2019). A damaging
block-based model for the analysis of the cyclic behaviour of full-scale masonry structures.
Engineering Fracture Mechanics, 209, 423–448.
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The vertical bearing strength of masonry walls is strongly influenced by out-of-plane buckling phenomena induced by construction imperfections and/or horizontal loads. Indeed, in vertically loaded masonry
walls, out-of-plane collapse mechanisms often prevail on compressive vertical crushing [1].
Many approaches were proposed in the last decades to simulate the progressive out-of-plane instability
phenomena of masonry structural elements, both analytic [2] and empirical, such as those adopted in
technical codes. However, numerical simulations have been recently preferred, as these result more
efficient and accurate. In these simulations, Finite Element (FE) techniques are usually adopted [1, 3],
relying on micromechanical, macromechanical or multiscale approaches.
This work extends the multiscale beam-to-beam FE model presented in [4] to study the out-of-plane
stability of masonry walls under eccentric vertical compressive loads. The model at the macroscale
considers a two-dimensional Timoshenko beam that is linked to a repetitive masonry Unit Cell (UC) at
microscale. This is made by the superposition of a single linear elastic brick, a mortar joint exhibiting a damage-plastic constitutive response and, possibly, a reinforcing layer, characterized by a piecewise linear damage-based constitutive law. A corotational formulation is considered for the beam at the
macroscale that accounts for large nodal displacements and P-Delta effects occurring during instability
phenomena. The response of eccentrically loaded masonry walls is reproduced, comparing the numerical
results with experimental data and analytic solutions.
REFERENCES
[1] Bernat, E., Lluis, G., Roca, P. and Sandoval, C. Experimental and numerical analysis of bendingbuckling mixed failure of brickwork walls, Construction and Building Materials, 43, 1-13, (2013).
[2] Yokel, F.Y. Stability and load capacity of members with no tensile strength, Journal of the Structural
Division, 97, 1913-1926, (1971).
[3] Lu, M., Schultz, A.E., and Stolarski, H.K. Application of the arc-length method for the stability
analysis of solid unreinforced masonry walls under lateral loads, Engineering Structures, 27, 909919, (2005).
[4] Addessi, D. and Sacco, E., Homogenization of heterogeneous masonry beams, Meccanica, 53(7),
1699-1717, (2017).
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ABSTRACT
Metamaterials are designed media with periodic units comprised of tailor-made geometry and
pattern aimed at accomplishing exceptional bulk properties which are unprecedented in
conventional materials.
One of the biggest challenges for the field of mechanical metamaterials is the ability to identify,
in a systematic and efficient way, structural geometries that endow metamaterials with desired
functionalities. Many experimental studies have demonstrated unconventional properties
through fabrication and testing of metamaterials designed ad-hoc. However, to design and
predict the response of metamaterials, ‘computational methods’ play a key role. The use of
numerical models can provide a concise description of complex phenomena, such as dynamical
behavior and/or large, quasi-static deformations. In particular, Finite Element Method is a wellestablished approach in mechanics and yields accurate results for structural analysis of arbitrary
geometrical shapes. However, when dealing with three-dimensional materials with complex
geometries, the method can become computationally expensive. Advances in dynamic
homogenization methods can play an important role in such cases.
This symposium aims at bringing together scientist and engineers working in the field of
metamaterials with particular focus on (but not limited to):
-

Theory and numerical modeling of structured materials
Data-driven design of architected materials
Geometrical representation of metamaterials
Dynamic homogenization of metamaterials
Noise & Vibrations reduction using metamaterials
Adaptive metamaterials
Experimental methods for metamaterial
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A popular paradigm to design metamaterials is using transformation method to obtain the
distribution of effective material properties. Although, great successes have been achieved in
transformation optics and transformation acoustics [1], the progress of transformation elastics
is rather slow, because classical elastodynamic equations are not form-invariant [2].
We also found that the expression of the elastodynamic potential energy is generally not forminvariant after conformal mapping. However, the form-invariance can be almost retained if we
can maximize the ratio of traditional strain energy terms over the extra term after transformation.
This requires that the longitudinal wave velocity is much larger than the transverse wave
velocity, or the wavelength is shortened by converting the waves into surface modes [3]. In this
way, we proposed a general method to design metamaterials that can manipulate elastic waves
of complex modes. Owing to the conformal mapping, the resultant metamaterial is isotropic
and is effective for a broad frequency bandwidth.
The validity of this general design method has been experimentally demonstrated by a wave
bender [3] and a wave concentrator [4], which show great potential in vibration isolation and
low-frequency wave damping or harvesting, respectively. In addition, these metamaterials are
easy to fabricate, which could greatly facilitate their practical applications.

REFERENCES
[1] P. Ball, Bending the laws of optics with metamaterials: an interview with John Pendry.

National Science Review, Vol. 5, pp. 200202, 2018.
[2] G.W. Milton, M. Briane and J. R. Willis, On cloaking for elasticity and physical equations
with a transformation invariant form. New Journal of Physics, Vol. 8, 248, 2006.
[3] H. X. Gao and Z. H. Xiang, Manipulating elastic waves with conventional isotropic
materials. Physical Review Applied, Vol. 11, 064040, 2019.
[4] H. X. Gao, W. Liu, Y. X. Sun, L. Xu and Z. H. Xiang, Omnidirectional broadband lowfrequency elastic wave concentrator. Physical Review Applied, Vol. 12, 064020, 2019.
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non-dimensional amplitude

Acoustic metamaterials (AMMs) are structured materials that exhibit unusual dynamic characteristics
due to the presence of band gaps (BGs), which prevent the propagation of mechanical waves in their corresponding frequency range. BGs are caused by the impedance mismatch at material interfaces (Bragg
scattering) and by the local resonance of resonators (Mie scattering).
Among the various analytical and numerical methods used for undamped and damped AMMs, the widely
used lumped mass method (LMM) suffers from loss of accuracy outside resonance frequency of resonators, whereas the finite element method (FEM) becomes computationally expensive at high frequencies. In this work, we analyze both undamped and damped AMMs as continuous systems through the
spectral element method (SEM). SEM is an analytical procedure that provides highly accurate and inexpensive results because the shape functions correspond to the solutions to the wave equation and are
frequency dependent. We compare the band structure to those obtained by LMM and FEM. We also study
the behavior of a finite AMM waveguide by means of transmissibility relations (see Figure 1). Finally,
we investigate the effects of constant viscous damping and frequency-dependent viscoelastic damping.
1
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Figure 1. Transmissibility relation between undamped, viscous damped, Kelvin-Voigt viscoelastic
damped, and generalized Maxwell viscoelastic damped 1D AMM showing BGs (gray shaded regions).
REFERENCES
[1] Lee U. Spectral element method in structural dynamics. John Wiley & Sons (2009).
[2] Xiao Y, Wen J, Wen X. Longitudinal wave band gaps in metamaterial-based elastic rods containing
multi-degree-of-freedom resonators. New Journal of Physics. 2012 Mar 30;14(3):033042.
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Designing protective armors is important for varied civil and defense applications. Ceramic-polymer
composite armors are particularly interesting for their high strength and light weight with high energy
absorption capability [1, 2, 3]. However, we believe that the efficiency of ceramic polymer composite
armors can be increased drastically if we replace the bulk polymer layer with a metamaterial whose constituent chemical composition is polymer. This is because metamaterials have certain clear advantages
over their classical counterparts in the context of the above-mentioned features desired from protective
armors [4, 5]. The present study is geared towards investigating this aspect. We have designed a polymer
metamaterial with a specific microstructure that has high energy absorption capability in terms of attenuating elastic waves. We specifically study attenuation of blast load via transmission losses. A major
challenge in the study is to account for the extreme computational overhead involved in modelling microstructure details of the metamaterial in the classical way. Note that microstructures, i.e. geometry, size
and shape of the microstructure is mostly responsible for the nonintuitive properties of metamaterials.
We have bypassed the huge computational requirement by proposing a novel upscaling methodology,
emphasizing on their rotational deformation modes. We envisage that the methodology would be useful
to other related studies on mechanical metamaterials.
REFERENCES
[1] Jacobs, M. J. N., and Van Dingenen, J. L. J. (2001). Ballistic protection mechanisms in personal
armour. Journal of materials science, 36(13), 3137-3142.
[2] Hani, A. R., Roslan, A., Mariatti, J., and Maziah, M. (2012). Body armor technology: a review
of materials, construction techniques and enhancement of ballistic energy absorption. Advanced
Materials Research (Vol. 488, pp. 806-812). Trans Tech Publications.
[3] Yadav, S., and Ravichandran, G. (2003). Penetration resistance of laminated ceramic/polymer structures. International Journal of Impact Engineering, 28(5), 557-574.
[4] Ji, G., Fang, Y., Zhou, J., and Huang, X. (2019). Porous labyrinthine acoustic metamaterials with
high transmission loss property. Journal of Applied Physics, 125(21), 215110.
[5] Achaoui, Y., Antonakakis, T., Brule, S., Craster, R. V., Enoch, S., and Guenneau, S. (2017).
Clamped seismic metamaterials: ultra-low frequency stop bands. New Journal of Physics, 19(6),
063022.
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In this work, we investigate the in-plane uni-axial dynamic compressive response of regular hexagonal
honeycombs in the presence of an entrapped gas at various strain-rates. The schematic of the hexagonal honeycomb structure being studied is shown in Figure 1. The entrapped gas is modeled as an ideal
gas with the properties of dry air. The numerical simulations reveal that at sufficiently high strain-rates,
a macroscopic discontinuity, termed as the ‘structural shock,’ forms within the honeycomb specimen,
and the honeycomb cells appear to collapse in a layer-wise manner [1]. Across this macroscopic discontinuity or ‘shock front,’ the first-order derivatives of displacements, such as particle velocity, strain,
and stress, are discontinuous. Since the movement of the collapsed cells resembles a macroscopic onedimensional wave propagation, a cross-sectional averaging technique is adopted to idealize the honeycomb as a one-dimensional continuum [2]. A cross-section is defined as the set of all nodes having the
same X1 coordinate in the un-deformed configuration. Using this technique, physical quantities such as
particle velocities and local strains are averaged over a given cross-section. The relation between the
velocity of the shock front called as the shock speed, and the impact velocity has been determined using Rankine-Hugoniot conditions. It is observed that the shock speed increases almost linearly with the
impact velocity. Using this fundamental relation, the dynamic stress-strain states ahead and behind the
shock front are obtained. These results are in agreement with the FE simulations. The critical impact
velocity required to initiate shock in the given specimen is estimated based on the energy absorption
efficiency method [3].

Figure 1: Schematic of a honeycomb structure with entrapped gas subjected to axial crushing.

3799

A semi-analytical model to estimate the average nominal stress required to crush a honeycomb specimen
with entrapped gas, at a constant velocity has been developed in this work. In addition to the resistance
from the structure, the gas pressure also needs to be overcome in order to crush the honeycomb sample.
The force exerted by the entrapped gas on the structure primarily depends on the meso-scale geometrical
features such as the cell wall lengths, their inclinations, and the volume of the cells. Based on the deformation pattern of the cell walls, the shock speed, and the impact velocity, the collapse of the structure
has been simulated in MATLAB. This enables us to obtain the time-varying meso-scale geometrical features, which in turn are required to estimate the dynamic crushing strength. Figure 2 shows a comparison
between the analytical predictions and the FE results. The predictions of the analytical model are in good
agreement with the FE simulation results for impact velocities pertaining to the shock regime.
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Figure 2: Comparison between analytical predictions and FE results.
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The purpose of this work is to develop an efficient modelling procedure for acoustic
metamaterials that makes it possible to simulate this technology at very large scale with respect
to the dimensions of the periodic unit cell.
Many works in the literature show the exceptional properties of acoustic metamaterials by
means of numerical and experimental studies at coupon level. However, their practical
application in engineering soundproofing problems leads to a series of difficulties that are not
yet been addressed. In aeronautics, the main issue is the integration of the metamaterial with
the airframe since this could strongly compromise the acoustic performances. Moreover, the
metamaterial should satisfy some aeronautical requirements, such as the lightness, thinness and
mechanical strength, which usually clash with the acoustic requirement. In light of these
aspects, it is necessary to adopt a different approach in the design of metamaterials that goes
through its direct verification at system level. The ultimate goal is to establish if the
metamaterial is applicable to the fuselage of an aircraft in order to achieve improvements to the
problem of noise and vibrations in the cabin.
Since the manufacturing of large-scale metamaterial components is still a cumbersome task, it
is unthinkable to proceed experimentally. The availability of a reliable numerical tool becomes
a fundamental need, together with the confidence of the users in the correct and realistic
interpretation of the results produced. Actran is a powerful tool of MSC Software, based on the
finite element method, for the vibroacoustic simulation of complex structures, accounting for
various geometries, load conditions and innovative materials with unconventional properties
such as negative, complex and frequency-dependent mechanical and mass properties. However,
it requires the definition of effective homogenized properties in order to avoid the use of
prohibitive 3D meshes. Even if this approach is quite efficient [1], it limits the applicability of
the model to metamaterials with periodic microstructure, excluding for example the study of
quasi-periodic metamaterials or metamaterials with imperfections.
In this work, the author proposes the use of Component Mode Synthesis (CMS) methods, such
as the Craig-Bampton method, in the framework of commercial software for the analysis of
large-scale metamaterial components. This method, typically adopted in aeronautics for
‘reducing’ secondary components in coupled systems, is here employed to reduce the finite
element models associated to the single units constituting the metamaterial. While overcoming
limitations related to the periodicity, this technique allows a significant reduction of the degrees
of freedom contained in the model of the global system and the results obtained demonstrate its
validity.
REFERENCES
[1] M. Moruzzi, M. Cinefra and S. Bagassi, Vibroacoustic analysis of an innovative
windowless cabin with metamaterial trim panels in regional turboprops. Mech. of Advan.
Mater. & Struct., in press.
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Discovered originally as a visual alternative to proving theorems in mathematical logic [1], Wang tilings
have found applications in computer graphics or biological computing. In this contribution, we discuss
the use of Wang tilings in the design, geometrical modeling, and simulations of microstructured nonperiodic (meta)materials.
The talk splits into three parts. The first part addresses the tiling concept in its most straightforward
installment [2], employing a single tile, possibly rotated by 90 degrees, that allows assembling auxetic or
non-auxetic structures. Next, we show that the elementary scenario naturally extends to the framework
of vertex-based Wang tilings and demonstrate its use in the design of a soft porous metamaterial with a
non-periodic structure.
In the second part, we discuss the use of the Wang concept in the modeling of random microstructures,
trying to emphasize how the idea extends the established periodic unit cell representation. Three tile design strategies are outlined, covering the optimization [3], sample [4], and level-set [5] based approaches.
We also comment on the concept’s potential for data sharing and reproducible results in computational
micromechanics.
The concluding part of the talk is devoted to the development of dedicated simulation tools for heterogeneous materials with their microstructures modeled with Wang tilings. In particular, we introduce a
method for full-scale simulations of such materials combining ideas from computational homogenization
and reduced-order modeling and comment on challenges we are currently facing.
Acknowledgment. This work was supported by the Czech Science Foundation project No. 19-26143X.
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In the past decades, electronic or photonic flat-band systems have been proven to be important in condensed matter physics [1]. The flat-band systems may give rise to novel physical phenomena, including
Anderson localization, non-trivial topological phases, quantum Hall states [2]. However, flat-bands in
the acoustic regime are rarely reported. Phononic crystals and acoustic metamaterials possess unique
properties, which cannot be found in natural materials [3]. Various phenomena in electronic or quantum
systems can be observed in acoustic systems using phononic crystals or metamaterials, such as bandgaps, Dirac cones, topological phases [4].
In the present work, phononic crystal cavities are arranged in the Lieb lattice, which is known as one
of the flat-band lattices in electronic systems. Since the acoustic fields are confined in the cavities, the
wave characteristics can be described by the tight binging model. The effective Hamiltonian is derived
by considering the nearest-neighbor and next-nearest-neighbor hopping strengths between the cavities.
Apart from the analytical model, the dispersion relations are calculated numerically using the finite
element method. This system shows a flat-band (quasi-flat-band) intersecting two conical bands at the
boundary of the Brillouin zone. Furthermore, the effect of hopping strength on the dispersion curves are
studied.
The acoustic flat-bands show potential applications, such as acoustic emitters, amplifiers, and energy
harvesters. Additionally, inspired by the topological insulators it is expected to study the topological
phases of the flat-bands.
REFERENCES
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Phys. (2017) 13:672–676.
[2] Xia S. et al. Unconventional Flatband Line States in Photonic Lieb Lattices. Phys. Rev. Lett. (2018)
121:263902.
[3] Hussein, M.I., Leamy, M.J. and Ruzzene, M. Dynamics of phononic materials and structures: Historical origins, recent progress, and future outlook. Appl. Mech. Rev. (2014) 66:040802.
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Phononic crystals (PnCs) are periodically arranged materials that have increasingly gained interest because
they may exhibit bandgaps, i.e., ranges of frequencies
for which waves cannot propagate. This effect has potential applications in many fields of engineering, such
as energy harvesting, elastic/acoustic filters, vibrationless environments for high-precision equipment, sound
protection devices, and earthquake shields.

frequency error ε

Key Words: Phononic Crystals, Topology Optimization, Level Sets, Enriched Finite Element Methods
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The design of phononic crystals for specific purposes,
2
e.g. bandgap maximization, is not straightforward due Figure 1: Error in the L -norm of the first five
to the complexity of the waves traveling through the bands of a PnC with circular inclusions.
periodic arrangement of materials. Therefore, computational design tools, such as topology optimization
(TO), are employed for the systematic design of periodic unit cells (PUCs). However, the commonlyused density-based approach can only describe staircased or pixelized boundaries at best, and in most
cases has a diffuse interface description by introducing gray values—intermediate material densities.
This is detrimental to the accuracy of the field near the material interface in the PnCs, whose boundary is
expected to be smooth. Mesh refinement helps in reducing these issues, but a finer mesh inevitably leads
to higher computational and optimization cost.
In this presentation we propose a framework for level-set based TO employing the Interface-enriched
Generalized Finite Element Method (IGFEM) [1, 2], that has great potential for the design of PnCs.
Figure 1 shows the L2 -norm of the error of the band structure as a function of the number of degrees
of freedom (DOFs); it demonstrates that the enriched description does not only have a lower absolute
error, it also has a better rate of convergence. We apply the IGFEM based level-set TO to bandgap
maximization, and compare its performance to that of traditional TO methods.
REFERENCES
[1] S. Soghrati, A. M. Aragón, C. A. Duarte, P. H. Geubelle An interface-enriched generalized FEM for problems
with discontinuous gradient fields. Int. J. Numer. Meth. Eng. 89: 991-1008, 2012.

[2] S. J. van den Boom, J. Zhang, F. van Keulen, A. M. Aragón A stable interface-enriched formulation for
immersed domains with strong enforcement of essential boundary conditions. Int. J. Numer. Meth. Eng. 120:
1163–1183, 2019.
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The study will address an analysis of the periodic shunt piezoelectric patches applied for
attenuation of wave propagation in a beam with periodic characteristics, using the Wave
Finite Element Method (WFE) as the formulation. The modelling of structural dynamics
aims to report the characteristics arising from vibrations. Expected to develop an
alternative to monitoring for vibrational control in structural applications exposed to
resonances, in this case addressing the coupling of a piezoelectric derivative connected to
a Timoshenko beam. The approach on the subject refers to the description of various
characteristics involved, such as the geometric analysis of the coupling and its
interactions with structure behaviour, metamaterial properties in vibration wave
attenuations. The results of this study are intended to express a mitigation proportional to
the use of a piezoelectric with shunt configuration.
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ABSTRACT
Non-destructive testing & evaluation (NDT&E) and structural health monitoring (SHM) are
very important for quality assurance of manufacturing and in-service of various structures.
The aim of this mini-symposium is to report and discuss the recent progress in: i)
computational modeling methods which target modal and transient wave analysis (such as
guided wave); ii) new methods/approaches with advanced sensor technologies (sensors can be
mechanical, acoustical, electrical, etc); iii) signal processing algorithms (high-order,
time/frequency domains, adaptive etc); and iv) machine learning based methods for effective
NDT&E and SHM.
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The determination of elastic constants of carbon fiber composites via the non-destructive testing
method is an important input both for structural design, performance assessment and structural
health monitoring. For the non-destructive ultrasonic wave based method, the determination of
the elastic properties highly depends the accurate estimation of the arrival time of quasilongitudinal and quasi-transverse waves. The conventional available methods estimate the
arrival time by using the envelope approach, which is extremely sensitive to noise and prone to
inaccuracy in practice. In this study, a new time localization method based on time-reassigned
synchrosqueezing transform is proposed. The new method could reassign the time-frequency
coefficients in the time direction based on the group delay operator. We demonstrate that this
method can provide high estimation accuracy for the arrival time, which is beneficial for the
determination of elastic constants. Furthermore, the experiment work is carried out to verify the
effectiveness of the proposed method.
REFERENCES
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Damage of concrete due to external loads initiates with distributed microcracking and is followed by
damage localization eventually leading to loss of structural integrity. Identification of distributed
microcracking and crack localization using non-destructive testing (NDT) methods can help reduce high
costs associated with repair and maintenance of concrete structures. Coda wave technology is an NDT
method that is sensitive to weak changes in the material [1]. In this contribution, we use coda wave
technology to identify the state of damage in concrete specimens subjected to various mechanical
loading scenarios. To this end, concrete damage at the specimen scale at different load levels is simulated
using the Discrete Element Method (DEM). Next, the Rotated-Staggered Grid (RSG) finite-difference
technique is used to simulate wave propagation in the meso-structure of the DEM-Concrete specimens
and synthetic Coda waves were recorded at multiple locations. Three machine learning approaches for
damage identification using the synthetic Coda waves are employed i.e. 1) Convolutional Neural
Networks (CNN), 2) Feature extraction (using e.g. Empirical Model Decomposition, Independent
Component Analysis etc...) and 3) Recurrent Neural Networks (RNN). Finally, the accuracy and
efficiency of all three approaches are compared and the implications for damage identification in
concrete discussed.
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Abstract: Ultrasonic technique is massively used to detect defect in carbon fiber reinforced
plastics (CFRP) composite based on the pulse-echo and pitch-catch method with one or two
probes. In this study, a total focusing method (TFM)[1], which features the synthesis of full
matrix data obtained with multiple exciting/receiving elements, has been attempted to fulfill a
full-field characterization of CFRP composite. Addressing the material anisotropy, structural
inhomogeneity, and ply stacking orientation period, the frequency region to enable a stable bulk
wave propagation is obtained using the recursive stiffness matrix method and Floquet wave
theory, and then the frequency-related equivalent homogeneous material parameter can be
calculated. Based on the above results, the wave propagation phase/group velocity at the
specific frequency and direction is ascertained. Then numerical simulation is performed, from
which the obtained wave group velocity is observed to well corroborate that calculated from
analytical derivation, well validating the correctness and accuracy of the proposed
homogenization method. Finally, TFM is performed with corrected propagation velocity in
each direction, realizing the imaging of multiple defects in CFRP composite.
Keywords: carbon fiber reinforced plastics, total focusing method, ultrasound, nondestructive
testing and evaluation, recursive stiffness matrix method
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ABSTRACT
Involving and adapting materials modelling in European industries is the focus of the
materials modelling community in general and in particular of the European Materials
Modelling Council (EMMC). Materials modelling is considered as a European Science &
Technology strength, but the transfer of this strength to industry lacks behind, hampering the
realization of its full economic impact potential [1]. Two important interrelated concepts
developed on a European level in many projects focus on overcoming these obstacles:
Translation and Business Decision Support Systems (BDSS). While the Translation concept
points towards the translation of industrial technological challenges, a BDSS combines the
answers of modelling workflows with business measures in order to support actionable
decisions taken by industrial decision makers. Moreover, the materials modelling market
places provide translation utilisation services for all stakeholders.
The goal of the Minisymposium is to demonstrate and discuss the potency and benefits for
European industry and academia to develop and use ontology-based materials modelling and
its application to computational materials science, structure design, optimisation and applied/
industrial research. Moreover, the application of the ontology-based approach to Translation
and BDSS utilization will discussed by examples from running EU projects. The topic covers
actual and actively developing focusing areas of the EMMC.
The Minisymposium is relevant for multidisciplinary researchers working in industry and
academia targeting different industrial sectors on the one hand. On the other hand, open
research questions will be discussed which call for an uptake by researchers working in basic
research areas related to materials modelling.
REFERENCES
[1] Anne F. de Baas, “Review of Materials Models (RoMM): What makes a material function? Let
me compute the ways”, (2017).
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The gap between fundamental research and successful industrial innovation is commonly called the innovation valley of death. Bridging this valley quite often calls for tailored materials to be developed as fast
as possible and this is the point where modelling and simulation can make a difference to the usually used
trial and error approaches. Unlocking the full potential of materials modelling for industrial end-users,
in particular decision makers responsible for R&D, one may take advantage of so-called Translators.
Translation is a process that starts from industrial manufacturing challenges and Translators, as a role,
pick up these challenges, translate them to modelling and simulation workflows and present the result
to decision makers in industry on the basis of rational design principles, including cost considerations.
This includes the closure of the “language gap” between industrial stakeholders and scientific modellers.
In this paper, we describe a lean approach in order to accomplish this mission in three phases with the
idea to pick up industry at the trial&error point where they usually are. It is well known that in industry
roughly 80% of the costs of products and production processes are locked in during their early conceptual design phase. In order to enhance the usage of materials modelling, it is therefore very important
to support the conceptual phase. Thus, we propose a three phase translation and implementation process
following lean principles:
• Phase 1 closes in an agile fashion the loop from industrial challenges via a digital twin based on
modelling to the industrial decision maker as fast as possible in order to support early conceptual
design decisions. The modelling in this phase is based on the industrial available data lake and
implements the lean principle of a minimal viable product supporting rational design decisions.
• Phase 2 identifies and integrates physics based modelling at the spots in phase one where these
models make a true difference to the data based models. Through the enhanced predictive power,
the risk associated with design decisions is greatly reduced. In this phase, the lean principle of
continuous deployment is used.
• Phase 3 reduces the complexity of model usage within the existing agile loop in order to support
industry in using the system deployed on-site in particular in the field of change management.
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To this end, we re-interpret the standard translation process as defined by the EMMC in an agile fashion.
The scope of this approach is defined by the so-called Triple Helix Innovation process, which handles
relations between industry, RTOs and governmental requirements like regulations. The role of supporting
ontologies is discussed as a basic tool for enhancing the re-usability of the implementation patterns and
for fostering the interoperability of the various implementation artefacts.
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Industry and science define traditionally many needs for simulations. So one may ask what can be new
in a field that is so well covered over so many years. It is not only the computing hardware that has
undergone revolutionary developments. In parallel, software engineering kept pace - more and more
high-level abstractions make their way into the technology making software systems increasingly powerful. Industry has an increasing need for multidisciplinary simulation thereby generating a demand for an
extension towards the integration of more different disciplines. Ontologies provide a perfect vehicle for
the representation and coupling of knowledge, thus the integration. So the aim is to introduce ontologies
on all levels into the larger domain of simulation software system, thus to construct generic simulation
ontology-based framework. The approach is focused on business-decision and translation support using
layers of simulation tools, including multiscale systems simulations of physics-based models. Latter describe the guts of the processing units being coupled with control, optimisation and performance analysis
like based on ecology and techno-economical criteria.
The used models and relations are mathematical descriptions of reality. The theoretical concepts of
such frameworks are captured in ontologies, which is discipline-specific knowledge. The overarching
concepts give answers to the questions: ”What sort of ontology generates a specific model? ”, ”What are
the possible ontological components capture the knowledge of a specified domain?”, ”What is the range
of the application of a specific ontology?”, ”Why do specific domains need specific terminology and
syntaxes?”, ”How can one construct the ontologies for a specific domain?”. Finding the answer to these
questions is the focus of this presentation, aiming at the ultimate goal to design and operate processes
systematically and generically.
Ontologies have, by definition, an extensive range of applications. The materials community is in the
process of generating marketplaces for process engineering activities related to materials and their processing. Besides materials behaviour descriptions, it extends to business decision support and product
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design. The range of potentially involved models thus stretches from business models to fundamental
material models and extends to the economy and ecology, all of which must be extracted from either
simulated or experimental data. Moreover, ontology-based modeling supports the digitalization strategy
of material science and manufacturing for the European industry.
Optimisation enters the activity at different places – decision support, process and product design, operations, and solving physical models in time and space on different scales.
Solving such broadly-defined engineering tasks requires the use of different programs, all of which interact and require access to data storage in the form of databases. Interoperability is again a problem that
can be elegantly solved using the ontological description of data, their nature and structure.
While materials and optimising process modelling have been proven to deliver significant contributions
in shortening the time, business control over new materials, manufacturing processes, and products have
not yet well taken up by industries. Besides, in many cases, new technology is often considered being
risky, time-consuming, and high-skilled demanding.
Summary
To sum up, in analogy to an Australian children’s song: ontologies are beautiful, ontologies are fine,
ontologies we have them all the time, in the decision support and in the interfaces as well as in the digital
twin.
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Physics simulations are essential in R&D and industry to give new insight and can be an invaluable tool
for decision-makers. The technology allows for the low-cost, safe, and efficient improvement of designs.
A prerequisite for simulations is valid information about the behaviour and different characteristics of the
simulation domain. Key sources for information include data libraries, experimental data, data acquired
from IoT-devices and simulators. The European Materials Modelling Council (EMMC) have developed
the European Materials Modelling Ontology (EMMO), which formally defines a vocabulary, taxonomy
and the knowledge base of the materials modelling domain. This formalization enables data- and simulation providers to link data to EMMO concepts to ensure that the semantics are well defined and promotes
the use and sharing of data from data provider to simulators.
In the perspective of connecting simulators with new data sources, a lack of a standard approach to interpret information in a machine-readable manner introduces a cost in terms of adopting data and a risk of
interpreting data incorrectly. One approach to this challenge is to adjust and adapt the data to a particular
simulator. This may work for the particular case, but the re-use value may be limited: Each component
pair of simulators and data sources needs to implement a data interpretation layer leading to a N-squared
problem. A more promising approach is to describe the data source in terms of a common vocabulary
and shared knowledge base known by each component to describe the data in terms of semantics and
structure sufficient for automatic machine interpretation.
Here we demonstrate the latter approach by using EMMO linked with a sub-domain ontology to minimize the human effort required connecting a simulator with heterogeneous data sources. This approach
may be generalized to enable cross-domain information sharing and for creating representations of data
that enable automatic information delivery to different simulators.
Acknowledgment
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Multi-physics and multiscale modelling framework, especially for the numerical analysis of
surface damage and degradation like corrosion, requires not only robust computational tools
but also an efficient data centric architecture for handling information exchange at different
modelling scales. The issue to exchange data provided by different computational solvers as
well as required and used in different programming languages forms a request in specific
formats signifying a strong non-uniformity for an easy nexus with other solvers. This nonuniformity has created a need to focus on intermittent state-of-the-art data centric software
tools, which aim to bridge data exchange technology, which ensures heterogeneity across
diverse set of solvers [1]. Moreover, data organization in the form of ontological representation
and metadata structures are necessary to be prepared as a standard for a coherent information
representation regardless of the diverse nature of data formats specific to a scientific discipline.
This fundamental work is presented in the contribution to provide and discuss the concept,
underlying terminology and working mechanism of a data centric architecture for exchanging
and interfacing data-flow between solvers and its present application to a concrete technology
multiscale simulation network as a potential application.
Acknowledgment: The authors acknowledge European Union’s research and innovation
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OntoTrans [1] is an H2020 funded project developing an ontology-based Open Translation
Environment. Its Artificial Intelligence approach enables end users to represent their materials
and manufacturing challenges in a standard ontological form and to connect them with relevant
information sources and materials modelling solutions, capable to support optimal materials
and process design.
OntoTrans provides smart targeted guidance through the whole translation process, namely
from the initial user case specification to actual materials modelling workflows with related
validation, verification and uncertainty quantifications to deliver a full complete experience to
companies. This is achieved via analysis of available data (data fusion), modelling workflow
options, simulation and contextual results interpretation.
OntoTrans is fully integrated into existing and emerging developments in materials and
manufacturing, including integration with digital materials modelling marketplaces and open
simulation platforms. Its footing on the European Materials & Modelling Ontology (EMMO)
[2] ensures wide interoperability and standardisation. OntoTrans is developed and tested
alongside four industrial challenges covering different types of materials and industries,
targeting increased competitiveness by means of a semantic data-driven and agile approach.
Key outputs of OntoTrans will be
• Knowledge formalization by means of building on EMMO for a range of materials
• A recommendation system forming the core of the translation environment.
• A database management system (RDF triplestore-based).
OntoTrans is closely integrated into the activities of the European Materials Modelling Council
(EMMC) [3], which was established as an Association in 2019. A brief overview of EMMC
and its activities, in particular in relation to the workshop topics, will be given.
Acknowledgement: Funding received from the European Union's Horizon 2020 research and
innovation programme: OntoTrans project, Grant Agreement No. 862136
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This work discusses how a system of ontologies [1] is aligned with the European Materials and Modelling Ontology (EMMO), a top-level ontology [2]. The marketplace-level domain ontologies from this
system are building blocks of an effort toward semantic interoperability of methods, tools, and environments in computational molecular engineering [1, 3]. By describing simulation workflows and related
services in terms of these ontologies [3], infrastructures such as business decision support systems, virtual
marketplaces, open innovation platforms, and workflow management systems can interoperate within a
European Virtual Marketplace Framework that is open to all service providers, translators (i.e., facilitators), end users, and academic and industrial developers of materials models and simulation software.
The covered domain of knowledge includes electronic, atomistic, mesoscopic, and continuum modelling.
Acknowledgment. This was conducted within the VIMMP project, which has received funding from the
European Union’s Horizon 2020 research and innovation programme under grant agreement no. 760907.
REFERENCES
[1] Horsch, M.T., Chiacchiera, S., Seaton, M.A., Todorov, I.T., Šindelka, K., Lı́sal, M., Andreon,
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The European Materials & Modelling Ontology (EMMO) [1,2] is an ongoing effort to establish
a common ground for describing materials, models, processes, data, etc. that can be adapted by
all domains of applied science. It was motivated by the need recognized by the European
Materials Modelling Council (EMMC) to better integrate different communities and
methodologies and to enable semantic interoperability within and across different disciplines
and domains.
The starting point for EMMO is the scientific applications (the user cases), which are
conceptualised using philosophical frameworks like mereotopology (parthood, space, time) and
semeiotics (sign, interpreter, object). Its perspective of the physical world is based on applied
sciences, in particular on material sciences and experimental physics. It covers fundamental
concepts like elementary particles, wave-particle dualism, finiteness of measured space and
time intervals as well as more applied concepts like manufacturing processes. It allows the user
to describe a material at the level of granularity (level of details) that is relevant for the actual
case and provides a systematic way to go between granularity levels, supporting multiscale
modelling.
We will here outline the basic principles of EMMO and show an example of how it can be
extended and used in an actual user case.
Acknowledgment: The authors acknowledge the EU projects EMMC-CSA (grant no: 723867),
MarketPlace (grant no: 760173), SimDOME (grant no: 814492) and OntoTrans (grant no:
862136) for supporting the development of EMMO.
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In this tutorial workshop we demonstrate an approach to applying semantic interoperability for
the exchange of data in systems of coupled heterogenous simulation software and data sources.
It will use the European Materials Modelling Ontology (EMMO) [1, 2] and a possible
hierarchical set of EMMO-based domain ontologies as a starting point, but can be applied to
other ontological frameworks as well. We will give a brief introduction to the topic of ontology
based semantic interoperability and show how to define an application ontology that extends
the existing ontological framework with specialized concepts needed for the application/user
case at hand. This tutorial provides a starting point for data modelling using ontology-based
schemas, linking data to domain concepts, and running workflows based on a semantically
coupled set of simulators and data sources.
Acknowledgment: The authors acknowledge the EU projects EMMC-CSA (grant no: 723867),
MarketPlace (grant no: 760173) and OntoTrans (grant no: 862136) for financial support
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Session Abstract
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Within the EU-China research cooperation in aeronautics, the joint EU-China project DRAGY
addressed the problem of drag reduction of aircraft through the investigation of flow-control
techniques. Almost 50% of total drag is related to the friction drag of the aircraft caused by
the interaction of the airflow with the aircraft surface. Studies on the aircraft and flow
interactions, together with developments of advanced flow-control technologies, can
effectively reduce about 15% of the total drag, which has, therefore, major implications on
fuel consumption.
In addition, by using new algorithms and exploiting efficiently large computing facilities, the
project is improving the understanding of the underlying physics behind the control
techniques and their interaction with the airflow near the aircraft surface (i.e. the boundary
layer) to maximize their efficiency.
Turbulent Boundary Layer Control for skin-friction drag reduction is a relatively new
technology made possible through the advances in computational-simulation capabilities,
which have improved our understanding of the flow structures of turbulence. Advances in
micro-electronic technology have enabled the fabrication of actuation systems capable of
manipulating these structures. The combination of simulation, understanding and microactuation technologies offer new opportunities to significantly decrease drag, and by doing
so, increase fuel efficiency of future aircraft.
Almost 50% of total drag is due to the viscous drag, which is directly related to the friction
drag of the aircraft caused by the interaction of the turbulent boundary layer flow with the
aircraft surface. Studies showed, that turbulent boundary layer interactions, together with
developments of advanced flow-control technologies, can effectively reduce more than 40%
of the viscous drag (if the actuation power is ignored), which is equivalent to about 15% of the
total aircraft drag. Therefore, it has major implications to fuel consumption of commercial
aircraft, already if a small proportion of this reduction level is realised.
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Background
In the 1970s, the NASA Langley Research Center, inspired by the non-smooth structure on the
surface of the shark skin, developed the riblets control in drag reduction, which broke the
traditional concept that only smooth surfaces have the function of drag reduction. Similarly, a
variety of blowing control have been investigated, including uniform blowing or suction, periodic
blowing, micro-blowing, blowing/suction feedback and so on. However, most of the drag
reduction technologies are either constrained by traditional processing methods or adopt active
drag reduction technologies, which consume extra energy and cannot be widely used in industry.
Recently, with the development of micro technology and manufacturing processes, the concepts
of active and passive flow control have been proposed, thus creating new opportunities for
controlling the turbulent boundary layer become popular.
In DRAGY project, Zhejiang University (ZJU) performs both numerical and experimental
investigations of riblets and micro-blowing for external turbulent flows to verify the drag
reduction effect of riblets and micro-blowing, and the large-scale Direct Numerical Simulation
(DNS) is made to illuminate the action mechanism of riblets and micro-blowing in the flow field.
For the practical industrial application of riblets, the rule micron-scale riblet film is manufactured
through hot-roll pressing to lower the cost in future industrial manufacturing.

Figure 2:

Figure 1: Tianhe Machine
(National Supercomputing Center
in Guangzhou, China)

Low-turbulence and low-velocity
wind tunnel (Zhejiang University)

Results of riblets and micro-blowing
V-shape riblets are placed in the turbulent development zone and in the center of the span-wise
location with h+ ≈ 10, s+ ≈ 20. A local refinement in the riblets region is implemented and 12 grid
nodes are arranged on each side of the triangular groove. Thus the total computational grid scale
is 2338×160×499. Only the vicinity of the valley position can reduce the friction drag, but the
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friction resistance of the wall surface near the peak position is increased. Through the integral
operation, the drag reduction rate of the whole ribs region is DR = 8.26%.

Figure 3: Geometry setting of the riblets case

Figure 4: Velocity profiles u+-y+

After applying micro-blowing control, the contours of instantaneous stream-wise velocity show
the variations of high and low speed steaks in the different slices away from the wall. At the
viscous sub-layer (y+= 6.8), the stream-wise velocity is low, and those steaks are distributed
alternately and intermittently in slender shape along the span-wise direction, which is generally
similar to the basic flow above. But in the control region, the flow velocity decreases, and the
adjacent streaks form a low speed “turbulent spot”. This area exceeds the control region, which
indicates the late effect of micro-blowing in the downstream. At the logarithmic layer (y+ = 14.7),
the streaks begin to shake, and then provoke deformation and bend, especially at the head of
streaks. This indicates that the turbulent intensity is increasing away from the wall. Moreover,
the area of the low speed turbulent spot decreases, but the impact in the downstream is still
evident. At y+= 32.9, the streaks gradually break up and disappear, and the spot is not that
obvious anymore. The turbulent information shows the process of streaks from formation,
deformation to fragmentation, named “bursting”, which is a well-known feature in the wallbounded turbulent flow.

Figure 5: Instantaneous stream-wise velocity component u contours at y+= 6.8, 14.7, 32.9
(The dotted line frame represents the micro-blowing control area)
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At present, about 50% of the total drag of civil aircraft comes from viscous friction, and this part
of viscous drag is mainly caused by turbulence effects. It is believed that about 10% drag
reduction on the aircraft fuselage can save airlines up to 350 million US dollars in fuel costs each
year. The joint China-EU project DRAGY takes drag reduction control of the turbulent boundary
layer as a clear goal, and explores practical flow-control methods and its inherent drag reduction
mechanism. Zhejiang University is the Chinese coordinator of the DRAGY project, in which there
are 13 Chinese partners involved. In the guidelines of the “mechanism research -> technology
demonstration -> industrial evaluation”, various active and passive control methods, such as
riblet, synthetic jet, plasma and micro-blowing, were thoroughly explored by numerous highprecision numerical simulations and experimental techniques. The technical strengths of each
partner were fully utilized, the research tasks of 4 sub-topics were successfully completed, and
the expected goals of the DRAGY project were reached.
Sub-topic 1: Research on the mechanism of inner layer flow control in the turbulent boundary
layer. A large-scale parallel calculation of billion-level grids for straight riblet flow control on a
flat plate strongly confirmed the feasibility of flow control in drag reduction in the low viscous
Reynolds number. The effectiveness of the riblet control reveals the lifting and suppression
mechanism of the riblets acting on the near-wall vortex. Through the flat plate flow experiments
in a large-scale wind tunnel, the effect of reducing local friction drag by 8% in the high turbulent
Reynolds number was achieved. A perfect mathematical model of volume force based on
Dielectric Barrier Discharge (DBD) plasma exciter was established to achieve the unsteady
calculation around the airfoil. The simulated results have a good agreement with the
experimental data of low-speed wind tunnel. The local friction drag in the downstream of the
excitation zone is reduced, which theoretically verifies the feasibility of the plasma control.

Sub-topic 2: Research on the mechanism of outer layer flow control in the turbulent boundary
layer. Several experimental devices of synthetic jet excitation were designed, such as two exit
modes of circular holes or slits, and two mechanical and electromagnetic driving modes. Each
exciter unit can be individually controlled, and they constitute many multi-array exciter systems.
Moreover, the effects of uniform, slit and micro blowing on the wall turbulent structures were
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studied. Combining precise numerical calculations and wind tunnel experimental results, it was
found that the introduction of these types of jets can affect the outer layer structure of the
boundary layer, and can achieve different drag reduction rates.

Sub-topic 3: Technology Demonstration. A basic test platform for turbulent boundary layer flow
was set up. In the low turbulence and static acoustic wind tunnel of Zhejiang University in the
Yuquan campus, the experimental size is 1.2 m (width) × 1.2 m (height) × 3.5 m (length), the
shrinkage ratio of the wind tunnel is 14.8, and the range of the flow speed in the experimental
section reaches 5 ~ 74 m/s. The wind tunnel entrance is installed with 10 layers of damping nets,
which keeps the turbulence at the center of the experimental section at 0.04% ~ 0.05%. Three
feasible methods for preparing trench films (high-precision 3D printing, silicon Rubber PDMS film,
hot rolling technology) were provided.
Sub-topic 4: Industrial Evaluation of Aircraft Applications.
A multi-disciplinary evaluation
method for turbulent drag reduction scheme was determined. The industrial application of any
drag reduction technology on an aircraft requires a multi-disciplinary overall assessment method,
involving multiple factors such as the drag, weight, security and complexity of the aircraft. The
benefits and costs of drag reduction methods usually restrict the popularization and application
of this technology.
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Drag reduction control is an important part in flow control field since there are about 50% of
the total drag is the viscous drag for a Boeing aircraft. As for the energy consumption, 1% drag
reduction in viscous drag will lead to 0.75% reduction in fuel consumption with an estimation.
For the energy input aspect, the control strategies can be separated into two categories,
passive control and active control. For passive control, riblets have been proved to be an
effective way, which give about 8% drag reduction by limiting the transverse motion in the near
wall region [1]. For active control, spanwise wall oscillation can achieve about 40% drag
reduction [2]. The periodic wall motion weakens the streaks and constraints the autonomous
cycle of the near wall turbulence.
Min et al. [3] proposed streamwise traveling wave of blowing and suction in turbulent channel,
and he found the drag can be reduced even beyond the corresponding laminar level when the
wave is propagating oppositely to streamwise direction. Fukagata et al. [4] studied the flow
induced by the traveling of blowing and suction, and they thought the actuation will induce a
total flux opposite to the wave propagation direction, which will decrease the pressure drop in
Min’s experiments thus reducing the drag. The channel flow is conducted with constant flow
rate (CFR) concept. The numerical methods used here are based on the high accuracy flux
reconstruction method (FR) or the correction procedure via reconstruction (CPR) [5]. All
simulation is conducted with direct numerical simulation. Different from Min’s work, our
control strategy is a spanwise traveling wave, and to mimic the effect of wall oscillation, which
has a relatively larger drag reduction, our actuation is periodically varying.

(a) Control sketch
(b) Reynolds stress
Figure 1: Reynolds stress of controlled case compared with uncontrolled case

The spanwise average velocity distribution at different time phase is showed in Fig. 2(a). The
induced spanwise average and its gradient makes the streaks inline to spanwise direction
periodically similar to the phenomena in wall oscillation.
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This effect weakens and forbids the re-establish of the streamwise streaks. Among the different
T+a = 115gives the largest drag reduction, which is very
close to the optimal periods  in wall oscillation control. Blesbois et al. used generalized
optimal perturbation (GOP) methods to predict the streak formation in turbulent channel with
wall oscillation control. They thought the period of the streak formation is about  in
turbulent channel, and, if the oscillation period is larger than it, the streaks will re-establish and
the drag recover. In our case, it is showed in Fig. 2, and when  , the streaks are always
aligned in streamwise direction, while in  the streaks are inclined. It shows that the
smaller Ta with more rapidly varying spanwise velocity and shear strain forbidden the streaks
establish in inclined direction.

Figure 2: Streak in controlled channel flow at y+ = 5

We tried spanwise traveling wave of blowing and suction control in turbulent channel flow. The
effect of the actuation is close to that of wall oscillation control. The actuation weakens the
autonomous cycle of the near wall turbulence by constraining the formation for the streamwise
streaks. This leads to smaller turbulent shear stress u′′v′′ compared to uncontrolled case. In
addition, the streaks are inclined in +z and −z direction periodically, which means the streaks
forms in the inlined direction. With larger period Ta, there is enough time for streaks reestablish and drag recovers. The optimal period in our case and of our tests is  = 5, which
gives a drag reduction rate is 14%.
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Since fifteen years, the European Commission has been funding projects devoted to civil high‐
speed air transport at stratospheric altitudes, with the final goal to reduce the duration of
antipodal flights to 2‐4 hours. These vehicles take off and land as conventional aircraft. They
are equipped by propulsive systems using liquid hydrogen as fuel and are able to accelerate
up to Mach 5‐8 at typical cruise altitudes of 25‐35km. Studies have demonstrated the technical
and economic feasibility of hypersonic flight, also highlighting that various misconceptions or
prejudices exist resulting in the formulation of particular paradoxes and paradigms.
Many technological aspects have been deepened, when developing complex systems as cruise
vehicles and flight demonstrators, by exploiting latest developments in computational
mechanics and applied mathematics, including experimental campaigns for validation: i)
aerodynamics and aerothermodynamics; ii) air breathing propulsion (precooled turbojets, air
turbo rockets, dual‐mode ramjets/ scramjets); iii) air‐hydrogen combustion; iv) NOx emission
reduction and jet noise abatement; v) flight mechanics, trajectory optimization and GN&C; vi)
avionics, on‐board instrumentation, flight control system; vii) structural airframe, materials
layout, thermal protection system, thermal control system, thermo‐structural analysis.
The modelling approach has ranged from engineering tools used in preliminary stages of the
projects to high‐fidelity properly validated simulation tools for detailed design phase,
requiring without doubt a multi‐disciplinary approach that needs flight data for its validation.
This STS will present the status of technology developments in European research institutions,
university and industries, showing some key achievements that are contributing to enhance
the accuracy and fidelity of design tools to be used for future high‐speed passenger aircraft.

Figure 1: LAPCAT‐II A2 cruiser (left) and LAPCAT‐II MR2.4 vehicle (right)

Figure 2: HEXAFLY‐INT EFTV glider (left) and STRATOFLY MR3 vehicle (right)
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The current aviation ecosystem and society pushes the industry to develop new airplanes
which fly faster, cleaner and higher efficiency than the industry standards of today. In this
regard, hypersonic aviation can address such needs by significantly reducing the flight time for
the long-haul routes. European Commission’s Horizon 2020 program funded STRATOFLY
project aims at developing a hypersonic aircraft which cruises at Mach 8, carries 300
passenger at stratospheric altitudes as high as 35 km. The propulsion system is at the heart
of such an ambitions flight mission as being the most critical sub-system. In order to make sure
economically viability and reusability, the vehicle should be powered by air-breathing engines
throughout the complete flight trajectory. This new aircraft concept, called STRATOFLY MR3,
will be propelled with a combined cycle power plant composed of six air-turbo rocket (ATR)
and a dual-mode ramjet/scramjet (DMR) engines. The ATR engines are used to taxi, take-off
and accelerate the aircraft to supersonic speeds from the runway. Then the DMR engine kicks
in ramjet mode to provide extra thrust to contribute the acceleration of the vehicle further up to
Mach 4-4.5. Subsequently, the ATR engines are shut down and DMR engine provides the
required thrust in scramjet mode to achieve hypersonic speeds and power the aircraft at
nominal cruise conditions. Hydrogen is used as the single fuel throughout the entire flight
duration for both engines of STRATOFLY MR3.
A comprehensive thermodynamic analysis and optimization of the engine components are
required to ensure seamless operation of the propulsion system. There are strong
interdependencies amongst various elements of the engine. Heat regeneration from the
exhaust stream through fuel system is essential to drive the turbo components. Therefore the
optimization of the heat-exchangers located around the combustion chamber and the
propulsive nozzle has been accomplished in conjunction with sizing of turbomachinery parts
as well as throttling conditions of both engines throughout the complete ascend trajectory of
the vehicle. Figure 1 depicts the complexity and the interactions among different engines and
engines components on a simplified schematic of the combined cycle power plant of MR3. The
current study aims at summarizing the efforts devoted to optimize the engine components and
their working conditions for an extended flight trajectory from the take-off till hypersonic speeds.

Figure 1. Schematic of STRATOFLY MR3 combined-cycle power plant
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The HEXAFLY-INT Experimental Flight Test Vehicle (EFTV) has been designed to perform an
unpowered controlled flight test at hypersonic speed, demonstrating the capability of
performing manoeuvers and carrying breakthrough technologies on-board.
The payload will be launched by a sounding rocket (the Brazilian VS50 launcher based upon an
12-ton solid rocket motor) in a suborbital trajectory having an apogee at about 100 km. During
the early phase of its descent flight segment, the EFTV will be docked to the Experimental Support
Module (ESM) which has the aim of controlling the vehicle attitude by means of Cold Gas reaction
control System thrusters (CGS). After the separation from the ESM, a pull-out manoeuver will
bring the EFTV to level flight condition at a target altitude of 32km at approximately Mach 7
(experimental phase). The EFTV will be equipped with an avionic system composed of an inertial
measurement unit, a GPS, two servo-actuators for the ailerons, and a flight control computer,
which will ensure the on-board mission management. The vehicle will also be equipped with an
in–flight measurement system acquiring pressure, temperature and acceleration data sensors for
the sake of post flight analysis and simulation tools validation. The on-board avionics will also
include a downlink telemetry system (i.e. with antennas) which will transmit all mission data to
the Ground Control Station at the launch site.
The vehicle design, manufacturing, assembly and verification are the main drivers and challenges
in the project. A multidisciplinary approach has been adopted for designing the EFTV [1]; a view
of the main activities and their integrations will be given.
A synthesis of the relevant aspects concerning the EFTV Aero-Database will be provided. It relies
on a massive number of Navier-Stokes CFD computations; an extensive comparison between
numerical and experimental results was also performed [2]. This approach allowed to validate
the CFD results in representative conditions, and define a suitable uncertainty model that was
provided to Flight Mechanics team along with the nominal coefficients. Then, a Monte Carlo
simulation campaign was carried out accepting AoA and bank angle as external inputs with
mission objectives clearly droving the definition of cost functions and constraints [3].
As a low cost demonstrator, the main structure of the EFTV vehicle is mostly metallic. The chosen
material is a Russian variant of titanium alloy, named BT-20. A high emissivity paint (ε>0.8) is
used for maintaining the temperature of the fuselage panels below 700°C.; at stagnation regions
additional protection by ZrO2 is needed. Ceramic Matrix Composite material is adopted for the
hot structures (wing leading edges and ailerons). Finally, the internal equipment are protected
from the thermal radiation coming from the panels of the structure by means of an internal
thermal protection system based on a light flexible microporous insulator named Aeroguard®
provided by PROMAT firm in Belgium. The materials configuration was mainly defined by means
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of a coupling between results from CFD in terms of heat flux convective coefficient and thermal
FEM analyses [4].
The combination of thermal loads with the other loads the vehicle is subjected to during the flight
manoeuvres (inertial and pressure loads) provides the table of load cases used for structural
analysis and safety assessment during the descent part of the trajectory, whereas during ascent
the main contribution to structural loads is given by the loads at take-off. For these latter, the
equivalent quasi-static loads (combination of static and dynamic loads) at the centre of gravity
of the vehicle were computed.
References:
[1] S. Di Benedetto et al., “Multidisciplinary Design and Flight Test of the HEXAFLY-INT
Experimental Flight Vehicle”, HiSST: International Conference on High-Speed Vehicle Science
Technology, 26–29 November 2018, Moscow, Russia.
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Technology, 26–29 November 2018, Moscow, Russia.
[3] G. Morani et al., “Trajectory and Flight Mechanics Analysis of the HEXAFLY-INT Experimental
Flight Vehicle”, HiSST: International Conference on High-Speed Vehicle Science Technology,
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Conference on High-Speed Vehicle Science Technology, 26–29 November 2018, Moscow,
Russia.
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The worldwide incentive to reconsider commercial high-speed transport urges Europe to
quantitatively assess the potential of civil high-speed aviation with respect to technical,
environmental and economic viability. High-speed commercial flights could be significantly
beneficial for long-haul routes to virtually shrink the globe and shorten the time of flight of one
order of magnitude for antipodal destinations, thus revolutionizing the present idea of business
trips and touristic travels. The fulfilment of this need can however be seriously hampered by the
goal of reaching complete decarbonisation in aviation by 2050, unless innovative technological
solutions are investigated, developed and eventually integrated and validated in operative
aircraft. Different enabling technologies at subsystems level and different aircraft configurations
are likely to be sought for the various ranges (short, medium and long) to comply with the
requirement of zero carbon dioxide emissions.
The concept of high-speed aircraft makes sense only for long-haul routes with ranges up to
antipodal destinations because long-haul routes maximize the benefits of a hypersonic cruise,
while medium-haul routes suffer from shorter cruise phases. Therefore, for long-haul high-speed
routes liquid hydrogen can be considered as not drop-in fuel to allow for zero carbon dioxide
emissions. Thanks to its higher specific energy, liquid hydrogen is crucial for long range missions,
which do also benefit from higher aerodynamic and propulsive efficiency. However, to reach the
goal of green aviation, the target of zero carbon dioxide emissions is not enough. In fact, nitrogen
oxide emissions have also to be kept as low as possible to control air quality and water vapour
has to be minimized to control the balance of green-house gases. In the next future aviation shall
be green and shall be quieter. The latter issue, noise, becomes extremely important when it
comes to high-speed aircraft.
Within this context, the H2020 STRATOFLY Project aims at assessing the potential of a high-speed
transport vehicle to reach TRL6 by 2035, with respect to key technological, societal and
economical aspects. STRATOFLY builds on the heritage of past European projects, taking as
reference the mission and the aircraft configuration of LAPCAT II project [1`]. On this basis, the
design of the vehicle, STRATOFLY MR3, and its mission are assessed further [2].
After a brief introduction about the H2020 STRATOFLY Project, the paper focuses on the analysis
of the reference mission of STRATOFLY MR3 and on additional feasible missions connecting more
city-pairs. Aircraft performance are evaluated all along the trajectory. Nitrogen oxide and water
vapor emissions are calculated for all flight phases, on the basis of low-fidelity and high-fidelity
models, and their effects on climate impact are analyzed, taking also into account possible
variations of cruise altitude without affecting the propulsive performance. In addition, noise is
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estimated for the LTO (landing and take-off) cycles. As high-speed aircraft, suited for long-haul
routes, STRATOFLY MR3 is compared with its main competitors which exploit hydrocarbon or
liquid hydrogen as fuel. Eventually main conclusions are drawn.
References:
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Hypersonic Flight within the LAPCAT-II Project, 20th AIAA International Space Planes and Hypersonic
Systems and Technologies Conference, 6-9 July 2015, Glasgow, Scotland.
[2]
N. Viola, R. Fusaro, Bayindir Saracoglu, Christophe Schram, Volker Grewe, Jan Martinez, Marco
Marini, Santiago Hernandez, Karel Lammers, Axel Vincent, Didier Hauglustaine, Bernd Liebhardt, Florian
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Reaction Engines Ltd (REL) is currently developing the Synergetic Air-Breathing Rocket Engine
(SABRE) to power future reusable launch vehicles. The SABRE airbreathing core and rocket engine
are specifically designed to be ground testable to high TRL, since their performance is largely
independent of altitude and flight Mach number. However, this is not the case for the nacelle
sub-system comprising intake, precooler and bypass burner. Consequently, due to the
Worldwide lack of hypersonic wind tunnels of adequate scale, Mach and enthalpy there is a
requirement for a hypersonic test bed to develop these components as an integrated system in
flight. The proposed test vehicle will be reusable with some degree of abort capability to permit
an incremental flight test programme with multiple flights at low recurring cost. This will allow a
classic test/fix development programme which would otherwise be prohibitively expensive if the
nacelle was tested on a ballistic expendable rocket.
REL is currently studying three candidate architectures for this vehicle comprising a twin nacelle
wing tip mounted version, a single dorsal mounted nacelle version, and finally a single dorsal
mounted nacelle with rocket assist version. The pros/cons of these versions will be discussed and
the rationale for the final selected architecture presented.
The engineering and design status of the HTB will be described in some detail including trajectory
modelling, layout, structural concept, mass breakdown, TPS concept, and outline cost estimates.
Finally, the opportunity for utilising the HTB as a general-purpose European hypersonic flight
research vehicle will be explored. For example, the HTB could be utilised for flow physics research
(boundary layer transition, base flowfield aerodynamics, etc.), propulsion system testing
(scramjets, intakes, nozzles, etc.), airframe technology development (thermal management
systems, structural concepts, cryogenic propellant systems, panel flutter), materials
development (CMC’s, TPS concepts), suborbital re-entry testing (high AOA aerodynamics,
thermal management of shock impingements, etc.), propellant management under near
weightlessness conditions, and many others.
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Session Abstract
Keywords: High-lift aerodynamics, flow separation control, high-lift system design
The aerodynamics of high-lift systems on transport aircraft still poses high challenges on the
capabilities of numerical simulations. While the demand on accurately predicting stall onset is still
not achieved to a sophisticating level, new challenges arise with the progress on active flow control
technologies and load control.
Previous issues of this STS have concentrated on progress in European projects performing and
using high-level validation experiments for steady flows at stall onset. This issue of the STS is
intended to provide insight into activities tackling the improvement of simulation capabilities for
current challenges of high-lift system development, as there are:


progress in high-lift system design for laminar wing technology;



unsteady phenomena of high-lift system aerodynamics during high-lift system deployment;



usage of high-lift systems for dynamic load control in low speed flight regime;



simulation of dynamic active flow control for stall performance improvements.

Contributions are expected from running international research projects governed by Horizon 2020
Research and Innovation Actions, contributions to Clean Sky 2, as well as other national and
international cooperation activities.
The following papers and speakers are foreseen:
Design and Testing a Full Scale Laminar Wing Leading Edge High-Lift System

Jochen Wild, DLR, Salvatore Palazzo, CIRA, Ionut Brinza, INCAS

Unsteady CFD Results for Deflecting High-Lift Systems

Stefan Wallin & Song Chen, KTH Stockholm, Francesco Capizzano, CIRA, Aleš Prachař, VZLU, Jorge Ponsin,
INTA

A 2D Validation Experiment for Dynamic High-Lift System Aerodynamics

Jochen Wild & Moritz Schmidt, DLR, Antoon Vervliet, ASCO, Geoffrey Tanguy, ONERA

Active Flow Separation Control on a Generic UHBR Engine High-Lift Configuration by Means of
Suction and Oscillatory Blowing

Junaid Ullah, Univ. Stuttgart, Shay Monanti & Avraham Seifert, Tel Aviv Univ., Thorsten Lutz & Ewald
Krämer, Univ. Stuttgart
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Aerodynamics
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¹ DLR – German Aerospace Center, Braunschweig, Germany, jochen.wild@dlr.de, www.dlr.de
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Abstract
Keywords:

High-Lift System, Krueger Flap, Wind Tunnel Test, Unsteady Aerodynamics.

The feasibility of laminar flow control technology for future wing is bound to the development
of a leading edge high-lift system that complies with the requirements on smooth surfaces to
enable maintaining the laminar boundary layer flow, such as a Krueger flap [1]. Although in
principle the aerodynamic performance of a Krueger flap is known, the unsteady behaviour of
the flow during deployment and retraction is completely unknown. This is as even more
important as during deployment the Krueger flap is exposed to ighly unfavourable positions
perpendicular to the flow. To mitigate the risk
of unfavourable aircraft behaviour, it is
therefore expected that a Krueger flap has to
be deflected significantly fast and may trigger
unsteady aerodynamic effects.

Figure 1: DLR-F15-LLE wind tunnel model with Krueger flap
installed in test section of the ONERA L1 wind tunnel – CAD
of test setup

Within the European H2020 project UHURA,
currently a wind tunnel test is conducted
incorporating the vented foldable bull nose
Krueger [2]. A wind tunnel model based on the
DLR-F15 airfoil has been designed and
manufactured that features a part span and a
full span Krueger device, which can be actuated
at high deflection rates up to 180°/s. First wind
tunnel tests will be conducted at the ONERA L1
wind tunnel in Lille in May 2020. The tests
include the measurements of internal forces,
steady and unsteady pressures, as well as
phase locked PIV to achieve high quality
validation data for comparison with numerical
methods.

References:
[1] P.K.C. Rudolph, High-Lift Systems on Commercial Subsonic Airliners, NASA-CR-474, 1996.
[2] H. Strüber, J. Wild, Aerodynamic Design of a High-Lift System Compatible with a Natural Laminar
Flow Wing within the DeSiReH Project, 29th Congres of the International Council of the
Aeronautical Sciences, ICAS 2014-0300, 2014.
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Abstract
Keywords:

Hybrid Laminar Flow Control, High-Lift System, Krueger Flap, Wind Tunnel Test, Icing
Test.

The feasibility of laminar flow control technology for future wing is bound to the development
of a leading edge high-lift system that complies with the requirements on smooth surfaces to
enable maintaining the laminar boundary layer flow. Classical leading edge high-lift devices like
slats are not suitable as they introduce disturbances in the very sensitive upper surface leading
edge area.
Krueger flaps, which are deflected from the lower side of the wing, are a good alternative as
they additionally offer the capability to shield the wing against contamination by insects, water
or dirt. Already in 1985, Boeing proposed a concept of a vented Krueger forming a gap flow
between main wing and Krueger flap together with a folding bull nose [1][2]. Although in
principle the aerodynamic performance of a Krueger flap is less than for a slat, Rudolph [1]
proposed to further develop this kind of Krueger device to provide aerodynamic characteristics
comparable to a slat device. Within the EC project DeSiReH a vented foldable bull nose Krueger
was designed that showed comparable high-lift aerodynamics [3].
Within the European AFLoNext project, a full scale HLFC leading edge demonstrator was
designed and built that incorporated the vented foldable bull nose Krueger [4]. In summer 2018
this demonstrator was wind tunnel tested in the CIRA Icing Wind Tunnel facility. Within this test
the aerodynamic design was verified. Additionally, it was tested whether the Krueger device
would need a distinct de-icing system. The contribution summarizes the design of the Kruger
device together with the findings from the full scale wind tunnel test of the Krueger flap
configuration.
References:
[1] P.K.C. Rudolph, High-Lift Systems on Commercial Subsonic Airliners, NASA-CR-474, 1996.
[2] Boeing Commercial Aircraft Group, High Reynolds Number Hybrid Laminar Flow Control
(HLFC) Flight Experiment; Part II. Aerodynamic Design, NASA-CR-209324, pp. 65-73, 1999.
[3] H. Strüber, J. Wild, Aerodynamic Design of a High-Lift System Compatible with a Natural Laminar
Flow Wing within the DeSiReH Project, 29th Congres of the International Council of the
Aeronautical Sciences, ICAS 2014-0300, 2014.
[4] D.M. Franke, J. Wild, Aerodynamic Design of a Folded Kruger Device for a HLFC Wing, in:
New Results in Numerical and Experimental Fluid Mechanics X, Notes on Numerical Fluid
Mechanics and Multidisciplinary Design vol. 132, Springer, pp. 17-27, 2016.
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Unsteady CFD results for deflecting high-lift systems
Stefan Wallin1*, Song Chen1, Francesco Capizzano2, Aleš Prachař3 and Jorge Ponsin4
FLOW, Eng. Mech., KTH, Stockholm, Sweden, swalllin@kth.se, www.kth.se
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Keywords: High-Lift Aerodynamics, Krueger device, Unsteady CFD, Hybrid RANS LES, Lattice
Boltzmann method, Immersed boundary method, Chimera grid technique.
Laminar wing technology for reducing the fuel consumption and environmental impact require
new leading-edge high-lift devices. One solution is to introduce a Krüger device deployed from the
lower wing surface leaving the upper surface undisturbed. During the deployment the
aerodynamic performance becomes critical with large unsteady separation behind the device. The
aerodynamics of high-lift systems on transport aircraft still poses high challenges on the
capabilities of numerical simulations, and accurate prediction of the deployment of a Krüger
device is yet beyond the state-of-art. In the H2020 project UHURA, CFD capabilities as well as
validation experiments are addressed. In this paper we will present the achievements related to
unsteady computations of the turbulent flow and aerodynamic performance during the unsteady
deployment of such high-lift device.
The movement of the Krüger device is particularly
complex with a two-hinge arrangement allowing the
device to be folded in contracted position. Different
strategies for capturing the movement are employed
ranging from mesh deformation and remeshing (KTH,
VZLU), immersed boundary (IB) methods (CIRA, right
figure with U-RANS) as well as chimera grid
techniques (VZLU). Moreover, different approaches
for capturing the unsteady turbulent flow are adopted
with unsteady RANS, hybrid RANS-LES (KTH, figure
below with S-A DDES) and, as an alternative, a Lattice
Boltzmann method employing wall-modelled LES
(INTA). Focus has been on the development of
accurate and efficient CFD methods with high fidelity, yet affordable for full-scale simulations of
the complete deployment cycle. These will be presented in the final paper. Comparison and
validation with high quality experimental data obtained within the UHURA project will come later.

t=0s

t = 0.25 s

t = 0.5 s

t = 0.75 s

t = 1.0 s

t = 1.2 s

3856

MS Organizer(s):
Sonic
boom prediction:
Géraldnear-field
Carrier and
simulation,
Normand far-field
Pierre-Elie
pressure signature evaluation, structural transmission and low boom design

Sonic boom prediction: near-field simulation, far-field
pressure signature evaluation, structural transmission
and low boom design
MS Organizer(s): Gérald Carrier and Normand Pierre-Elie

3857

3858

Gérald-Carrier
STS14
Sonic Boom
and Normand
Prediction:
Pierre-Elie
Near-Field Simulation, Far-Field Pressure Signature Evaluation, Structural Transmission and Low Boom Design
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
14th World Congress on Computational Mechanics (WCCM XIV)
July, 19 - 24, 2020, Paris/ France

STS 14

Sonic Boom Prediction: Near-field Simulation, Far-field Pressure
Signature Evaluation, Structural Transmission and Low Boom Design
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Session Abstract
Keywords: Supersonic, near-field pressure field, far-field pressure signature, sound metrics,
structural transmission modelling, low boom design, prediction capabilities
Since the retirement of Concorde, many ambitious industrial projects have emerged to be its
worthy successor. However current regulations prohibit anyone from operating a civil aircraft at
supersonic cruise over land. The reason being the sonic boom felt and heard on ground over the
flight path of the supersonic aircraft.
Many researches have showed the way to a design that can diminish the perceived sound level on
the ground. The Quiet Super Sonic Technology Demonstrator [1] will provide input concerning the
feasibility of low sonic boom design in terms of measures and community response. JAXA intends
to demonstrate and validate its "low sonic boom design concept" through flight tests [2]. As for the
European side, the project RUMBLE [3] provides sonic boom prediction methodology, sleep studies
and structural transmission analysis.
In this context this technical session will focus on the recent international work concerning:
-

Near field CFD computation, code-to-code comparison and best practices
Far field propagation: code-to-code comparison, atmospheric sensitivity, topology effects,
earth’s boundary layer’s turbulence effects and best practices
Structural transmission analysis
Low boom design
References

[1] https://www.nasa.gov/X59
[2] http://www.aero.jaxa.jp/eng/research/frontier/sst/d-send.html
[3] https://ec.europa.eu/inea/en/horizon-2020/projects/h2020-transport/aviation/rumble
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The following papers and authors are foreseen in STS 14:
Sonic Boom Prediction Capabilities: Overview of the Project RUMBLE Work Package
Gérald Carrier, ONERA, Meudon Centre, France, gerald.carrier@onera.fr

Numerical Modelling Study of Sonic-Boom-Induced Structure Vibration
Joonsang Park, Joonsang.Park@ngi.no,
Finn Løvholt, Finn.Lovholt@ngi.no,
Karin Norén-Cosgriff, karin.noren-cosgriff@ngi.no,
Jörgen Johansson, Jorgen.Johansson@ngi.no,
NGI - Norwegian Geotechnical Institute, Oslo, Norway

Resolution of the Euler Equations in Curvilinear Coordinates for Sonic Boom Propagation
Ariane Emmanuelli, ariane.emmanuelli@ec-lyon.fr
Thomas Lechat, thomas.lechat@ec-lyon.fr,
Didier Dragna, didier.dragna@ec-lyon.fr,
Sébastien Ollivier, sebastien.ollivier@ec-lyon.fr,
Philippe Blanc-Benon, philippe.blanc-benon@ec-lyon.fr,
École Centrale de Lyon, Écully, France

Quantification of the Turbulence Effects on Classical and Low Booms
Roman Leconte, roman.leconte@dalembert.upmc.fr,
Régis Marchiano, regis.marchiano@sorbonne-universite.fr,
Jean-Camille Chassaing, jean-camille.chassaing@sorbonne-universite.fr,
François Coulouvrat, francois.coulouvrat@upmc.fr,
Sorbonne Université, Paris, France

Sensitivity Propagation Analysis of a Supersonic Aircraft Low Boom Signal through Different
Atmospheres

Pierre-Elie Normand, Dassault-Aviation, St. Cloud, France, pierre-elie.normand@dassault-aviation.com,
Gérald Carrier, gerald.carrier@onera.fr,
Patrice Malbequi, patrice.malbequi@onera.fr
ONERA, France

Low Sonic Boom Design in the RUMBLE Project: Progress and Challenges

Olivier Atinault, ONERA, France, Olivier.Atinault@onera.fr,
Stephen Rolston, Airbus, Bristol, U.K., stephen.rolston@airbus.com,
Stephen Powell, Airbus, Bristol, U.K., (stephen.powell@airbus.com)
Jochen Kirz, DLR, Braunschweig, Germany, Jochen.Kirz@dlr.de,
Pierre-Elie Normand, Dassault-Aviation, St. Cloud, pierre-elie.normand@dassault-aviation.com
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Numerical modelling study of sonic-boom-induced structure vibration
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Key Words: Sonic-boom-induced, structure vibration, finite element simulation.
Sonic boom induces energetic low-frequency sound and vibration in buildings, which may
potentially cause human annoyance. In order to mitigate such undesired impacts, we need to
understand quantitatively how sonic boom interacts with typical structures and is transmitted
indoor. To achieve this goal, the current study deploys an advanced numerical simulation
approach that is based on finite elements (FE) and considers fully-coupled interactions
between sound, structure, and ground. The FE method is well suited here, because it enables
to incorporate a range of complex building composition, including windows, glasses, wooden
stud, coupling between structural elements, etc. in addition to integrating fully between sound
pressure and structure vibration for arbitrary geometry (Løvholt et al., 2017).
The primary outcome from numerical simulation is to estimate building vibration, indoor
sound pressure as well as their frequency and temporal characteristics. For this purpose, we
first select typical sizes for walls and floors in Europe building types, with some detail such as
window types, glass thickness, window opening, etc. Then, we calculate various effects on the
transmission loss and vibration admittance (i.e. ratio between sound pressure and vibration)
by varying wall-floor types, room sizes, number of windows, glass thickness, gaps in window,
etc. The building response is highly dependent on the construction type and the above
parameters. Furthermore, the simulations show that in many situations, vibrations could be
sufficiently large to potentially cause annoyance to people. In particular, openings, poor
window quality, and soft floors may lead to such situations. Therefore, it is critical to take
into account all the details of different types of construction available for the numerical
analysis. The second part of the study is to look into the dynamics of a whole building
structure (e.g. multi-storey buildings) due to sonic boom. In this part, the horizontal motion of
the building is the main focus. The vibration response is dominated by the lowest natural
frequency of the building, typically below 3-4 Hz. We use laboratory data and full-scale field
test data from sound sources such as blasts, loudspeakers, and subsonic aircrafts to calibrate
the model simulations. In addition, we analyse and use new sound and vibration field data
from supersonic flight tests conducted in Russia in 2019.
This work is conducted within the EU H2020 RUMBLE project, and has received funding
from the European Union’s Horizon 2020 research and innovation programme under grant
agreement No 769896.
REFERENCES
[1] Løvholt, F., Norén-Cosgriff, K., Madshus, C., and Engvik Ellingsen, S. (2017), Simulating low
frequency sound transmission through walls and windows by a two-way coupled fluid structure
interaction model, J. Sound Vib. 396, 203-216.
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Quantification of the Turbulence Effects on Classical and Low Booms
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2 Institut J R. d’Alembert, Sorbonne Université, Paris, regis.marchiano@sorbonne-universite.fr
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Abstract
Keywords:
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The renewal of civil supersonic aviation requires to study the propagation of sonic boom in the
turbulent atmosphere to quantify the noise perceived on the ground. Indeed, turbulence in the
planetary boundary layer is known for long to play a major effect on the shape, amplitude and
sound level of the sonic boom, and tools are needed to predict and understand this influence.
Here, an isotropic and homogeneous atmospheric turbulence is assumed with a von Kármán
spectrum of wind velocity fluctuations. Both classical (N-wave like) booms and low-booms are
propagated in the turbulent layer by means of a recently developed 3D propagation code,
assuming a wide-angle, one-way nonlinear propagation over a rigid ground in an absorbing
atmosphere [1]. A stochastic study is then performed using the generalized polynomial chaos
method (gPC) [2] with the von Kármán spectrum parameters as stochastic variables. For one
study, a fixed random matrix is used to take into account the inherent randomness of the
atmospheric parameters. Such study is then repeated with 50 different realisations of the
random matrix, to obtain statistically meaningful observations. The statistical properties of the
peak pressure and relevant sound level metrics (A-SEL, B-SEL, C-SEL, D-SEL, and PLdB) are
examined with propagation distance, and differences between the propagation of a classical Nwave and a low-boom are observed (figure 1): the classical N-wave shows higher peak pressures
and larger variations that the low-boom signal. The sensitivity of the propagation to the
turbulence parameters is studied, and a predominance of the intensity of turbulence is observed.
Finally, the variance of the metrics as function of the propagation distance shows globally a linear
increase with the distance, with a larger slope for the classical N-wave. This study paves the way
for a better understanding of the influence of turbulence parameters on sonic boom [Study
realised as part of project Rumble - Grant Agreement 769896].

Figure 1: Probability density (red), mean value (blue) and nominal value (green) of the ground peak pressure
with propagation distance for 3 booms and 1 random realisation matrix atmosphere.

References
D. Luquet, R. Marchiano, F. Coulouvrat, Long range numerical simulation of acoustical shock waves in a 3D
[1]
[2]

moving, heterogeneous and absorbing medium, J. Comput. Phys., 379, 237-261, 2019
D. Xiu, Numerical methods for stochastic computations: a spectral method approach, Princeton University
Press, 2010.
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Abstract
Keywords:
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Sonic boom prediction is tackled within the EU project RUMBLE, which aims at providing
expertise to support the definition of new regulations regarding low-level sonic boom. The
impact of atmospheric turbulence, temperature gradients and ground effects on sonic boom
propagation are notably investigated.
In the present work, sonic boom propagation is simulated by solving the 2D non-linear Euler
equations in the time domain. Adiabatic flow is assumed, with ideal and calorifically perfect fluid.
With the current prediction schemes, the ground is usually assumed flat and perfectly reflecting
and the amplitude of the reflected boom is obtained by multiplying the one of the incident boom
by a constant factor. With this code, ground elevation variations can be taken into account thanks
to a curvilinear coordinate system. It allows to adjust the mesh to a varying topography at ground
level. The use of the Euler equations allows to account for diffracted waves generated by ground
elevation gradients without any approximation, unlike parabolic methods or ray-tracing. The
code is based on finite difference, using high-order schemes to capture the propagation of
acoustic waves accurately [1]. An optimised fourth-order scheme using an eleven point stencil is
chosen in space along with a selective filter, and an optimised fourth-order six-step Runge-Kutta
scheme is used in time. The equations are solved in a supersonic moving frame, so that nonreflective acoustic boundary conditions are not required.
Both elevation and meteorological effects on sonic boom can be investigated using this method.
The impact of different types of ground elevation is analysed for incident boom signatures typical
of a classical N-wave and of a low boom. Investigations are focused on waveform variability but
also on modifications of the noise perceived at ground level using metrics sensitive to different
frequency content.
Acknowledgements
This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement N769896 (RUMBLE). In addition, this work is
supported by RSF-17-72-10277 and by the Labex CeLyA of Université de Lyon, operated by the
French National Research Agency (ANR-10-LABX-0060/ANR-11-IDEX-0007).
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The RUMBLE (RegUlation and norM for low sonic Boom LEvels) project, funded by European Commission,
aims through Work Package 2 at validating numerical methods for far field prediction. It also aims, through
Work Package 4 at providing inputs to the SuperSonic Task Group within ICAO/CAEP to determine a way of
assessing a reference day standard and evaluating maximum sonic boom levels.
The supersonic flight being constrained by regulation authorities, the assessment of an acceptable sound level of
sonic booms is required. The level on the ground depends on the nearfield signature of the aircraft and the
propagation in a heterogonous atmosphere.
Within the RUMBLE consortium, two propagation codes based on classical ray-tracing [3][4] are available. For
both, the propagation from the nearfield to the ground is predicted with the eikonal equation and a sound
absorption model.
We first present a comparison of the two codes done by evaluating results on a database consisting of 1100
atmospheres extracted from the Integrated Global Radiosonde Archive (IGRA) database [2] and using a low
boom signature based on the NASA C25 low boom concept. Next, in order to conduct a sensitivity analysis of
sonic boom propagation two sources were chosen to extract worldwide realistic atmospheres:
 IGRA database [2]
 ERA5 database [1].
For 2017, 666 Locations were chosen from the IGRA database and more than 350000 atmospheres were
extracted. As for the ERA5 database around 950000 atmospheres were extracted at the same locations.

Figure 1: Left :Average temperature at ground level and and average wind at 10000m, Center: Average PLdB levels,
Left Mach cut-off evaluation

A statistical comparison is lead to evaluate the sonic boom levels on ground resulting from the far-field
propagation as well as mach cut-off values..
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Session Abstract
Keywords:

Low-carbon fuel propulsion, emission reduction, optimization methods, novel
aircraft architecture, evolutionary algorithms

As mentioned in the editorial of a recent Clean Sky document ‘Skyline’, Europe has on it
shoulders the urgency of addressing climate change. In that respect, universities, research
organizations and industry will continue their effort in Horizon Europe to work on a new Clean
Aviation programme.
For achieving the ambitious goals for aircraft emission reductions, novel aircraft architectures
using low-carbon fuel need to reduce drag, emissions and also noise to counter the
environmental impacts of aviation. Optimised solutions for novel approaches have to be
developed.
In this challenging and ambitious context, this STS will propose advanced numerical methods
and tools with their associated software for optimising greener aircraft and aero-engine
design using hybridized adjunct methods, evolutionary algorithms and games strategies,
developed by research institutions and installed in the industrial design environment.
To support the increasing global demand for air travel and achieve significant CO², NOx and
Noise emission reductions, the aviation industry has more intensively to develop
environmentally friendly technologies and their implementation in the novel aircraft
generations.
Contributors of this STS will address new concepts and methods for design optimization and
for reducing significantly emissions aiming for a decreasing aviation impact on the
environment.
The following papers will be presented in this STS:
Optimization of a Turbine Inlet Guide Vane by Gradient-based and Metamodel-assisted
Methods
Mohamed H. Aissa, Roberto Maffulli, Lasse Mueller and Tom Verstraete, VKI, Brussels, Belgium

Non-cooperative Game Hybridization of a Memetic Optimization Approach
Jordi Pons-Prats, Martí Coma, Gabriel Bugeda, CIMNE/ UPC, Barcelona, Spain

Game Theory and Multi-Objective Optimization: A Review of Concepts and Methods and
their Extension to Solving Huge-Scale Optimization Problems
Zhili Tang, Shaojun Luo, Haiqin Li, NUAA, Nanjing, China, Jacques Periaux, CIMNE, Barcelona, Spain

Gust Load Alleviation by Circulation Control for Future Greener Aircraft
Ning Qin, Univ. of Sheffield, Sheffield, UK
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Abstract
Keywords:
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Gust encounter is a crucial factor in aircraft structural design, often dictating the structural load
and weight. Effective control and alleviation of wing load due to gust encounter can leads to
significant reduction of wing structural weight. This can in turn provide an alternative way to
reduce aircraft drag and therefore emission for future greener aviation.
In this presentation, we show an investigation on the effectiveness and feasibility of a
fluidic actuator for load control and gust load alleviation at subsonic and transonic flow
conditions. Specifically, we explored numerically the capability of circulation control (CC) by
blowing tangentially through the trailing-edge Coanda surfaces. We will show some detailed
analysis of load control mechanisms and effectiveness under constant and dynamic blowing,
momentum coefficients. For future greener air transport, we investigated the implementation
of circulation control for load control on a blended-wing-body (BWB) configuration. We will
show that gust load can be effectively alleviated with reference to the gust conditions defined
by the certification specifications of large commercial aircraft covered by the European Union
Aviation Safety Agency CS-25. The results from the case studies demonstrate that CC has the
capability for load control and gust load alleviation for both subsonic and transonic incoming
flows conditions. Due to the fast-frequency response characteristics, the method is capable for
adaptive gust load controls. This research provides further insights into the feasibility of gust
load attenuation by means of circulation control. This can potentially contribute to the design
of future more efficient transport aircraft for significant reduction of aircraft drag and emission.

Figure 1. Alleviation of Gust Load on a Blended Wind Body Aircraft at Transonic Speed
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Key Words: Hybrid Methods, Optimization methods, Genetic Algorithms, Gradient-based
optimization, applications.
Genetic algorithms are optimization methods based on the Darwin's theory of the evolution of
the species. They are well-known and their range of applications is broad. On the other hand,
Gradient-based methods, also well-known and with a large number of applications, are based
on the calculation of the best direction towards the optimum using the first and the second
derivative of the function. The genetic evolution is managed by genetic information compound
only by the information of individual evaluations of the function of interest. This is one of the
main drawbacks when comparing with Gradient-based methods. Hybrid optimization
algorithms are gaining attention due to the combination of the capabilities which leads to a
better result. The most common way of hybridization is to combine one method providing large
search capabilities, with one method that provides fine tuning; what is called the coupling
between exploration and exploitation. In order to overcome the genetic algorithms’ issue,
hybrid methods increase the genetic information defining several populations in parallel. These
populations can be defined using the same parameters, but it is also possible to use completely
different optimization methods for each of them. The present work explores the benefits of
defining population from pretty similar, just slightly modifying few parameters, to completely
different, using a completely new set-up, including the combination of populations working
with genetic algorithms, and populations using gradient-based methods. Applications will be
presented to illustrate the results.
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Optimization of a turbine inlet guide vane by
 gradient-based and metamodelassisted methods
Mohamed H. Aissa, Roberto Maffulli, Lasse Mueller & Tom Verstraete

Modern aircraft have a reduced CO2 emission and fuel consumption compared to airplanes of the last
century with a threefold decrease of aircraft energy usage per Available Seat Kilometer (ASK) from the
fifties to the end of the twentieth century. This is the result of a continuous optimization process of the
whole aircraft but it is worth to note that a large portion of the reduction in the specific fuel
consumption is due to advances in gas turbines and propulsion in general enabled mainly by the
improvements in the design process.
Design processes nowadays rely more and more on automated optimization methods to shorten the
development cycle and reach higher performances. Within those optimization methods, gradient-free
ones converge slower but rather to a global optimum, while gradient-based methods converge faster to
a local optimum.Quite recently gradient-free methods have been assisted by metamodels to improve
their convergence and gradient-based methods are making use of adjoints to speed up the gradient
evaluation.
In this work, we compare an adjoint-assisted gradient-based and a metamodel-assisted gradient-free
method with respect to convergence, local/global optima and especially the computational time. On a
constrained multipoint aerodynamic optimization of a turbine inlet vane, gradient-based and gradientfree methods reached 22% and 24%, respectively, of total pressure loss reduction. The metamodelassisted method reached a 2% higher objective value at double the cost of flow evaluations, an
additional cost related mainly to the evaluation of an initial database.
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Session Abstract
Keywords:

Lightweight materials, composite structures, multifunctional materials and
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According to the Strategic Research and Innovation Agenda of the Advisory Council for
Aviation Research & Innovation in Europe (ACARE), new technologies, materials, manufacturing processes and system concepts are vital for the European aviation sector.
Environmental protection is, and will continue to be, a key driver for aviation. The
environmental goals in Flightpath 2050 recognise the need for aviation to accelerate its effort
nuisance and air quality for the benefit of all citizens and to allow sustainable traffic growth.
For future airliners, the airframes, including cabin interiors, must contribute benefit from
increased innovation in lightweight materials, including composites. Their use will require new
approaches to design and manufacturing, with multifunctional materials and structures for
weight-saving, reduced manufacturing cost and increased production rate. Design for end-toend performance improvement must be achieved with multidisciplinary approaches such as
multi-criteria optimisation and digital model based engineering.
In this session, experimental and numerical technologies and new research of advanced
materials, structures and related manufacturing processes for applications in aerospace will
be presented.
Amongst others, a numerical simulation methodology of Additive Manufacturing process for
open lattice cellular materials will be presented. Investigations of new composite structures
on their mechanical and dynamic behaviour will be addressed.
The following papers will be presented:
Numerical Modelling and Mechanical Behaviour of Cellular Materials Produced by Additive
Manufacturing Process
George Lampeas, Harry Psihoyos and Spiros Pantelakis, Univ. of Patras, Greece
Active Vibration Control of Lattice Core-Sandwich Structures Using Macro-Fiber Composite
Actuators
Narasimha Rao Mekala and Kai-Uwe Schröder, RWTH Aachen University, Germany
Numerical Analysis of a Mechanical De-Icing Process by Low Frequency Oscillation of a
CFRP layer
Felix Grubert, Miguel Nuño Spiewak and Kai-Uwe Schröder, RWTH Aachen Univ., Germany
The implementation of a Novel Holistic Index for the Optimization of the Automated Fiber
Placement Process with Regard to Quality, Life Cycle Costs and Environmental Performance
Christos Katsiropoulos and Spiros Pantelakis, Univ. of Patras, Greece
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Abstract
Keywords:

Active vibration control, numerical simulation, Lattice core sandwich structures

Sandwich structures possess a high bending stiffness compared to monolithic structures with a
similar weight. This makes them very suitable for lightweight applications where high stiffness to
weight ratios are needed. The process of lightweight design often results in thin-walled
structures. Thin-walled structures are more prone to vibrations and damping of vibrations under
various loads are very important. One of the approaches to damp the vibrations of the structures
is using active control systems.
In this paper, active vibration control of lattice core-sandwich structures using macro-fiber
composite (MFC) actuators is presented. Layer-wise modelling of lattice core-sandwich
structures is considered in the present paper by evaluating the equivalent material properties
using multi-scale modelling of pyramidal truss cores. A geometrically nonlinear shell finite
element model is developed for MFC bonded structures. To model electro-mechanical coupling
in MFC actuators, more accurately, nonlinear dependence of electro-mechanical coupling
coefficients with respect to applied electric fields are considered.
With the developed numerical model, various examples of lattice-core sandwich structures with
a different number of unit cells under both static and dynamic loads are simulated numerically.
The mechanical behaviour of MFC bonded lattice core-sandwich structures is studied under both
mechanical and applied electric loads. The influence on the mechanical behaviour of lattice coresandwich structures by varying parameters like the number of unit cells and lattice core
dimensions are studied by performing the numerical simulations with developed numerical
models. Furthermore, active vibration control of sandwich structures with MFC actuators is
performed to suppress the vibrations. To understand vibration behaviour, frequency response
analysis performed for the pyramidal lattice core structures with various parameters of truss
cores and later active vibration control for these structures also studied in the present paper.
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De-icing of general aviation aircraft is usually realized by chemical or thermal processes. This
leads to an increase in fuel consumption or usage of electrical energy. Mechanical de-icing
could be a way to significantly reduce this consumption. In mechanical de-icing, a surface is
deformed so that the required failure mechanisms are induced in the ice, causing it to detach.
In this paper, the release behaviour of ice on a CFRP layer is investigated. The CFRP layer
consists of two plies, each 0.3 mm thick. A numerical calculation is performed to determine
the natural frequency and the required amplitudes of the vibration. In addition, the
relationship between the various failure mechanisms of ice and the ice layer thickness, as well
as the control values are determined. Furthermore, tests are performed to validate these
control values. For this purpose, the surface of a CFRP layer is iced with water in a climate
chamber at -10°C. An electrodynamic vibration exciter is connected to the CFRP and generates
the required displacements at desired frequencies to observe the release of the ice.
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Finite Element Method.
In the present paper a numerical simulation methodology of Additive Manufacturing process
for open lattice cellular materials is presented, followed by derivation of cellular material
mechanical behaviour. The simulations aim to derive the relations between the manufacturing
process parameters and the produced material behaviour [1].
To this purpose, the Selective Laser Melting AM manufacturing process is initially thermomechanically simulated [2]. The heat transfer occurring by all three mechanisms i.e.
conduction, convection and radiation is simulated using the developed finite element model.
Heat is provided to the part by the laser beam and then is transferred to the part volume via
conduction through the solid and the powder material. Heat is lost from the system by means
of convection and radiation of the free surfaces. The numerical simulation is used to predict the
final geometry of the open-lattice material system, the temperature history and the residual
stress / distortions as function of AM process parameters applied. Provided that the simulation
of AM manufacturing process of open-lattice cellular structures is computationally very
demanding, it has been currently limited at the macro scale and considered a single unit-cell.
The results of the developed finite element AM simulation models are successfully compared
to experimental results validating the AM simulation methodology.
Consequently, the SLM process simulation output serve as input to detailed numerical
mechanical models, which have been developed in order to predict the cellular core failure
under different loading modes. The methodology is demonstrated in the cases metallic and
plastic open-lattice Body-Centred-Cubic (BCC) cellular cores. The numerical predictions are
validated by cellular material compression experimental tests.
The application of the proposed approach contributes to the first-time right process parameters
selection, which enable the production of cores with pre-defined properties. The developed
methodology is extendable in two directions, i.e. locally in the micro-scale, such that the
processed material porosity is predicted, as well as in full part geometry, such that residual
stress and distortion results are more realistically calculated.
REFERENCES
[1] Rashed MG, Ashraf M, Mines RAW, Hazell PJ. Metallic microlattice materials: A current state
of the art on manufacturing, mechanical properties and applications. Materials & Design 95
(2016), p. 518-533.
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[2] Zhibo Luo, Yaoyao Zhao. A survey of finite element analysis of temperature and thermal stress
fields in powder bed fusion Additive Manufacturing. Additive Manufacturing 21 (2018), 318 –
332.
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The mainstream composite material type for aeronautical applications is carbon fiber
reinforced epoxies. However, issues associated with their long curing cycles which lead to
low production rates, the growing environmental concerns associated with their end of life
treatment as well as the adoption of stricter environmental policies have turned the attention
of the aeronautical industry to thermoplastic composites as a promising alternative solution
[e.g. 1].
Thermoplastic composites exhibit superior impact and chemical resistance, unlimited selflife as well as the ability of assembling sub-structures by welding and recyclability [e.g.2]. On
the downside the higher processing temperatures and pressures needed for processing these
materials, leading to increased energy consumption and cost, are key barriers for their wide
range use for the construction of primary structures by the aeronautical industry [e.g.3].
Additionally, the deterioration of the mechanical properties of the materials during the
recycling process due to the difficulties in the incorporation of the recycled fiber systems into
the matrices [1] poses a burden for further exploiting their recyclability. Regardless whether
dealing with thermosets or thermoplastics, cost and environmental footprint for producing an
aircraft component are nowadays of critical concern, in addition to the non-negotiable demand
for reduced weight by satisfactory quality.
In general, the assessment of cost and environmental footprint for producing an aircraft
component is nowadays a common practice. In this context Life Cycle Costing (LCC) and
Life Cycle Assessment (LCA) models are used individually prior manufacturing as tools
either for the selection of the most suitable process among a number of candidates or for the
process optimization if the manufacturing technique is already predefined [e.g.6]. In addition,
meeting the quality of the component, in terms of predefined quality features like eg. critical
mechanical properties etc., is a non negotiable demand. In parallel, efforts have been
undertaken in optimizing structural components with regard to their quality and cost by
considering quality and cost as interdependent functions of the manufacturing process
parameters [e.g.5].
Yet, in most cases a quality increase is associated to an increase of cost and in several
cases also to an increase of the environmental footprint and vice versa. Therefore quality of
the component as well as the overall environmental footprint and cost of the product including
component manufacturing process and End-of-Life-Cycle need to be considered already at the
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component design phase as component optimization interdependent objective functions.
However, despite the mentioned efforts, tools and concepts allowing for a holistic and
interdependent optimization of a product with regard to quality, cost and environmental
impact still need to be developed.
In the present work, a novel holistic component and process optimization index is
introduced. The Index is aimed to provide a decision support tool for the optimization of
aircraft composite components and manufacturing processes as well as for the selection of the
appropriate manufacturing technique of a component when various techniques are considered
as manufacturing options. The criteria involved in the index are quality, cost and
environmental footprint functions which are considered to be interdependent. In the present
concept quality is quantified through measurable technological features which are required for
the component under consideration. Cost has been estimated by implementing the Activity
Based Concept (ABC) using an in house developed tool. Environmental footprint is assessed
by exploiting the ReCiPe method using the ‘open LCA’ software. The weight factor of each
of the above criteria in the Index is calculated by using the Multi Criteria Decision (MCD)
method Analytic Hierarchy Process (AHP). The Index developed has been applied to support
the selection of the appropriate production technique for a typical aeronautical composite part.
The alternative manufacturing options considered have been the Automated Fiber Placement
(AFP) as well as the classical Autoclave manufacturing technique. By considering quality as
the prevailing factor for meeting a decision the index confirms the advantage of the Autoclave
process. Yet, by considering the environmental footprint and/or cost to be of equal or higher
significance to quality, the implementation of the index demonstrates the clear advantage of
AFP process.
REFERENCES
[1] Oliveux Géraldine, O. Dandy Luke, Leeke Gary A. Current status of recycling of fibre reinforced
polymers: Review of technologies, reuse and resulting properties 2015 Progress in Materials
Science 72 61–99.
[2] Vaidya UK, Chawla KK. Processing of fibre reinforced thermoplastic composites 2008
International Materials Reviews 53(4) 185-218.
[3] Loukopoulos A, Katsiropoulos ChV, Pantelakis SpG. Carbon and financial evaluation of an
aeronautic component production using different manufacturing processes 2018 International
Journal of Structural Integrity 10(3) 425-435.
[4] Katsiropoulos ChV, Loukopoulos Α, Pantelakis SpG. Comparative environmental and cost
analysis of alternative production scenarios associated with a helicopter’s canopy 2019
Aerospace 6(3) 1-12.
[5] Pantelakis S, Katsiropoulos ChV, Labeas GN, Sibois H. A concept to optimize quality and cost in
thermoplastic composite components applied to the production of helicopter canopies 2009
Composites: Part A 40(5) 595-606.
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The goal of this STS is to assess the state-of-the-art of computational experiment in
aeroacoustics and associated aerodynamics as a research tool used in engineering design of
modern aircrafts including airframes, helicopters, space vehicles and aviation engines. We
focus on reducing the noise generated by aircrafts since nowadays it is a mandatory
requirement, to protect the environment. We treat the associated aerodynamics as dynamics
of unsteady turbulent flows over airframes since it underlies the formation of distributed
acoustic sources.
At the STS, we discuss several CFD/CAA predictions oriented towards different aerospace
industries. The simulations of relevant turbulent flows using the advanced RANS-LES scaleresolving methods are of particular interest. Among the issues under consideration, there are
unsteady flow characteristics, aerodynamic and acoustic loads, near-field and far-field
acoustics.
We pay a special attention to the validation of the developed numerical algorithms and the
CFD/CAA codes providing computational experiments. The set-ups of experimental cases and
validation results are also within the scope.
The STS follows the ideas of regular international workshops “Computational Experiment
in Aeroacoustics and associated Aerodynamics” http://ceaa-w.imamod.ru/ and, in particular,
the Sixth forum taking place in September 2020.

Figure 1:

Instantaneous flow fields: dual-stream jet (left), acoustic radiation by 30P30N HLD
configuration (middle), vortical flow generated by helicopter rotor at hover mode (right).
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Key Words: Adaptive Metamodelling, Acoustics, Aerodynamics
The present work outlines an investigation on the use of adaptive metamodels based on Radial Basis
Functions (RBF) applied to aerodynamic and acoustic problems. The relevance of the topic lies on the
massive use of metamodelling techniques within the design optimisation process of disruptive aircraft
layouts. Indeed, the air traffic growth, consequently the hard environmental constraints imposed by regulations, will make a technological breakthrough an imperative need within few years. As consequence,
the engineering community is paying particular attention to the development of innovative techniques
for the design of unconventional configurations. For this class of applications the designer cannot successfully rely on historical data or low–fidelity models, and the expensive direct simulations remain the
only valuable design strategy. In this regard, it can be demonstrated that the use of surrogate models,
i.e. metamodels, significantly reduces the computing costs, especially in view of a robust approach to
the optimised design. In order to further improve the efficiency of metamodel-based techniques, dynamic approaches based on auto–tuning methods and adaptive sampling procedures have been recently
developed. The application presented here pertains the exploiting of dynamic RBF–based metamodels
applied to aerodynamic and acoustic problems of aeronautical interest. The analysis of the metamodel
performances and its convergence properties shows how the choice of the RBF kernel function plays a
key role, strongly depending on the specific physical problem.
REFERENCES
[1] Diez, M. and Volpi, S. and Serani, A. and Stern, F. and Campana, E.F. Simulation–Based Design
Optimization by Sequential Multi–criterion Adaptive Sampling and Dynamic Radial Basis Functions. Computational Methods in Applied SciencesVolume 48, 2019, Pages 213–228.
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tailored to aeroacoustic applications. 25th AIAA/CEAS Aeroacoustics Conference, 2019.
[3] Burghignoli, L. and Rossetti, M. and Centracchio, F. and Iemma, U. Noise shielding metamodels
based on stochastic radial basis functions. Proceedings of the 26th International Congress on Sound

3887

and Vibration, ICSV 2019.
[4] Centracchio, F. and Burghignoli, L. and Iemma, U. and Rossetti, M. Noise shielding models for
the conceptual design of unconventional aircraft. INTER–NOISE 2018, the 47th International
Congress and Exposition on Noise Control Engineering.
[5] Burghignoli, L. and Centracchio, F. and Rossetti, M. and Iemma, U. Multi-objective optimization
of a BWB aircraft for noise impact abatement. Proceedings of the 25th International Congress on
Sound and Vibration, ICSV 2018.
[6] Pellegrini, R. and Iemma, U. and Leotardi, C. and Campana, E.F. and Diez, M. Multi-fidelity Adaptive global metamodel of expensive computer simulations. 2016 IEEE Congress on Evolutionary
Computation, CEC 2016.
[7] Volpi, S. and Diez, M. and Gaul, N.J. and Song, H. and Iemma, U. and Choi, K.K. and Campana,
E.F. and Stern, F. Development and validation of a dynamic metamodel based on stochastic radial basis functions and uncertainty quantification. Structural and Multidisciplinary Optimization
Volume 51, Issue 2, 2015, Pages 347-368.

3888

Maxime Huet,
Analysis
and Modelling
Georgy A.ofFaranosov,
the Flow and
Oleg
Far-Field
P. Bychkov
Noise
and
ofFrancois
a Turbulent
Vuillot
Subsonic Jet From Experimental and Numerical Data
th

8 European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
th
14 World Congress on Computational Mechanics (WCCM XIV)
July, 19 – 24, 2020, Paris, France

STS 26-5

Analysis and Modelling of the Flow and Far-Field Noise
of a Turbulent Subsonic Jet from Experimental and
Numerical Data
Maxime Huet1, Georgy A. Faranosov2, Oleg P. Bychkov2 and François Vuillot3
1

DAAA, ONERA, Université Paris Saclay, F-92322 Châtillon – France. maxime.huet@onera.fr
2
Central Aerohydrodynamic Institute (TsAGI), Moscow, 105005, Russia
3
DMPE, ONERA, Université Paris Saclay, F-91123 Palaiseau – France

Abstract
Keywords: Jet Noise, Turbulent Flow, Aeroacoustics, Larde-Eddy Simulation, Experiment
The noise generated by a single stream jet with a diameter-based Reynolds number
ReD = 550,000 and Mach number Mj = 0.55 is investigated numerically using Large-Eddy
Simulation. Particular attention is focused on the resolution of the nozzle boundary layer,
which plays a crucial role in flow development and noise radiation. The boundary layer is
expected to be turbulent according to the Reynolds number and turbulence is seeded
numerically through a geometrical tripping on the nozzle wall. The simulation is assessed
through a detailed comparison with measurements and reproduces quite correctly the
experimental jet. In particular, turbulence is fully developed in the jet plume and simulated
pressure near-field spectra and far-field modal decomposition collapse with the
experiments. A slight overestimation of the simulated turbulence is noticed but limits to an
overprediction below 2 dB for the far-field noise.

The final objective of the study is to develop more precise semi-empirical models,
especially for installation noise prediction. To this end, additional investigations will be
detailed during the presentation. Of particular interest are (i) jet axis velocity (wavepackets
identification), (ii) near-field pressure (azimuthal content, phase velocities, POD modes
characteristics) and (iii) far pressure field (azimuthal content, correlation properties).
References
[1] O. P. Bychkov and G. A. Faranosov, An Experimental Study and Theoretical Simulation of
Jet-Wing Interaction Noise, Acoustical Physics (2018), 64:437-452.
[2] M. Huet, G. A. Faranosov, O. P. Bychkov and F. Vuillot, Investigation of the flow and farfield characteristics of an isothermal subsonic jet at ReD = 550,000 from experimental
and numerical data, 26th AIAA/CEAS Aeroacoustics Conference (2020).

3889

Numerical
Tao
Zhang Simulation
and Georgeof
Barakos
Ducted Fan Aerodynamics and Aeroacoustics
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
14th World Congress on Computational Mechanics (WCCM XIV)
July, 19 – 24, 2020, Paris, France

STS 26-6

Numerical Simulation of Ducted Fan Aerodynamics and
Aeroacoustics
Tao Zhang1 and George N. Barakos²
CFD Laboratory, School of Engineering, University of Glasgow, G12 8QQ, Scotland, UK
1 2354711Z@student.gla.ac.uk
² george.barakos@glasgow.ac.uk

Abstract
Keywords: Ducted fan, high-fidelity computational fluid dynamics, computational aeroacoustics
The ducted fan is a propeller enclosed by an annular duct. In hover, or at low advance ratios,
the duct induces higher or lower mass and momentum flow rates through the propeller disk,
depending on the specific duct shape, thereby increasing or decreasing the total propulsor
thrust. Apart from the thrust augmentation, noise reduction is also expected due to the duct
shielding. The presence of the duct significantly changes the acoustic patterns of a rotating
propeller. Stronger radiation directivity and noise reduction are the two major features,
comparing to open propellers. Considering the complex flow features imposed by the
duct/propeller interaction, modern CFD and CAA methods are especially suitable for the
investigation of ducted fan acoustics. Nevertheless, very few studies exist on the topic using
high-fidelity flow simulations. In the present work, high-fidelity CFD simulations on ducted
fans are performed using the HMB3 solver (M. Biava et al. AIAA Journal, 2015, Vol 54, 2,
pp.735-749).
Good agreement with test data by Grunwald et al. (K. Grunwald et al., 1962, NASA TN D-995)
are noted. Comparisons are also made against the un-ducted propeller, and the superior
performance of the ducted propeller is confirmed. As shown in Figure 1, flow-fields of the
ducted and un-ducted propellers at different angles of attack are resolved in detail. The
pressure fields are then extracted and the farfield acoustic are calculated using the FfowcsWilliams & Hawkings (FWH) acoustic analogy. Detailed analysis of the ducted fan
aerodynamics and acoustics is presented in the full paper.

(a) Open propeller in axial flight

(b) Ducted propeller at AoA = 50 cross-wind

Figure 1: Iso-surfaces of non-dimensional Q criterion for the open and ducted propellers, colored with
pressure coefficients.
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Acoustic liners are typically installed in aircraft engines for noise reduction. Traditional liners
have simple designs tuned to a specific frequency. The broadband noise attenuation
mechanisms by complex honeycomb structures can be challenging for numerical modelling.
Using an immersed boundary model, the properties of uniquely shaped acoustic resonators,
such as Helmholtz resonators with extended-neck (HERN), are evaluated.
In this work, the Brinkman-based Volume Penalisation Method (VPM) is employed, together
with high-order finite-difference numerical schemes, solving modified Navier-Stokes
equations. To model the shape of a two-dimensional resonator, the boundaries are immersed
into Cartesian grids instead of body-fitted grids. In this way, the grid generation process is
simplified to ensure enough grid resolution at the neck, and the same grids can be employed
in various simulations of resonators with and with-out extended necks. The production of the
vortex at the sharp edges and the noise reduction at different frequencies are studied. Figure
1 shows the induced vorticity distributions of two resonators (with and without extended
necks) subjected to a plane wave at 1000 Hz.

(a) Normal Helmholtz resonator.

(b) HERN.

Figure 1: Induced resonator flow fields by a plane incident wave at 1000 Hz .
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Abstract
Keywords: Turbulent Flow, Supersonic Flow, Scale-Resolving Simulation,
Inclined Backward-Facing Step, Dual-Stream Jet
In many industrially relevant cases, the RANS-based approaches to model turbulent flows
cannot provide the proper data both on unsteady loads and far-field acoustics. However, this
data is of crucial importance when finding the optimal shape of the vehicle and developing
the low-noise aircrafts. Such information can be derived from using the scale-resolving
methods and the hybrid RANS-LES models, in particular. In the talk, we consider two validation
cases for high-speed turbulent flows where unsteady vortical structures strongly affect the
surface and the flow field in whole, and therefore must be predicted very accurately. The first
case is the supersonic flow at M=3 and Reh=3.2·107 over the 45°-inclined backward facing step
[1]. The second one is the axisymmetric high-Reynolds dual-stream jet: slightly
underexpanded at the bypass duct and subsonic at the main duct [2]. The both physical
experiments are performed by ITAM SB RAS, Novosibirsk, Russia.

To simulate the cases, we exploit the DES-family methods implemented using the EBR-WENO
scheme [3] for unstructured meshes. The numerical results are discussed.
References:
[1]

S.M. Bosnyakov, A.P. Duben, A.A. Zheltovodov, T.K. Kozubskaya, S.V. Matyash, S.V. Mikhailov,
Numerical simulation of supersonic separated flow over inclined backward-facing step using
RANS and LES methods, Math. Mod. and Comp. Simul. (2020) (to be published)
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A.I. Troshin, V.O. Tsvetkova, Comparison of two higher accuracy unstructured scale-resolving
approaches applied to dual-stream nozzle jet simulation, Math. Mod. and Comp. Simul.
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P. Bakhvalov, T. Kozubskaya, EBR-WENO scheme for solving gas dynamics problems with
discontinuities on unstructured meshes, Comput. Fluids (2017) 157, 312-324
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Session Abstract
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optimisation, high-fidelity numerical methods, aircraft flight physics
Europe’s Vision for Aviation ‘Flightpath 2020’ sets ambitious goals for the aviation sector. Reducing
environmental impact, as well as maintaining and extending industrial leadership will continue to
be key drivers for aviation. To this end, streamlined design and manufacturing processes are
required, in order to achieve reduced aircraft design costs and time.
Fast and accurate modelling of flight physics can significantly contribute to reducing the aircraft
design-cycle, obviating the need for costly prototyping and testing during development stages.
More importantly, advanced computational methods are key enablers for the development and
design of future disruptive configurations.
In the high-level international setting of the WCCM-ECCOMAS Virtual Congress 2021, the European
Commission and its Innovation and Networks Executive Agency (INEA) are organising a dedicated
session on advanced numerical methods for flight-physics modelling.
The objectives of the STS are:
1. To present an overview of current EU-funded research on computational methods for flightphysics modelling and a snapshot of progress at European and international levels;
2. To identify gaps between needs and the current state of the art, and gather recommendations
on specific topics, which should be addressed in the short, medium, and long term, including
aspects such as:
- Progress on research topics considered in the ACARE Strategic Research & Innovation
Agenda (e.g. Challenges 1, 2, and 3);
- high-fidelity computational fluid dynamics (CFD) capable of modelling turbulent and
transitional flows, and the role of artificial intelligence and high-performance computing;
- high-fidelity computational aeroacoustics (CAA) techniques for prediction of aerodynamic
noise (e.g. engine, airframe, and interaction noise);
- multi-disciplinary optimisation (MDO) methodologies, which can be integrated into the
aircraft design-cycle to drastically reduce design cost and time;
3. To bring together relevant EU and international aviation research and innovation stakeholders.
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Abstract
Keywords:
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This study analyses by means of High-Fidelity numerical simulation the increase of
aerodynamic performances of a morphing wing-flap configuration of an A3xx type in take-off
conditions. The electroactive morphing has been realized by novel actuators embedded under
the “skin” of the lifting structure and are able to optimally deform and vibrate the rear part of
the wing in multiple time and length scales. In this way, through manipulation of the different
classes of turbulent vortices breakdown of harmful coherent vortices is obtained and
simultaneously, enhancement of beneficial ones, yielding optimal pressure distribution on the
overall structure. These studies have been carried out by means of High-Fidelity numerical
simulations by using the NSMB – Navier Stokes Multi Block code with advanced turbulence
modelling closures, as well as by refined physical experiments of the morphing wing
prototypes built in the Horizon 2020 N° 723402 European research project SMS: Smart
Morphing and Sensing for aeronautical configurations (www.smartwing.org/SMS/EU). It has
been shown that the electroactive morphing concepts are able to provide significant
improvements of the aerodynamic performances: an order of 7% of lift increase, of 5% drag
reduction and a decrease of the amplitude of the predominant frequency modes associated
to noise sources produced by the trailing edge vortices, by an order of 8%. The fundamental
mechanisms leading to these improvements are analysed in detail by means of the numerical
simulations.

Figure 1: Suppression of the three-dimensionality and of the vortex dislocations past the two-element
wing configuration. Left: static, right: morphing by means of slight deformation and 300 Hz vibration
of the near trailing edge region at Reynolds number 2,2 Million, by means of hybrid Delayed Detached
Eddy Simulation - Organised Eddy Simulation - OES turbulence modelling (Shinde, Hoarau, Braza et al,
J. Fluids & Structures 2014)
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Key Words: Dynamic Metamodelling, Radial Basis Functions, Artificial Neural Networks
The present work deals with metamodelling techniques aimed at reproducing the dynamics of linear
and nonlinear systems. The research is focused on the comparison of dynamic metamodels based on
Radial Basis Functions (RBF) and Artificial Neural Networks (ANN). The relevant framework is the
robust and reliable optimal design of complex systems, with emphasis on unconventional aeronautical
configurations. This class of applications is typically constrained by the computational burden required
by high-fidelity solvers, needed to guarantee accurate solutions, and the high number of function evaluations required by the optimization to converge. As a consequence, the identification of efficient modelling
techniques represents a key challenge for the designers. The use of suitable metamodels, i.e. surrogate
models, has been demonstrated to significantly reduce the number of high-fidelity evaluations, thus substantially alleviating the overall computing costs. For this reason, the engineering community is gradually
switching from the design approach based only on direct simulations to a massive use of metamodelling
techniques. Recently, function-adaptive approaches, also referred to as dynamic metamodels, have been
developed in order to make even more efficient the metamodelling process. The dynamic approach takes
advantage of information retrieved during the analysis process itself, considerably improving the fitting
capability. Dynamic properties of a metamodel can be related to both the domain adaptive sampling and
the auto–tuning. In this work, RBF– and ANN–based surrogate models are formalised and applied to
engineering problems of aeronautical interest, with particular attention to aeroacoustic problems. The
used algorithms have demonstrated to be accurate and efficient, and the observed performance discloses
the possibility to implement numerical strategies for the reliable and robust optimal design.
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Session Abstract
Keywords: Separation, strong disturbances, shock wave, compression, boundary layer,
shockwave-boundary layer interaction
Flow separation depreciates flow quality and increases drag and losses. Strong interactions
may be induced by flow itself, as shock waves or rapid compressions. But such interactions
may be also induced by bounding walls shape as upstream or downstream facing steps, sharp
corners and leading or trailing edges.
Proposed here topic includes flow control methods aimed at separation reduction or its
elimination. Flow control methods and their physical mechanisms are important topics of the
STS session. Physical modelling of the flow control methods are important to simplify their
inclusion in CFD approach to separated flow analysis.
This STS “Flow Separation Induced by Strong Interactions” will include five papers, addressing
different aspect of the theme.
References:
[1] P. Doerffer (Editor), UFAST Experiments – Data Bank, IMP PAN Publishers, ISBN 978-8388237-46-1, 2009
[2] P. Doerffer (Editor), Unsteady Effects in Shock Wave Induced Separation, Springer
series – Notes on Numerical Fluid Mechanics and Multidisciplinary Design (NNFM114),
Springer, ISBN 978-3-642-03003-1, 2009
[3] P. Doerffer (Editor), Recent Progress in Flow Control for Practical Flows, Results of the
STADYWICO and IMESCON Projects, Springer, DOI: 10.1007/978-3-319-50568-8, 2017

Foreseen paper titles and speakers:
Transition Location Effect on Shock Wave Boundary Layer Interaction – Lessons
Learnt from the EU Project TFAST (20 min.)
Piotr Doerffer, Institute of Fluid Flow Machinery, IMP PAN, Gdańsk, Poland

High-resolution Unsteady Simulations of Transitional Shock Wave / Boundary Layer
Interactions (25 min.)
Lionel Larchevêque, Aix Marseille Univ., CNRS, IUSTI, Marseille, France
lionel.larcheveque@polytech.univ-mrs.fr

Numerical Simulation of a 3-D Transonic Regime around a Supercritical Wing Involving
Strong Separation (25 min.)

N. Simiriotis (1), Damian Szubert (1, 2), I. Asproulias (1), J.B. Tô (1), Y. Hoarau (3), Marianna Braza (1)
(1) Institut de Mécanique des Fluides de Toulouse, UMR CNRS 5502, marianna.braza@imft.fr
(2) Techniques Hydridynamiques, damien.szubert@intradef.gouv.fr
(3) ICUBE, Univ. Strasboutg, UMR CNRS 7357, hoarau@unistra.fr

Parametric Study of Multiple Shock Wave/Turbulent Boundary Layer Interactions with a
Reynolds Stress Model (25 min.)

K. Boychev, G.N. Barakos, R. Steijl, CFD Laboratory, School of Engineering, University of Glasgow, UK
Kiril.Boychev@glasgow.ac.uk

Numerical Simulation for Shock Wave Induced Separation on Gas Turbine Profile with Film
Cooling (25 min.)
Pawel Flaszynski, M. Piotrowicz, Inst. of Fluid Flow Machinery, IMP PAN, Gdańsk, Poland
pflaszyn@imp.gda.pl
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Abstract
Keywords:

transitional flow, shock wave/boundary layer interaction, low-frequency
unsteadiness, Large-Eddy Simulation

The talk will describe numerical simulations of several shock wave / boundary layer interactions
for which the incoming boundary layer is laminar and undergoes transition due to a shock
impingement. The retained flow parameters correspond to configurations, for which
experimental measurement have been made available recently by the EU-funded TFAST project.
Two M=1.7 shock reflections impingement Reynolds numbers of 6*105 and 1.9*106 are studied
numerically by means of Large-Eddy Simulations. Such a modelling allows the simulation of flows
transitioning to turbulence while being computationally tractable enough to make feasible longtime computations addressing the low-frequency unsteadiness encountered in separated flows.
The drawback of this strategy is that the turbulence modelling can alter the receptivity process
and the amplification of the instability modes of the laminar boundary layer, resulting in misprediction of the separation length for a given level of external flow perturbation. Moreover,
quantitative information on external perturbations (nature, amplitude, length-scale) are difficult
to extract from experimental measurements. The present work get around these difficulties by
directly injecting velocity fluctuations in the incoming boundary layer through a synthetic eddy
method, with amplitudes adjusted so as to result in separation lengths equal to the ones
observed experimentally.
Results from the grid convergence study as well as comparison with the velocity measurements
will be presented, focusing on the separation-induced transition. Flow unsteadiness, ranging
from the breathing of the separated region to the development of the mixing layer will also be
analysed and differences in their space and frequency distributions with respect to experiments
and simulations from the TFAST project will be discussed.

Maps of the Mach number (left) and of the logarithm of the streamwise velocity fluctuation
(right) for the Rex=6*105 (top) and Rex=1.9*106 (bottom) cases. Vertical dashed lines denote
locations of the separation and reattachment points.
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Abstract
Keywords:

High pressure turbine stages, shock wave boundary layer interaction, transition
location, numerical simulation, shock induced separation

Modern High Pressure (HP) turbine stages consist of highly loaded aerofoils, including transonic
and even supersonic flow regions. In the case of the stators a normal shock wave in the passage
throat chokes the flow, stabilizing the flow conditions at the operating point. In addition to these
flow phenomena, the strong acceleration along the early suction side leads to a re-laminarisation
of the flow, which in turn has a strong impact on the size of the shock induced separation bubble.
The injection of film coolant via rows of cooling holes influences the boundary layer state. As heat
transfer and film cooling effectiveness are of crucial importance in high pressure turbines, an indepth understanding of transition mechanisms is needed for a competitive design.
The effect of transition location on the shock wave boundary layer interaction was the main
objective of the EU project TFAST (Transition Location Effect on Shock Wave Boundary Layer
Interaction). Such interaction on the suction side of the gas turbine profile and the investigation
of the film cooling effect and the possibility of the jet vortex generators application upstream of
the shock wave was the objective of the work package focused on the turbine configuration.
Numerical simulations are presented and compared with experimental data. Numerical
simulations have been carried out by means of Fine/Turbo Numeca code for three cases:
- reference without film cooling and jet vortex generators (JVG),
- with cooling and without jet vortex generators,
- with cooling and with jet vortex generators.
The investigation of the film cooling and jet vortex generators effect on the shock wave boundary
layer interaction on the suction side of turbine profile has been carried out in the IMP PAN
transonic wind tunnel configuration. For this purpose a single passage test was designed
according to data for turbine cascade delivered by Rolls-Royce Deutschland (TFAST Partner).
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Numerical simulation of a 3-D transonic regime around a supercritical
wing involving strong separation
N. Simiriotis1, D. Szubert1,3, I. Asproulias1, J.B. Tô1,Y. Hoarau2, M. Braza1
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ICUBE, Université de Strasbourg, hoarau@unistra.fr
3
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1

Key Words: Transonic buffet, Turbulence modelling, Detached Eddy Simulation,
supercritical wing
The present paper details the simulations carried out for the 3D-V2C wing configuration
designed by Dassault Aviation in the context of the TFAST - Transition location effect on shock
boundary layer interaction - European programme. The results concern the constant section
wing and the swept one. In the second case, the transition location is imposed by numerical
tripping of the eddy-viscosity in order to examine the impact of its location on the buffet’s
onset. The computations have been carried out by using URANS, OES and hybrid approaches.
The results analyse the transonic buffet dynamics by means of spectral and POD analysis in
case of the constant section wing. They also examine onset of unsteadiness at 5° and 7° of
incidence for the swept wing. Because of the chord’s length variation, there are sections where
the local Reynolds number is subcritical or supercritical regarding the buffet instability.
A numerical study by means of statistical and hybrid turbulence modelling involving stochastic
forcing has been carried out to analyse the buffet phenomenon around a transonic wing of
constant section and a swept wing at high Reynolds number. The predictions, obtained by using
the NSMB - Navier Stokes MultiBlock code (Vos et al, 1998), have shown the ability of all the
methods in capturing the buffet’s frequency bump, but at different spectral amplitudes and
width of the bump. The DDES-SST simulations indicated a too strong suction effect and
enhancement of the separation and of the shock’s amplitude. The OES - Organised Eddy
Simulation (Braza et al 2006, Bourguet et al (2008), Szubert et al, 2015) simulations provided
a moderate shock amplitude and a good comparison of the mean forces coefficients with
experiments carried out in the context of the TFAST European project coordinated by IMPPAN. A detailed POD study shows the role of the most energetic modes in respect of the buffet
spatial oscillation amplitude as well as the impact of higher-order modes in the shear layer
dynamics and in the stochastic forcing.

Figure 1. Iso-contours of the density gradient by Detached Eddy Simulation illustrating the
buffet dynamics and the shock-vortex interaction around the V2C wing
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Abstract
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A parametric study of Multiple Shock Wave Boundary Layer Interactions is presented in this
paper. All results were obtained using the in-house Computational Fluid Dynamics solver of
Glasgow University. Such interactions often occur in high-speed intakes which have recently seen
a renewed interest. Simulations of a multiple shock wave boundary layer interaction in a
rectangular duct were first performed and the results were compared to the experiments. Using
the same numerical setup a parametric study investigating the effect of Mach number, Reynolds
number and confinement on the baseline solution was then performed. Efficiency metrics were
also defined to quantify the interactions. The results show that Reynolds-stress based turbulence
models are better suited than linear models. The corner separations affect the separation at the
centre of the domain which in turn alters the structure of the initial shock and the subsequent
interaction. Reduced flow confinement is found to be beneficial for higher pressure recovery.
Indicative results from this study are show in Figure 1 where the three levels of mesh refinement
are compared with the text data of Carroll et al. (B. Carroll et al., 1993, Journal of Propulsion and
Power, Issue, Vol. 9, pp. 405–411). The employed explicit algebraic stress model predicted the
correct size of corner flow, and gave fair results for the extend of flow separation and length of
shock train.

Figure 1: Wall pressure and mid-plane Mach number contours for three levels of refinement of the
employed CFD mesh. All computations employed an explicit algebraic Reynolds stress model.
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Flightpath 2050, whose objectives include the reduction of emissions and more effective
transport systems, puts severe demands on aircraft velocity and weight. These require an
increased load on wings and aero-engine components. The greening of air transport systems
means a reduction of drag and losses, which can be obtained by keeping laminar boundary
layers on external and internal airplane parts. Increased loads make supersonic flow velocities
more prevalent and are inherently connected to the appearance of shock waves, which in turn
may interact with laminar boundary layers. Such an interaction can quickly cause flow
separation, which is highly detrimental to aircraft performance, and poses a threat to safety. In
order to diminish the shock induced separation, the boundary layer at the point of interaction
should be turbulent.
The main objective of the TFAST project was to study the effect of transition location on the
structure of interaction. The main question is how close to the shock wave the induced
transition may be located, while still maintaining a typical turbulent character of the
interaction.
The main study cases - shock waves on wings/profiles, turbine and compressor blades and
supersonic intakes – have helped to answer open questions posed by the aeronautics industry
and to tackle more complex applications. In addition to basic flow configurations, transition
control methods were investigated for controlling transition location, interaction induced
separation and inherent flow unsteadiness. TFAST for the first time is providing a
characterization and selection of appropriate flow control methods for transition induction as
well as physical model of these devices.
Emphasis has been focused on close coupling of experiments and numerical investigations to
overcome weaknesses in both approaches.
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Session Abstract
Key Words:

Distributed propulsion, boundary layer ingestion, flow laminarity, morphing
concepts, load alleviation, active flow control

Commercial air traffic has shown a continuous growth ever since, despite major conflicts with
global impact and volatility of oil prices. The amount of travel by air is forecasted to double
by 2030 with more than six billion passengers. This shows that significant efforts are required
to cope with challenges like airport congestion and capacity limitations, climate change and
community noise. The next generation aircraft has to be much more environmentally friendly,
burn less fuel with fewer emissions, and will be less noisy. To achieve a step change, new
technologies like distributed propulsion, boundary layer ingestion, flow laminarity, morphing
concepts and load alleviation through active flow control have to be considered. They all bring
not only new aircraft integration challenges, but also pose major challenges to predictive
capabilities.
Existing methods for aeronautical engineering analysis used for conceptual design optimization
are biased towards conventional ‘wing-tube’ aircraft configurations. The subject STS aims at
presenting the integration of new capabilities into Multi-Disciplinary Optimization (MDO)
frameworks with treatment of aerodynamic, structural and acoustics analysis methods,
uncertainty analysis and multi-fidelity approaches. The STS will deal with development of
design frameworks providing flexibility to accommodate insertion of high fidelity knowledge of
physics (dealing with new disruptive and innovative aircraft design solutions) without
jeopardizing the efficiency of the numerical processes.
Paper titles and speakers:
Disciplinary Implications of a System Architecting Approach to Collaborative Aircraft Design
Jan-Niclas Walther, Pier D. Ciampa, Björn Nagel, DLR - German Aerospace Center, Hamburg, Germany,
Jan-Niclas.Walther@dlr.de

An Overview of ONERA Research at Aircraft Level towards Greener Aviation

Peter Schmollgruber, ONERA, Peter.Schmollgruber@onera.fr, Eric Coustols, ONERA, Toulouse, France,
Eric.Coustols@onera.fr

Multidisciplinary Modelling, Analysis and Optimisation for Aircraft and System Level Design
and Validation
Johan Kos, Jos Vankan, NLR - Royal Netherlands Aerospace Center, Amsterdam, The Netherlands,
jos.vankan@nlr.nl

Automated approach for aerodynamic design

Jesus Matesanz Garcia, Cranfield University, Cranfield, United Kingdom,
Jesus.Matesanz-Garcia@cranfield.ac.uk
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Abstract
Keywords:

Aerodynamics, propulsive systems, new configurations

Considering the urgent societal need to reduce the environmental impact of aviation, new
technologies that will decrease aircraft energy consumption must be investigated. Among these
technologies, some will improve aerodynamics while others will reduce aircraft weight. In some
cases, new propulsive systems with important potential benefits in energy saving are also
considered. Last, some studies are carried out in order to assess assets and drawbacks of new
configurations that may in addition feature specific technologies. The ONERA presentation will
give an overview of recent works carried both by the disciplinary experts and overall aircraft
design team about these different options in the frame of Clean Sky 2 programmes : Airframe
ITD, Engine ITD and Large Passenger Aircraft IADP.
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Keywords: System Architecting, Collaborative Engineering, MDO, CPACS, Computational
Aeroelasticity, Preliminary Aircraft Design.
In the face of growing public awareness of environmental issues such as climate change, the pressure
to provide efficient and ecological new air transport solutions is higher than ever on the aviation
community. To this aim, unconventional configurations, which are radically different from the
established tube-and-wing architecture, may hold a lot of potential [1]. However, OEMs today usually
shy away from such configurations due to the significantly increased uncertainty and entrepreneurial
risk connected to such drastic design changes.
In order to reduce the risk and increase knowledge about a new configuration, the application of
physics-based analyses on a virtual aircraft can add significant value, when applied in the early stages
of the design process by bringing new technologies to higher TRLs quickly. Due to the highly
multidisciplinary nature of the aircraft design task, the success of this approach largely depends not
only on the well-organized handling of the available product data at any point in the design process
but also the smart sequencing of the disciplinary contributions based on their mutual dependencies.
In this paper, a methodology for an integrated and collaborative approach to preliminary aircraft
design as applied at the Institute of System Architectures in Aeronautics is presented. It applies several
well established components, such as CPACS (Common Parametric Aircraft Configuration Schema) )
[2] as a central product data schema and RCE (Remote Component Environment) [3] which enables
an automated collaborative approach to aircraft design, and combines them with methods from system
architecting and model-based system engineering [4].

Figure 1: Schematic representation of a multidisciplinary process using CPACS and RCE

Furthermore, the requirements for a disciplinary tool to contribute to an integrated multidisciplinary
design process are highlighted. Two examples are given, assuming the perspective of a structural
designer:
1.
An unmanned aerial vehicle from the AGILE project [4], where a cross-organizational
workflow has been set up in order to perform aero-structural MDO on the wing planform
[5].
2.
A Prandtl-plane configuration from the Parsifal project [1]. Here, a tail plane design and
sizing is performed using data collected from a variety of partners.
Both cases demonstrate the initial investment necessary in order to integrate a disciplinary tool into a
multidisciplinary environment as well as the potential benefit of being able to perform the analysis
within a larger context.
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Figure 2: Mapped aerodynamic loads and structural deformation of the UAV from the AGILE project (from [5])

Figure 3: Exemplary stress and deformation solution for the PARSIFAL configuration
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Against the background of the big environmental and societal challenges as formulated for example
in Flightpath 2050, current developments in aircraft design are aiming at further emission reduction
through integrated, unconventional propulsion, systems and airframe innovations. This requires the
further integration of methods for multidisciplinary modelling, analysis and optimisation for aircraft
design, but also for propulsion and system level designs. Moreover, experimental validation of the
methods and physical testing of critical unconventional propulsion and system designs are
prerequisites for industrially relevant development processes. This paper will present key aspects of
computationally efficient MDO frameworks and of multidisciplinary design and validation of
propulsion systems.
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Session Abstract
Keywords: Smart Morphing and Sensing, wing design, high-fidelity numerical simulations,
aerodynamic performance
This session aims at presenting main results from the European Research project N° 723402 “Smart
Morphing and Sensing for Aeronautical Configurations” within Horizon 2020 [1] concerning the
design disruptive wing configurations able to considerably increase the aerodynamic performances
comparing conventional designs. This is achieved thanks to novel smart actuators electrically
actuated and embedded under the “skin” of the lifting structure and new generation of sensors
based on Bragg grating. Therefore, optimal deformations and vibrations are produced in multiple
time and length scales, able to manipulate the surrounding turbulence structure in order to
increase lift and simultaneously decrease drag and aerodynamic noise in all flight phases, take-off,
landing and cruise.
Results from High-Fidelity numerical simulations accompanied by experiments with the morphing
wing configurations of A3xx type are discussed regarding the increase of the aerodynamic
performances.
References:
[1]
www.smartwing.org/SMS/EU
The session will include six papers in the following topics:
Numerical Simulation of a Large-Scale High-Lift Morphing Wing of A320 Type, Based on ElectroMechanical Actuators and Shape Memory Alloys
Abderahmane Marouf, Alexandre Giraud, Bertrand Nogarede, Yannick Bmegaptche-Tekap, Mateus
Carvalho, Dominique Harribey, Clément Nadal, Jean-François Rouchon, Marianna Braza,
abderahmane.marouf@imft.fr, alexandre.giraud@novatem-sas.com

Numerical Simulation of the Aerodynamic Performance of an A320 Type Morphing Wing in the
Transonic Regime
Jean-Baptiste Tô, Pawel Flaszynski, Richard Szwaba, Piotr Doerffer, Nikolaos Simiriotis, Abderahmane
Marouf, Yannick Hoarau, Jean-François Rouchon, Marianna Braza
jean-baptiste.to@imft.fr, pawel.flaszynski@imp.gda.pl

Electroactive Morphing Effects in the Aerodynamic Performance of a Cambered A320 Wing by
Means of Numerical Simulation, TRPIV and Controller Design
Mateus Carvalho, Cédric Raibaudo, Carsten Döll, Philippe Mouyon, Clément Nadal, Dominique Harribey,
Jean-François Rouchon, Marianna Braza, mateus.carvalho@imft.fr, Cedric.Raibaudo@onera.fr

Numerical Simulation of a Morphing A320 Wing in Subsonic Speeds and Sensitivity Evaluation
Nikolaos Simiriotis, Abderahmane Marouf, Konstantinos Diakakis, George Tzabiras, Felix Kramer, Frank
Thiele, Yannick Hoarau, Marianna Braza, nikolaos.simiriotis@imft.fr

Aerodynamic Performance Increase of a Morphing A320 Wing with High-Lift Flap by Means of
Hi-Fi CFD Approaches
Abderahmane Marouf, Nikolaos Simiriotis, Jean-Baptiste Tô, Dominique Charbonnier, Jan Vos, Yannick
Hoarau, Marianna Braza, abderahmane.marouf@imft.fr

Numerical Simulation of Multi-Point Sensing Compared with Dynamic Pressure Measurements
through Bragg Grating
Amaury Kitouni, Jean-Baptiste Paris, Vincent Lamour, Abderahmane Marouf, Nikolaos Simiriotis, Yannick
Bmegaptche, Marianna Braza, amaurykitouni@cementys.com
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Aerodynamic Performance Increase of a Morphing A320 Wing with HighLift Flap by Means of Hi-Fi CFD Approaches
A. Marouf1,2, N. Simiriotis2, J-B Tô2, D. Charbonnier3, J. Vos3, Y. Hoarau2 ,M. Braza1
1

Institut de Mécanique des Fluides de Toulouse IMFT, France
2
ICUBE Laboratory, university of Strasbourg, France
3
CFS Engineering, Lausanne, Switzerland

Keywords: Morphing, wing, high-lift configuration, Turbulence modelling, Aerodynamic
performance
This study illustrates the morphing effects around a large-scale high-lift configuration of the
Airbus A320 with two element airfoil-flap in take-off configuration, in the context of the Smart
Morphing and Sensing European project (www.smartwing.org/SMS/EU). The flow around the
wing and its near wake is analysed in respect of slight deformation and vibration of the near
trailing-edge region of the high-lift flap, known as morphing through novel piezo-actuators in
our studies in the context of the present European project. Experimental results obtained in
the subsonic wind tunnel of IMFT are discussed in association with High-Fidelity numerical
simulation results obtained by using the NSMB (Navier Stokes Multi-Block) code with
advanced turbulent modelling approaches. These are able to correctly capture the
predominant instabilities and coherent structure dynamics. The results show a considerable
increase of the lift-to-drag ratio comparing to the static (no-morphing) case. A detailed
spectral analysis and and streaklines visualization are performed to reveal the modification
due to the morphing (Figure 1), yielding to a reduction of the wake’s width and beneficial
feedback effects in respect of lift increase, drag and noise sources reduction. The optimal
frequency ranges of the vibrations and of the deformation amplitudes are investigated.
Optimal morphing has proven able to attenuate the predominant natural shear-layer
frequency and to create beneficial vortex breakdowns of the coherent vortices, thus
producing simultaneously lift increase and drag reduction.
Static (Baseline)

Morphing

FvK

Static

fact

Morphing
Figure 1. Comparison of numerical results of the static and the morphing cases in the SMS European project
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For the next 20 years, the quantity of air travelers in the world is expected to rise to almost the
double of the current number. This growth is followed by the eminent increase of greenhouse
gas emissions linked to climate change. Another obvious consequence is the higher operation
cost for airline companies. These factors explain the need for better efficiency for modern
aircrafts. Among these studies there is the Smart Morphing and Sensing European Project
(www.smartwing.org/SMS/EU). The goal of the project is to design a system of electroactive
actuators for two different time scales. Shape Memory Alloys (SMA) are used for lowfrequency camber control of an A320 wing prototype at reduced scale, developed by
LAPLACE, while piezoelectric based actuators are responsible for high frequency vibration of
its trailing-edge. The experiments have been carried out in the S4 subsonic wind-tunnel at the
IMFT facilities in Toulouse. TR-PIV results were acquired at Reynolds Number of 1 million.
In addition, lift and unsteady pressure measurements were obtained at different upstream
velocities. PSD analysis of crossflow velocity by means of numerical simulations show good
match with the experimental results both for reduced [1] and large [2] scales for take-off
configuration. SMA and piezoelectric actuation allow us to obtain better drag-lift ratios by
acting at the same time on coherent structures such as the Von Kármán instabilities and on the
shear layer. Performances are increased using feedback control approaches [3]. Instantaneous
pressure signals are acquired in real-time to update the actuators control signal. Using a cost
function J based on the pressure fluctuation, experimental adaptive control is performed to
optimize the control law parameters by minimizing the cost function.
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Figure 1. Power spectral density of the crossflow velocity for different high frequency actuation cases [2].

Figure 2. PIV results: snapshots of reconstructed velocity field from reduced number of POD modes. (a)
Modes 4 and 5; (b) from mode 10 to 30.
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The aim of this study is to investigate the numerical effects of a deformable flap by means of
a quasi-static and dynamic cambering. A new designed concept of an Airbus A320 high-lift
system is proposed. A flap prototype of chord 1 m at a real scale has been studied in the
context of the Smart Morphing and Sensing (SMS) European project [1]. This prototype able
to camber by means of the Electro-Mechanical Actuators (EMA) to achieve high amplitude
deformation up to 10 cm. This mechanism allows to improve the aerodynamic performances
of high-lift systems during the take-off flight stage. This work proposes a synergy between
numerical and experimental results and reveals the effects of cambering over the pressure
field around the flap in different suggested positions. A considerable increase of the static
pressure in the pressure side of the flap and a high low-pressure in its suction side are
illustrated in Figure 1 for the cambered flap compared to the baseline case. This leads to
improve the lift-to-drag ratio. At a certain achieved camber position coupled with an angle of
attack of 4° reveals better CL/CD than a baseline at higher angle of 8°. The application of the
cambering will help avoiding stall angles, increase the aerodynamic performances and reduce
fuel consumption.

CAD : designed

Lift-to-drag ratio versus time

Electro-Mechanical actuator

Wall CP of different cambered positions
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Constructed flap

Figure 1. Numerical simulations used for the design of the Large-Scale prototype for the high-lift configuration in
the SMS European project

REFERENCES
[1] www.smartwing.org/SMS/EU

3926

Nikolaos Simiriotis,
Numerical
Simulation
Abderahmane
of a Morphing
Marouf,
A320 Wing
Konstantinos
in Subsonic
Diakakis,
SpeedsGeorge
and Sensitivity
Tzabiras,Evaluation
Felix
Kramer, Frank Thiele, Tannick Hoarau and Marianna Braza
8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
14th World Congress on Computational Mechanics (WCCM XIV)
July, 19 - 24, 2020, Paris/ France

STS 17-4

Numerical Simulation of a Morphing A320 Wing in Subsonic Speeds and
Sensitivity Evaluation
Nikolaos Simiriotis1, Abderahmane Marouf1,4, Konstantinos Diakakis2, George Tzabiras2, Felix
Kramer3, Frank Thiele3, Yannick Hoarau4, Marianna Braza1
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This contribution examines the effect of trailing-edge region deformation and vibration on the
turbulent structures developing around and in the wake of a supercritical wing of A320 type in the
low subsonic regimes corresponding to take-off and landing. The work presented has been carried
out numerically and is accompanied by experimental results from tests carried out in the S4 wind
tunnel of IMFT by means of TRPIV (Time-Resolved PIV - sampling rate around 10 KHz for the velocity
fields). The Reynolds number is 1 Million. The present study focuses on the investigation of a case
where no morphing is applied, in order to distinguish all the characteristic features present in the
flow followed by morphing cases in order to identify optimal vibration frequency and amplitude
ranges of the near trailing-edge region. The alternating vortex shedding is established. This “von
Karman” shedding takes place over a range of frequencies leading to a bump (instead of clear and
sharp peaks) when studying the spectral information of the flow. This evident non-linearity in the
flow is justified by the elevated Reynolds number. The range of the bump has been correctly
captured by means of numerical simulation, when comparing with the respective experimental
results. For high-frequency changes of the shape, a very sensitive region on the lower airfoil very
close to the trailing edge could be identified. The addition of small amplitude vibrations in the
trailing edge region was implemented using the Arbitrary Lagragian-Eulerian (ALE) methodology.
Following the experiments, the morphing effects were evaluated with numerical tests that were
carried out on different frequency/amplitudes sets. The resulting phenomena were evaluated on
the effects evident on the aerodynamic coefficients (average and rms values) and on the
interactions that they prompt in the wake region. The effect on the average flow quantities and the
development of the wake were also investigated. By means of Proper Orthogonal Decomposition
(POD), the near wake structure is analyzed in respect of the morphing effects for frequencies outside
the natural shedding frequency range. For the lower the wake region. For the frequency of 300 Hz,
the respective mode takes the place of the natural shedding frequencies.

(a)

(b)

(c)
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Figure 1 The Reduced-Scale morphing wing (a) of the SMS project (chord 70cm) with embedded Shape Memory
Alloys ensuring high deformations of order 15% of the chord in low frequency (order 1Hz) and piezoactuators in the
trailing-edge region ensuring higher-frequency vibrations (order of 500 Hz) in low deformations (order of 1-4 mm).
Numerical simulations with the OES turbulence modelling approach showing the wake’s vortex breakdown (c),
suppression of the von Karman eddies and reduction of the wake’s width thanks to the morphing, comparing with
the non-morphing case (b).
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By actuating the rear part of a wing at amplitudes and frequencies belonging to optimal
ranges, Jodin et al. (2017) have shown through experiments that the lift generated by
a wing can be increased and its drag decreased when combining high-frequency and
low-amplitude vibrations with low-frequency and high-amplitude cambering motion
of the trailing edge. This draws inspiration from papers by Hunt et al. (2008), Hunt et
al. (2014) or Szubert et al. (2015) which highlight a shear sheltering phenomenon due
to the injection of vorticity in shear layers. The resultant eddy-blocking effect can be
used to constrict the turbulent wake and as a consequence, diminish pressure drag and
improve aerodynamic efficiency. The same phenomenon can be applied in the
transonic regime to help broaden flight envelope during cruise. Another consequence
of this shear layer manipulation is the damping of transonic buffet, a coordinated
unsteady motion of the shock and the boundary layer that results from an intense
Shock-Wave/Boundary-Layer Interaction (SWBLI). 2D computations were first
carried out to determine the effects of a vibrating trailing edge on the manipulation of
turbulence aft a supercritical Airbus A320 airfoil of chord c = 0.15 m at a Reynolds
number of 2.93×106, Mach number Ma = 0.78 and angle of incidence = 1.8°. This was
done by testing several actuation frequencies ranging from 70 Hz to 2000 Hz and
multiple deformation amplitudes using an Arbitrary Lagrangian Eulerian method
(ALE) to deform the whole computational domain. While low frequency vibrations
lock the buffet frequency fB to the actuation frequency fact due to fB being of the same
order of magnitude as fact, higher frequencies (fact > 200 Hz) indicate that the unsteady
forces induced by buffet can be strongly attenuated for certain optimal frequencies.
Further analysis shows that this trailing edge vibration can either trigger subharmonics
of the actuation frequencies or cause the buffet mode to lock onto it, which reduces
the strength of the instability. Deflecting the trailing edge upwards also achieves
buffet annihilation (see fig. 1,b) and reduces time-averaged drag on the wing, while
also increasing time-averaged lift to drag ratio by up to 20% compared to the nonactuated «static» case.In this study, 3D computations are also carried out to analyse
the effects of morphing on the onset of buffet and SWBLI manipulation. This analysis
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will serve to complement experiments done in Gdansk Academy, Poland, as part of
the Smart Morphing and Sensing project (2017).
(a)

(b)

Figure 1. (a) Illustration of the shock wave/boundary layer interaction with a numerical Schlieren and
streaklines by means of the OES - Organised Eddy Simulation approach. (b) Suppression of buffet thanks to
morphing.
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The introduction of new, greener powertrains in automotive applications has led to the need
of developing new modelling tools and approaches both to the design of vehicles, which are
moving towards a multi-powertrain approach, and individual components (magnetic
modelling for electric motors, multilevel modelling for battery systems and cells, etc.). For
electrochemical cells, in particular, improving simulation capabilities is key to catching up with
current market leaders.
At the same time, approaches like machine learning, big data can deliver order of magnitude
improvements in computing times and therefore time to market.
EU-funded projects working in these domains will present their advances and their future
programmes.
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The final goal of this work is to develop a computational
Design
method able to optimize the car pre-design process with reparameters
spect to the dynamic Noise, Vibration and Harshness (NVH)
impact. A very crucial task during this phase is the design of
components, which must be continuously re-adapted in order
to meet all the estabilished target specifications. Fig. 1 shows
a typical body-car structure where the geometrical sections of
some components are the parameters of the problem. The abil- Figure 1: Body-in-White structure with
ity to perform an accurate and fast evaluation of all possible parametric geometry
configurations is still an open challenge, due to the high computational cost of each simulation involved and the number of
configurations to be tested. A solution to decrease the numerical complexity of high-dimensional problems is to introduce reduced order models (ROMs) [1]. In this work, the Encapsulated-PGD toolbox,
based on the Proper Generalized Decomposition Least-Squares approximation [2], is proposed as a numerical tool able to provide an offline explicit separable solution in terms of an a-priori unknown number
of parametric and mechanic modes. An equivalent static analysis of the originally dynamic problem is
considered using the Inertia Relief method [3]. Then, the extension to a parametric modal analysis is
explored in order to identify how a variation of user-defined parameters affects the dominant eigenmodes
of the structure, thus its dynamic response. It will be shown how the method allows to deal with complex
geometries and can interact with commercial software in a non-intrusive way. The ultimate goal is to
produce a computational “vademecum” that could support the design engineers in the decision-making
by evaluating in real time the impact of certain parameters on the global response of the structure.
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The upcoming of EV vehicles has posed new challenges to automotive engineers, such as battery
modelling in crash simulations or quick and high fidelity aerodynamics assessment, that are
deemed unfeasible with traditional CAE and FE solvers [1] [2]. AI algorithms have the potential
to overcome this limitation thanks to its unbeaten calculation time, however they open many
questions about accuracy, simulation cost including the training efforts or its dependency on the
training data and the universality of the solution. The UPSCALE project is studying the feasibility
of surrogating physics based solvers by data analytics algorithms for industrial applications. This
paper shows the first conclusions of the usage of the “data based” solvers to compute
aerodynamic flow fields and forces, Reynolds stresses in turbulent flows or the probability of
shortcut in battery cells in crash events.
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Optimization methods based on adjoint solvers have become an attractive tool in industrial
research. From external aerodynamics to hydrodynamics, they are used to find new designs for
the future that minimize energy losses and increase safety. For example, this has been very
successful for airfoils, turbine blades or even boat hulls.
Besides their accuracy, adjoints can provide objective function gradients with respect to any
design parameter at low computational cost. Over the last years, more and more
multidisciplinary design problems, like fluid-structure interaction and conjugate heat transfer,
had been approached via this technology.
However, many implementations suffer from being quite specific to a certain application or
solver, which makes it hard to transfer them to industrial research departments. In a joint project
funded by the Bayerische Forschungsstiftung (Bavarian Research Foundation), three established
open-source projects, KRATOS, SU2 and CoDiPack, are combined into a framework that is highly
adaptable and that can be applied to engineering problems that are not yet known. In order to
highlight some of its capabilities, this STS contains talks that present multidisciplinary case
studies, physical validations via measurements and applications of the software at Bosch and
Bosch Rexroth.
List of paper titles and speakers:
Grid-based Shape Optimization to Reduce Pressure Loss under Stress Constraints in Structures
with Internal Flow
Daniel Baumgärtner, TU München, Munich, Germany, daniel.baumgaertner@tum.de
Kai-Uwe Bletzinger, TU München, Munich, Germany, kub@tum.de

Adjoint-based Free-shape Optimization of Pin-fin Heat-exchangers

Tobias Kattmann, Bosch Corporate Research, Renningen, Germany, tobias.kattmann@de.bosch.com
Ole Burghardt, TU Kaiserslautern, Kaiserslautern, Germany, ole.burghardt@scicomp.uni-kl.de

Numerical and Experimental Validation of an Elbow Shape Optimized for Minimal Pressure Loss

Eman Bagheri, bag@ipat.uni-erlangen.de
Stefan Becker, sb@ipat.fau.de
Friedrich-Alexander University Erlangen-Nürnberg, Erlangen, Germany,
Daniel Baumgärtner, TU München, Munich, Germany, daniel.baumgaertner@tum.de

Multidomain Adjoint Optimization Method for Pressure Loss and Lifetime
Fabian Wörenkämper, Bosch Rexroth AG, Lohr am Main, Germany,
fabian.woerenkaemper@boschrexroth.de
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Adjoint-based Free-shape Optimization of Pin-fin Heat-exchangers
Tobias Kattmann¹ and Ole Burghardt2
¹ Bosch Corporate Research, Renningen, tobias.kattmann@de.bosch.com
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TU Kaiserslautern, Kaiserslautern, ole.burghardt@scicomp.uni-kl.de

Abstract
Keywords:

Adjoint optimization, free-shape, CHT, heat-exchanger, SU2

Power electronics used e.g. in electric cars derates its performance above certain temperatures.
A commonly used cooling strategy is liquid flow through a uniform pin-fin array attached to the
power electronics device. In order to enhance the cooling performance we use adjoint methods
to optimize the pin shape in the array.

Figure 1: (left) Simplified simulation domain by using streamwise periodicty ;(right) Gradients of
a 2D solid and fluid zone w.r.t. to heatflux over the zone boundary
The used discrete adjoint method using automatic differentiation [1] to compute gradients for
generic multizone problems will be presented together with an efficient way to evaluate a pinshape performance using streamwise periodic flow [2]. Simulation results, gradients and first
optimizations will be shown. The implementations are available to the public via the open source
C++ code SU2 [3].
References:
[1]
[2]
[3]

T. Albring, M. Sagebaum and N.R. Gauger. Efficient aerodynamic design using the
discrete adjoint method in SU2. 17th AIAA/ISSMO Multidisciplinary Analysis and
Optimization Conference.
S.V. Patankar, C.H. Liu and E.M Sparrow. Fully developed flow and heat transfer in ducts
having streamwise periodic variations of cross sectional area. Journal of Heat Transfer,
99(2):180-186, 1977.
https://github.com/su2code/su2
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Abstract
Keywords:
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When optimizing structures with internal flow, a typical task is to modify the given shape such
that the pressure loss in the flow is minimized, but stress constraints of the structure are satisfied.
The task is challenging if the interaction between fluid and structure influences the stresses. We
present a method, which solves this task by gradient-based shape optimization. The method
assumes a one-way fluid-structure interaction and relies on high-fidelity models. The critical
ingredient is a grid-based parameterization of the shape using Vertex Morphing [1]. This
parameterization enables a quick set-up of the optimization problem and provides high
optimization potential. So far, Vertex Morphing has primarily been used in optimization problems
that involve a single discipline.
In this work, we extend Vertex Morphing for an application in multidisciplinary problems, e.g., to
control several meshes simultaneously. It is shown that Vertex Morphing allows a consistent
parameterization across multiple grids without extra modeling effort. We apply coupled adjoint
sensitivity analysis to get the required gradients. A custom partitioned solution strategy is
derived, which avoids the computation of cross-derivatives. Thus, one can employ given singledisciplinary adjoint solvers to compute the coupled gradients. The sensitivity analysis is verified
with different examples. The overall method is demonstrated using a representative structure.
The complete analysis and design process is realized using established open-source software [2],
[3]. The results show that the method can find significantly improved shapes, despite strongly
conflicting response functions.
References:
[1]

M. Hojjat, E. Stavropoulou, and K.-U. Bletzinger, “The Vertex Morphing method for node-based
shape optimization”, Comput. Methods Appl. Mech. Eng., vol. 268, pp. 494–513, 2014

[2]

T. A. Albring, M. Sagebaum, and N. R. Gauger, “Efficient Aerodynamic Design using the Discrete
Adjoint Method in SU2”, in 17th AIAA/ISSMO Multidisciplinary Analysis and Optimization
Conference, 2016

[3]

Kratos Developer Community, “Kratos Multiphysics - a framework for building parallel multidisciplinary simulation software”, 2019. [Online]. Available:
https://github.com/KratosMultiphysics. [Accessed: 19-Jun-2019]
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Abstract
Keywords:

MDO, Shape Optimization, Valve housings, Adjoints

The need for robust and efficient (shape-) optimization strategies has been growing up over
the last years. Since the possibilities for creating unusual geometries are increasing due to
flexible 3D-printing methods, adjoint optimization techniques becomes a very interesting
method since the number of design variables (FE-mesh) does not affect computational time.
For Bosch Rexroth there is a special focus on the shape optimization of valves and valve housings
which need to be optimized for fluid- and structural mechanics objectives: pressure losses which
result from the fluid flow through the housing channels or from bigger circulation flows shall be
decreased while the lifetime of the housings shall be increased or at least kept at the same level.
High pulsating pressures in the channels can lead to fatigue failure of the housing after a period
with a high number of load changes.
For this an efficient workflow will be introduced where both domains are optimized
simultaneously in contrast to the iterative and time-consuming state-of-the-art process where each
domain is optimized separately. As this work is embedded in a public research project, a handful
of open-source tools are used. The OS – fluid mechanics solver SU2 is used for computations on
the fluid mechanics side while structural tasks are solved with Kratos (OS-Software of TUM).
Besides these two ready-to-use tools a self-developed tool is used to compute lifetime analogue to
the commercial tool FEMFAT. This code is differentiated by the Tool CoDiPack from University
of Kaiserslautern to gain the sensitivities which are needed for the shape optimization process.
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Abstract
Keywords: Shape optimization, pressure loss reduction, relaminarization, turbulence control
Reducing the pumping power consumption in internal flows is directly linked to the minimization
of pressure loss. This is especially important in the turbulent regime as the pressure loss scales
quadratically with the Reynolds number. Thus, several studies have been conducted aiming at
reducing the skin friction using passive methods such as introducing riblet and grooves as well as
active approaches like surface heating or cooling.
In this study, we examine the capability of a discrete-adjoint shape optimization to minimize the
pressure loss for turbulent flows in curved pipes. We have chosen the SST-RANS equations to
model the turbulent flow. The corresponding adjoint equations are solved to compute the
surface sensitivities necessary for shape optimization.
Our test-case exemplifies typical losses occurring in internal flows which can be categorized into
direct dissipation induced by the mean flow and the turbulent dissipation due to velocity
fluctuations. However, there are major uncertainties concerning the outcome of the optimization
owing to the Boussinesq approximation at the core of all two-equation RANS models. The
inability of the RANS equations in accurately predicting the separation point adds to this
uncertainty even when the mean flow quantities such as the direct dissipation are of prime
interest. The accuracy of the RANS models further declines in predicting the turbulent dissipation
rate as the Reynolds stresses are entirely modelled. In our test-case, a laminar flow is an ideal
solution to the pressure loss problem, hence the accurate prediction of the turbulent dissipation
is the key for the relaminarization of the flow. This is because turbulence can be entirely
suppressed if, and only if the turbulent dissipation at the wall vanishes [1].
To cast light on these uncertainties and to validate the outcome of the optimization, we have
conducted experimental studies as well as direct numerical simulations (DNS) of the baseline and
the optimized geometries. Both the experiment and the DNS results confirm the reliability of the
optimization in reducing a significant portion of the pressure loss. More importantly, the DNS
result shows a drastic reduction in the turbulent dissipation rate at the wall downstream of the
bend. Consequently, the reduction of the turbulent dissipation rate and the increase in the
anisotropy of the Reynolds stresses drive the flow towards relaminarization and a laminar
velocity profile starts to appear.
References:
[1]
V. Krieger, R. Perić, J. Jovanović, H. Lienhart and A. Delgado, Toward design of the antiturbulence
surface exhibiting maximum drag reduction effect, Journal of Fluid Mechanics, Vol. 850, 2018

[2]

J. Kühnen, B. Song, D. Scarselli, N. B. Budanur, A.P. Willis, M. Avila and B. Hof, Destabilizing
turbulence in pipe flow. Nat. Phys., doi: 10.1038/s41567-017-0018-3, 2018
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Session Abstract
Keywords:
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FreeFEM is a popular 2D and 3D partial differential equations (PDE) solver used by thousands
of researchers across the world and by many companies. It allows you to easily implement
your own physics modules using the provided FreeFEM language. Numerous physics are prebuilt: Incompressible Navier-Stokes (using the P1-P2 Taylor Hood element), Lamé equations
(linear elasticity), Neo-Hookean, Mooney-Rivlin (nonlinear elasticity), Thermal diffusion,
Thermal convection, Thermal radiation, Magnetostatics, Electrostatics, Fluid-structure
interaction (FSI), … . FreeFEM has its own internal mesher, called BAMG, and is compatible
with the best open-source mesh and visualization software like Tetgen, Gmsh, Mmg and
ParaView. It is interfaced with the state of the art solvers: MUMPS, PETSc, PARADISO and
HPDDM. FreeFem is also a language for the manipulation of data on multiple meshes. It allows
rapid multiphysics prototyping and can be viewed as a kind of MATLAB for the finite element
method. This software is based on an efficient DSL (Domain Specific Language) user language
that allows you to define freely your simulation and the post processing analysis.
The papers of this STS will present industrial achievements of Multiphysics modeling using
FreeFEM (fluid structure interaction, piezoelectric, thermodynamic energy storage, thermic
analysis, glass modelling) as well as its availability on an energy efficient server platform.
Figure 1: Electromagnetic scattering from COBRA cavity
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Finite element solution of a solder filing problem
with contact angle and volume constraint
Atsushi SUZUKI : Cybermedia Center, Osaka University, Japan
Hiroshi OGAWA : DENSO CORPORATION, Japan
Keywords : High-performance domain decomposition methods (HPDDM),
Newton iteration, gradient flow solver, nonlinear diffusion equation
A free boundary problem which modeles stationary state of liquid between
gaps of two solid metal materials is considered. Here, the interface among
air, liquid and the metal has contact angle less than 90 degree, which depends
on physical characters of the liquid. An indicator function that distinguishes
between liquid and air by its value as positive or negative is governed by a
diffusion equation with a double-well potential that forces separation of the
value of the indicator function as 1 or −1. In addition the volume of the
liquid is assumed to be a certain value.
We will present an algorithm combined with gradient flow solver and Newton iteration to find a solution of nonlinear diffusion interface equation with
contact angle and volume constraint. Mesh refinement to capture the interface between liquid and air in the complicated shape of gaps defined by
CAD software is performed by Gmsh and mmg3d, and parallel computation
is done by HPDDM in FreeFEM environment.
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Session Abstract
Keywords:

Multiphysics, domain specific language, FreeFEM

FreeFEM is a popular 2D and 3D partial differential equations (PDE) solver used by thousands
of researchers across the world and by many companies. It allows you to easily implement
your own physics modules using the provided FreeFEM language. Numerous physics are prebuilt: Incompressible Navier-Stokes (using the P1-P2 Taylor Hood element), Lamé equations
(linear elasticity), Neo-Hookean, Mooney-Rivlin (nonlinear elasticity), Thermal diffusion,
Thermal convection, Thermal radiation, Magnetostatics, Electrostatics, Fluid-structure
interaction (FSI), … . FreeFEM has its own internal mesher, called BAMG, and is compatible
with the best open-source mesh and visualization software like Tetgen, Gmsh, Mmg and
ParaView. It is interfaced with the state of the art solvers: MUMPS, PETSc, PARADISO and
HPDDM. FreeFem is also a language for the manipulation of data on multiple meshes. It allows
rapid multiphysics prototyping and can be viewed as a kind of MATLAB for the finite element
method. This software is based on an efficient DSL (Domain Specific Language) user language
that allows you to define freely your simulation and the post processing analysis.
The papers of this STS will present industrial achievements of Multiphysics modeling using
FreeFEM (fluid structure interaction, piezoelectric, thermodynamic energy storage, thermic
analysis, glass modelling) as well as its availability on an energy efficient server platform.
Figure 1: Electromagnetic scattering from COBRA cavity
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Abstract
Keywords:
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problems

In glass industry, a gob is an amount of molten glass intended to be mould and give a glass
container or article. Because gob weight and shape are important characteristics, which
should remain very accurate and steady during a production, the gob forming process (Fig.
1) has to be mastered with a correct setting.

Figure 1: the gob forming process
However, the problem is the difficult conciliation between the great inertia attached to this
process and the increasing needs to make the production more and more flexible. An
original approach to fix the problem is to complete the process with a new degree of
freedom (induction heating) working as a compensation system. Before investing in the
making of a prototype, the solution has to be studied with modelling. To do modelling,
FreeFem is chosen because of its various advantages compared to other codes, especially its
high capacity to deal with strongly multi-physics problems with powerful tools acting on
meshes such as cutting and isolating a gob numerically.
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Abstract
Keywords:
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In order to solve the 2D physical simulation of surface acoustic waves (SAWs) transducer
infinitely periodic in one direction, we proposed in 2013 [1] an original Variational Formulation
(VF) which formally includes harmonic periodic boundary conditions, and, efficient boundary
integral formulations allowing to account for the semi-infinite dielectric and piezoelectric
spaces. In the case of the piezoelectric semi-space, the Green’s functions are efficiently
computed using Fahmy-Adler’s method.
The numerical implementation has been done using the efficient FreeFem++ environment [2]
able to deal very easily with the electro-acoustical VF.
On the other hand, the P-matrix model is a conventional tool used by SAW design engineers
to simulate finite SAW Inter Digitated Transducers (IDT). Using the 2D periodic Finite Element
Method / Boundary Integral Formulation (FEM/BIE) FreeFem++ tool, it is quite easy to derive
the P-matrix coefficients of a single electro acoustical cell.
Numerical results will be given for various electro-acoustical cells including Hanma-Hunsinger
cells.
References
[1]

F. Hecht, P. Ventura, P. Dufilié, Original coupled FEM/BIE numerical model for analyzing infinite
periodic surface acoustic waves transducers, Journal of Computational Physics 246 (2013) 265274

[2]

Hecht, F. (2012), New development in FreeFem++. Journal of numerical mathematics, 20 (3-4),
251-266.
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Abstract
Keywords:
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A fully automated process is proposed for predicting the heat transfers into an injection
molded PET preform. This analysis enables in return predicting the future quality of the PET
preform part before manufacturing the related mold in production. On top of the part quality
prediction, performance of the future system including mold and machine are estimated
thanks to the heat transfer analysis.
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Session Abstract
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FreeFEM is a popular 2D and 3D partial differential equations (PDE) solver used by thousands
of researchers across the world and by many companies. It allows you to easily implement
your own physics modules using the provided FreeFEM language. Numerous physics are prebuilt: Incompressible Navier-Stokes (using the P1-P2 Taylor Hood element), Lamé equations
(linear elasticity), Neo-Hookean, Mooney-Rivlin (nonlinear elasticity), Thermal diffusion,
Thermal convection, Thermal radiation, Magnetostatics, Electrostatics, Fluid-structure
interaction (FSI), … . FreeFEM has its own internal mesher, called BAMG, and is compatible
with the best open-source mesh and visualization software like Tetgen, Gmsh, Mmg and
ParaView. It is interfaced with the state of the art solvers: MUMPS, PETSc, PARADISO and
HPDDM. FreeFem is also a language for the manipulation of data on multiple meshes. It allows
rapid multiphysics prototyping and can be viewed as a kind of MATLAB for the finite element
method. This software is based on an efficient DSL (Domain Specific Language) user language
that allows you to define freely your simulation and the post processing analysis.
The papers of this STS will present industrial achievements of Multiphysics modeling using
FreeFEM (fluid structure interaction, piezoelectric, thermodynamic energy storage, thermic
analysis, glass modelling) as well as its availability on an energy efficient server platform.
Electromagnetic scattering from COBRA cavity
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The mechanical Contact between two bodies is one of the most difficult problem in solid
mechanics, indeed the material non-linearity must be taken into account and the contact
area is unknown. In the case of frictional contact, another non-linearity must be considered
and makes the problem even more difficult. There exist several algorithms to solve the
contact problems [2], most of them involve the concept of master/slave, which prevents the
penetration of the slave body into the master one, which causes the non-symmetry of the
algorithm.

Figure 1: Shallow ironing problem

In this work, the contact problem is formulated into a constrained minimization one. In the
first part, we will present some algorithms, developed using FreeFEM [1], treating Signorini's
problem (contact between a body and a rigid foundation). The Interior point optimizer
(IPOPT) [3] is used in order to solve the constrained minimization problem [4]. In the second
part an algorithm treating the contact between two bodies is presented, this algorithm uses
the penalty method. One of the advantages of this algorithm is its symmetric behavior, in
addition the geometries of the bodies can be chosen freely. Finally in the case of Signorini's
problem the resolution can be done in parallel using the solver TAO (PETSc).
The goal of our algorithm is to study the contact between an O-ring gasket and metallic parts
of a pressurized machine.
References:
[1]
[2]
[3]

[4]

Frédéric Hecht, New development in FreeFem++, Journal of numerical mathematics, vol. 20,
no 3-4, p. 251-266, 2012.
Peter Wriggers, Computational Contact Mechanics, Second Edition, Springer-Verlag,
2006.
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Abstract
Keywords: FreeFEM++ software, unconventional partial differential equations, aerodynamic
flow solver, large-scale eigenvalue problems
The FreeFEM++ software is a convenient numerical tool to solve unconventional partial
differential equations. It has been used in the Department of Aerodynamics, Aeroelasticity
and Acoustics of ONERA to develop two research projects.
The first one, funded by the European Research Council, is concerned with the accurate
mathematical description of linear instabilities developing when an incompressible flow
interacts with a visco-elastic material. We will exemplify the implementation of the linearized
Arbitrary Lagrangian Eulerian equations and the use of the PETSc/SLEPc interface for solving
iteratively large-scale eigenvalue problems with efficient preconditioners.
Results will be briefly shown for a flexible plate interacting with the vortex-shedding in the
wake of a cylinder and for a finite-length compliant-patch used to attenuate the TollmienSchlichting waves in a boundary-layer flow. The second research project is concerned with the
assimilation of experimental or numerical data in aerodynamic flow solver. The variational
approach of data-assimilation may be formulated as a constrained minimization problem, the
functional measuring the difference between outputs of the numerical model and external
data. We will show how unsteady adjoint equations have been implemented to provide the
gradient of the functional required by a minimization algorithm such as l-BFGS.
Results of unsteady data-assimilation will be briefly shown for experimental PIV (Particle
Image Velocimetry) data, aiming at improving their spatio-temporal resolution thank to the
numerical model, and for numerical DNS (Direct Numerical Simulation) data, aiming at
improving the accuracy of lower-fidelity numerical models.
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Abstract
Keywords:
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In this paper, we discuss a green and distributed type of data centers, implemented by Qarnot
Computing. This approach promotes a new computing paradigm in which computers are
considered as machines that produce both computation and heat, and are therefore able to
reuse the waste heat generated. It is based on two main technologies: a new model of servers
and a new distributed grid computing manager which encloses a heat aware job scheduler.
After introducing the different pieces of technology of the Qarnot green distributed grid, this
paper will focus on how the FreeFEM++ payloads can be run efficiently on such a platform and
how the server waste heat is reused.
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Shape Optimization and Additive Manufacturing:
The Dehomogenization Method
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Abstract
Keywords: Shape optimization, design of mechanical structures, dehomogenization method
Shape optimization consists in automatizing the design of mechanical structures, whether it is
a building, the wing of a plane or the piece of a car. Recent progress in additive manufacturing
open new horizons. Firstly, this type of processes allows for creating pieces containing very
fine details usually out of reach of classical methods. Secondly, it permits a customization of
the design of a piece for the specific use it is intended to fill. Those characteristics call for the
development of new optimization methods. Classical approaches could not fully exploit the
potential of additive manufacturing. In this context, we present a new method called
dehomogenization, which allows for a fine control of the complexity of a piece with respect
to its optimality. Several examples will be presented in 2D and 3D.
A part of this work has been developed in collaboration with Safran.
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Session Abstract
Keywords:

Computational materials and structure design, business process modelling and
design, decision support system, interoperability, model selection, material
and process selection, data and metadata

Decision making process is a knowledge and data intensive process, with modelling, data and
knowledge playing a significant role in speeding up and effecting decisions. As the pace of digital
transformation, industries need to use more than ever modelling and simulation for decision-making.
In this context, capturing, managing, and reusing of decision related knowledge such as company
business processes, alternatives, parameters, constraints, goals, dependencies, and the design
process in the design of complex material and manufacturing systems is an effective way for providing
effective decision support.
This STS aims to provide a forum for presenting and discussing recent advances and challenges related
to the integration of material and process modelling in decision-making. This includes:
-

Modelling and Simulation frameworks for decision making supporting interoperability for
modelling linked and coupled physical phenomena, which will make the integration of different
types models and the development of workflows much faster and less error prone.

-

Interoperability and Metadata, data structures, schemas and associated metadata to guarantee
interoperability among different materials modelling components as well as to support knowledge
management across materials modelling data and business data, or LCE models.

-

Model selection and model adaptivity for decision-making.

-

Integration of materials models with structured and unstructured data for decision-making and
techniques for efficient exploration of multi-level design spaces.

-

Multidisciplinary design optimization, considering different approaches and methodologies that
account for performance while combining tools to estimate the profitability of designed products.

-

Business Decision Workflows and Business Requirements using the Business Process Models and
standards therefore providing the missing link between business processes and materials
science/engineering workflows. This includes the creation of use-case scenarios and analysis and
development of algorithms to enable KPIs-based business decisions.
The session will host industrial application from the Horizon 2020 Composelector project in the
transport industry (automotive and aerospace), where complex composite materials need to be
considered for performance, availability and lifecycle.
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The following papers will be presented in this STS 11:
COMPOSELECTOR: A Material Modelling and Data-Driven Empowered Business Decision
Support System (DSS)
Salim Belouettar, Luxembourg Inst. of S&T, Carlos Kavka, Alessandro Segato, ESTECO SpA, Trieste,
Hein Koelman, Koelman Consulting

MuPIF: Open Distributed Simulation Platform

Bořek Patzák, Vít Šmilauer, Martin Horák, Stanislav Šulc, Edita Dvořáková, CVUT, Prague, Czech
Republic

A Business Decision Support System Supporting Early Stage Composites Part Design

Hein Koelman, Koelman Consulting, Tom A.M. Verbrugge, DOW Belgium, Dario Campagna, Carlos
Kavka, Alessandro Segato, ESTECO SpA, Trieste, Italy, Salim Belouettar, Luxembourg Inst. of S&T

A Standard Approach for Decision Making in Materials and Process Selection

Carlos Kavka, Alessandro Segatto, Dario Campagna, Mattia Milleri, Alan Del Piccolo, ESTECO, Trieste,
Italy, Astrid Soumoy, Polytechnique de Montréal

System Models Simulation Process Management and Collaborative Multidisciplinary
Optimization
Carlo Poloni, ESTECO SpA and Univ. of Trieste, Trieste, Italy
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A Business Decision Support System Supporting Early Stage
Composites Part Design
Hein Koelman1, Dario Campagna2, Carlos Kavka2, Alessandro Segato2, Salim Belouettar3
1 Koelman

Consulting BV, The Netherlands, Hein@koelman-consulting.com
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2 ESTECO

Abstract
Keywords:

Decision making, modelling and simulation, data, business decision, multi-criteria
optimization, model selection, cost modelling, key performance indicators, business
decision support system, composites

In the concept design stage for composites parts, there can be an overwhelming amount of options
available to the development team in terms of materials, material design, processing/
manufacturing and part design. In order to decide on any of the combinations of options to pursue,
a business decision system (BDSS) supporting this decision process is key in order to select and
evaluate options and obtaining an overall assessment of the design in the concept stage. The key
performance indicators (KPI’s) for a composite part can be a combination of technical, financial and
environmental indicators, each requiring data from different actors within an organization, and are
tracked in a dashboard throughout the part development.
Within the COMPOSELECTOR platform the business decision process for the composite part is
structured and defined, using the industry standard BPMN. This business decision layer links to
databases and simulation and modelling applications, which are activated to generate data needed
for the evaluation of the KPI’s and which will populate the dashboard. The development and use of
the business layer will be showcased for a composite part design which has technical KPI’s requiring
simulations to be run, as well as financial KPI’s like part costs which are obtained through running
cost modelling apps. The business decision support system and its business decision layer can be
structured and run to reflect the existing decision process with all its actors within an organization
or across the value chain.
Acknowledgement: The project leading to this presentation has received funding from the
European Union’s Horizon 2020 Research and Innovation Programme under grant agreement No
721105.
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Abstract
Keywords: Decision making, modelling and simulation, data, multi-criteria optimization, business
decision, model selection, key performance indicators, business decision support system.
The selection and design of composite materials and its associated manufacturing process require
a comprehensive material modelling physical and engineering simulation and optimization
framework, with models that describe the behaviour and relationships of the materials at different
physical scales. However, the availability of a framework like this is not enough to support effective
decision making. In fact, a modern decision-making process must consider not only models, but also
an understanding of risks, costs and business opportunities, or even more elaborated aspects like
societal requirements for health and sustainability. Business and modelling cannot work on
isolation, the complexity and the interdisciplinary of the decision-making processes require a fully
integrated framework consisting of materials models coupled to process models workflows,
associated solvers, post-processors together with business models.
The partners of the COMPOSELECTOR European Project works collectively on the definition and
implementation of a business decision support system, intended to provide the missing link
between business processes and materials science/engineering workflow, providing decision
makers with actionable choices that are results of multidisciplinary design optimization over all
stages of product development, taking uncertainties, risks and opportunities into account. One of
the crucial distinctive aspect of the approach is the integration of material modelling, business tools
and databases by using BPMN, the well-defined and widely-used ISO standard notation for business
process, and DMN, the standard notation for decision making strategies. The use of standards is a
key factor that contributes to the removal of technical barriers for platform users, reducing
development time, cost and risks, increasing productivity and efficiency, facilitating the exchange of
information between technical and non-technical personnel.
The business decision support system implementation is based on state-of-the-art web
technologies, providing a fresh, modern and user-friendly look, in order to enable users to deal with
business processes and business data, complemented with historical information on previous
executions and decisions. Developers can define business processes graphically by using a webbased online environment. A mobile application has also been defined to contribute to the
democratization of the use of simulation, optimization and decision techniques even to non-expert
users. Many use-case scenarios to enable business decisions based on key performance indicators
have already been implemented.
Acknowledgement:
The project leading to this presentation has received funding from the European Union’s Horizon
2020 Research and Innovation Programme under the grant agreement No 721105.
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Session Abstract
Keywords: CAE, Internet of Things (IoT), Artificial Intelligence (AI), Cyber Physical System (CPS),
Digital Twin, Environmental Protection, Transportation
Recently, many new innovative technologies such as Internet of Things (IoT), Artificial Intelligence
(AI), 5G, Cyber Physical System (CPS) are emerging, and manufacturing industries are facing with
the disruptive change for their business paradigm.
Moreover, modern manufacturing industries are also confronting with strong consciousness on
contributing to the environmental protection of the world.
In the last WCCM XIII Mini-symposium MS1314, we have defined Extended CAE [1] to include not
only the design synthesis and optimization but also the IoT and AI technology.
Also, in the last 15th USNCCM Mini-symposium MS704, we have discussed on the real world
modelling [2] (Digital Twin) on the Cyber Physical System for the realization of Society5.0 [3]. In
this WCCM XIV, we will have Mini-symposium MS196 on ‘Leveraging Extended CAE Technology
Toward the Realization of Human-Centred Society 5.0’.
In this Japan-STS Industrial Session, we would like to introduce several activities of Japanese
Enterprises on the implementation of those emerging technologies into the products, processes
and services. Especially concerning to the implementation of those new technologies into the new
products and the manufacturing processes, the methodology changes for the realization of the
products and processes are required, which sometimes invokes the material change and also
structural optimization.
Another application of emerging technology are introduced for the development of the new
thermo-electric materials in view of the collaboration between AI and materials scientists.
As the keynote speech, the implementation of Statistical Mathematics and Machine Learning
technology for Digital Twin in the automobile safety designs will be also discussed.
This industrial session will cover those widespread modelling and application technologies, which
will integrate computational engineering and information engineering with the help of extended
CAE technology.
References
[1]

T. Hirano, “Defining Extended CAE Technology toward the Integration of CAE and AI”, WCCM XIII,
MS1314, July 24, (2018)

[2]

T. Hirano, “Integration of CAE and AI on the Cyber Physical Systems for the Foundation of Society5.0”,
15th USNCCM, MS704, July 28 - August 1, (2019)

[3]

https://www8.cao.go.jp/cstp/english/society5_0/index.html
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1 Daikin
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Abstract
Keywords:

CAE, IoT, AI, CPS, MBD, Digital Twin Development, Surrogate Modelling

Recently, many new innovative technologies such as IoT, AI, 5G and CPS are emerging, and
manufacturing industries are facing with the disruptive change for their business paradigm.
We have defined Extended CAE Technology [1] so as to integrate the Synthesis & Optimization
Approach with the IoT & AI Technology in the innovative design process for new products. We
have also defined CAE4.0 as the extension of Model Based Development, which will integrate
products and Digital Twins on Cyber Physical System and create Digital Twin models for the
products, the production lines and the smart services [2] as depicted in the following figure 1.
We will introduce the new approach to implement those emerging technologies into the
products, processes and services with Digital Twins utilizing surrogate modelling.

Figure 1: CAE technology development and the application scope expansion
References:
[1]
[2]

T. Hirano, Defining Extended CAE Technology toward the Integration of CAE and AI, WCCM XIII,
MS1314, July 24, 2018, NY, USA.
T. Hirano, Integration of CAE and AI on the Cyber Physical Systems for the Foundation of
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Abstract
Keywords:
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Full model car crash analyses are common tools for car development in automotive industries.
Elapse time of them is around one day, and optimization of performance of collision safety by
these analyses are time consuming.
Surrogate model of structural deformations from full model car crash analyses in side impact
was generated by using proper orthogonal decomposition (POD) [1]. The surrogate model was a
parametric model reduction and could estimate structural deformation of full model car crash
analyses in real time changing parameters in the reduced model.
Surrogate model of structural deformations from full model car crash analyses in frontal impact
was generated by same way. However, the surrogate model could not accurately estimate
structural deformation of full model car crash analyses changing parameters in the reduced
model [2]. Bifurcation of deformed shape of front side rail in full model car crash analyses were
categorized in to three groups by referring Euclidean distances of the rail, and surrogate model
was generated again for each group. These surrogate models could estimate structural
deformation of full model car crash analyses accurately in real time changing parameters in the
reduced model.
Real time simulation by surrogate model can contribute to reduction of time for optimizing
performance of collision safety.

References:
[1]

J. Inokuchi, Y. Yamamae, and T. Yasuki, Investigation of Reduced Model for Displacement Mode
of Center Pillar in SUV Side Impact, JSAE Transaction, Vol. 49, pp. 359−364, 2018.

[2]

S. Hashimoto, H. Onodera, Y. Yamamae, and T. Yasuki, Development of Prediction Method by
Reduced Model for Structural Deformations in Frontal Impact, JSAE Transaction, Vol. 50, pp.
1102−1107, 2019.
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Keywords:

Catalyst Pellet Shape, Reactor, Bulk Density, Stress Distribution, Simulation, Dynamic
Explicit Finite Element Method.

The production technology of fluorocarbon gases by vapour phase reaction is frequently used to
manufacture environmentally friendly HFC (hydrofluorocarbon) and HFO (hydrofluoroolefin)
refrigerants that do not destroy the ozone layer and have low global warming potential.
In order to maximize gas production efficiency, it is important to determine the shape and size
of the catalyst pellet which has been determined based on empirical rules and experiments. This
is because the shape and size of the catalyst pellet affect its filling state in a reactor, and the filling
state has a great influence on the vapour phase reaction. For example, if the filling state is too
dense, the gas cannot pass through catalyst pellet layer efficiently and the reactivity is
deteriorated, and if the filling state is too sparse, the gas does not contact the catalyst pellet layer
efficiently. In addition, the filling state also affects the stress distribution of the catalyst pellets,
and the catalyst pellets in the lower part of the reactor may be crushed by the weight of the
upper ones. This may increase pressure loss of the reactor and the catalyst pellets at the lower
part of the reactor may become difficult to be used during gas reaction anymore.
In this paper, we proposed a simulation approach based on the dynamic explicit finite element
method, which has been successfully used to optimize the shape of resin pellet for improving
flowability of the resin pellets in a hopper [1, 2], to evaluate the filling state of catalyst pellets in
a reactor. Using the simulation method, we clarified that the shape of catalyst pellet had an
influence on the bulk density and stress distribution of the catalyst pelelts filled in a reactor, and
found an optimal cylindrical shape with a ratio of diameter to thickness of 1.1 for the catalyst
pellet that can reduce the stress and increase the bulk density. Morefore, we also revealed for
the first time that compared to the optimal cylindrical shape, an elliptical cylinder-shape with a
ratio of major axis to minor axis of 1.5 for the catalyst pellet can further reduce the stress by 2%
and further increase the bulk density by 2%. The optimally shaped catalyst pellet is expected to
enhance the uniformity of filling state of the catalyst pellets in a reactor, extend durability of the
catalyst pellets and increase the efficiency of environmentally friendly refrigerants production.
References:
[1]

[2]

J. Liu, Optimization of Resin Pellet Shape for High Performance LAN Cable Manufacturing in
the IoT Era, ABSTRACTS of Oral Presentations, 15th U.S. National Congress on
Computational Mechanics (USNCCM15), July 28 – August 1, 2019, Austin, Texas, USA.
J. Liu, Shape Optimization of Resin Pellets for Communication Cable Wire Coating in IoT, 5G
Era (Improving Flowability of Resin Pellets in Hopper), CD-ROM Proceedings of the 32th
JSME Computational Mechanics Conference (CMD2019), September 16-18, 2019, F01-4.

3979

3980

MS Organizer(s):
Japan
Session 2 -Hiroshi
Computational
Okada, Hiroshi
mechanics
Okuda
forand
integrity
Ryuji of
Shioya
industrial
infrastructures

Japan Session 2 - Computational mechanics for integrity
of industrial infrastructures
MS Organizer(s): Hiroshi Okada, Hiroshi Okuda and Ryuji Shioya

3981

3982

STS28 - Okada,
Hiroshi
Japan Session
Hiroshi
2 Okuda
Computational
and Ryuji Mechanics
Shioya
for Integrity of Industrial Infrastructures

8th European Congress on Computational Methods in Applied Science and Engineering (ECCOMAS 2020)
14th World Congress on Computational Mechanics (WCCM XIV)
11 – 15 January 2021, Paris, France

STS-28

Japan Session 2 – Computational Mechanics for Integrity of
Industrial Infrastructures
Chairs: Hiroshi Okada1, Hiroshi Okuda² and Ryuji Shioya³
1

Tokyo University of Science, Noda 278-8510, Japan, hiroshi.okada@rs.tus.ac.jp
² The University of Tokyo, JAPAN, Okuda@K.U-Tokyo.Ac.Jp
³ Toyo University, Japan, Shioya@Toyo.Jp

Session Abstract
Keywords:

Elastic-Plastic Problems, Damage Mechanics, Advanced Particle Methods,
Isogeometric Analysis, Computational Fracture/Damage Mechanics

In the Special Technology Session (STS) “Computational mechanics for integrity of industrial
infrastructures”, we discuss about the most advanced computational methods, which aim at
the “integrity of “industrial infrastructures”. The industrial infrastructures include civil
engineering structures such as bridges, buildings, highway and railroad structures, aircrafts,
ships, power plants, manufacturing facilities, etc. The integrities of such structures are very
important issues to assure our safe and sustainable society. The computational methodologies
are the tools for us to maintain the integrities of industrial infrastructures. Typical
computational mechanics related topics that will be covered in this STS include:
Advanced Constitutive Models for Elastic-Plastic Problems and Damage Mechanics,
Large Scale/High Performance computing,
New Computational Methodologies, such as Advanced Particle Methods, Isogeometric
Analysis, X-FEM, etc.,
Computational Fracture/Damage Mechanics.
There will be five presentations, two presentations will be given by researchers from
industries and the remaining ones will be delivered from researchers in academia.
List of paper titles and speakers:
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Abstract
Keywords:

Fatty liver, Deep learning, Convolutional neural networks, Transfer learning.

In recent years, AI technology, especially image recognition technology, has been applied to
various fields. In deep learning, a convolutional neural network (CNN) is applied to image
classification [1], medical image analysis [2], and so on. In this paper, we apply the CNN image
recognition technology to the livestock industries.
In the livestock industry area, the lipid content in meat is an important factor that determines
the value of livestock products in general [3]. For example, the abundance of intramuscular fat
(IMF) in beef is a significant determinant for grade value. Foie gras known as fatty liver produced
from geese or duck is a highly valuable meat‐derived product. Chicken livers with high lipid can
give us a rich foie gras taste on a budget and is popular for costumers as chicken by‐products. In
general, the liver lipid grade is largely determined by the subjective experience of graders,
therefore inconsistencies and errors in judgment are unavoidable. It is necessary to an objective,
quick and simple measure of liver lipid grade.
In this paper, we propose a neural network‐based approach to liver lipid level assessment in the
image. The dataset is collected from four farms. The liver images and liver lipid values are used
for regression and classification. In the regression model, the liver lipid value is predicted directly
from the liver image. In the classification models, the liver lipid value is split into two types
(normal liver or fat liver). The results show that the model trained using transfer learning
achieved high accuracy.
References:
[1]
Shin HC, Roth HR, Gao M, Lu L, Xu Z, Nogues I, Yao J, Mollura D, Summers RM (2016), Deep
convolutional neural networks for computer‐aided detection: CNN architectures, dataset
characteristics and transfer learning, IEEE Trans Med Imaging 35:1285–1298
[2]
Litjens GJS, Kooi T, Bejnordi BE, Setio AAA, Ciompi F, Ghafoorian M, van der Laak JAWM, van
Ginneken B, Sanchez CI (2017), A survey on deep learning in medical image analysis. Med
Image Anal 42:60–88
[3]
Hiroki Nishi, Daisuke Yamanaka, Hiroyasu Kamei, Yuki Goda, Mikako Kumano, Yuka
Toyoshima, Asako Takenaka, Masato Masuda, Yasushi Nakabayashi, Ryuji Shioya, Naoyuki
Kataoka, Fumihiko Hakuno, Shin‐Ichiro Takahashi (2018), Importance of Serum Amino Acid
Profile for Induction of Hepatic Steatosis under Protein Malnutrition, Scientific Reports, 8:
5461:1‐11
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Abstract
Keywords:
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For a number of years, collaborative programs on fundamental and applied fracture mechanics
researches have been carried out in subcommittees which were set by the Atomic Energy
Research Committee of JWES (Japan Welding Engineering Society) [1]. The research
subcommittees were consisting of expert researchers and engineers from industries and
academia. The major target of the researches has been in the enhancement of fracture
assessment methodologies for nuclear vessels, pipings and other structures, adding new
knowledges and technologies to design and maintenance code for nuclear structures such as
Fitness-for-Service for Nuclear Power Plants of JSME (Japan Society of Mechanical Engineers) [2].
The titles of the research programs, their abbreviations and their periods are (1) Research on
Fatigue Properties under Multi-Axial State of Stress, its phase 2 and 3 (MF, FY 2001-2003, MF-II,
FY 2004-2006 and MF-III, FY 2007-2009), (2) Research on Ductile Fracture under Multi-Axial State
of Stress for Component and Structure of Light Water Reactor (MDF, FY 2010-2013, activities
halted during FY 2011), (3) Survey on Important knowledge of Multi-Axial Fatigue and Ductile
fracture for Component and Structure of Light Water Reactor (MFD, FY 2015-2016), (4) Low Cycle
Fatigue and Ductile Fracture under Cyclic Loading (FDF-I, FY 2017-2018) and (7) Low Cycle Fatigue
and Ductile Fracture under Cyclic Loading-Phase II (FDF-II, FY 2019-Present). The author has been
involved in all the programs, as an active member.
MF, MF-II and MF-III conducted experimental and numerical studies on fatigue problems under
multi-axial stress states. In MDF, the researches were extended to the low-cycle fatigue problems
under multi-axial stress states. Experimental and numerical studies were conducted. In MFD, the
researches continued based on the experimental data which were accumulated in MDF research
activities. MF, MF-II, MF-III and MDF programs were sponsored by the group of electric power
company headed by the Tokyo Electric Power Company (TEPCO). The researches on the low-cycle
fatigue problems have continued in FDF and FDF-II. The outcomes of the researches are open to
the research and engineering communities through the web page of JWES [3].
In WCCM-STS, selected research outcomes which were accomplished by the author will be
presented based on the information open to the public through the JWES web page [3].
References:
[1]
Activities of JWES, I. Researches and investigation activities, Japan Welding Engineering Society
(JWES), http://www.jwes.or.jp/en/researches.html, Accessed on March 8, 2020.
[2]
Codes for Nuclear Power Generation Facilities –Rules on Fitness-for-Service for Nuclear Power
Plants-, Japan Society of Mechanical Engineers (JSME), S NA1-2012, 2012.
[3]
Data Base on Fatigue and Ductile Fracture under Multi-axial Load, Japan Welding Engineering
Society (JWES), http://www-it.jwes.or.jp/fatigue_db/index.jsp, accessed on March 8, 2020.
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Abstract
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The fatigue crack propagation observed in real mechanical structures often involves crack
separation and merging. For example, that in a welded T-joint with an embedded horizontal slit,
Fig. 1(a), shows the crack separation at the edge of the slit and the merging at the other side of
it [1].
To solve such complex situations, we proposed a new approach by using the smoothed particle
hydrodynamics method named as “SPH-Fatigue” [2], where the fatigue crack virtually propagates
through the crack front particles and the crack front line is given the feature of changing its shape
naturally as a chained crack front line based on the experimental observation [2].
In the present study, we apply the SPH-Fatigue to some industrial problems with fatigue crack
propagation and the analysed results are compared with experimental results. For example, Fig.
1(b) shows the analysed result of the T-joint structure by the SPH-Fatigue. It is noted that the
analysed history of crack shape is almost the same as that of the experiment [1].

(a) Experimental result [1]

(b) Computed result by SPH-Fatigue

Figure 1: Fatigue crack propagation in welded T-joint with an embedded slit
References:
[1]

Japan Ship Technology Research Association, Ship research summary report, SR169:137-147,
1979 [in Japanese].
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K. Tazoe, H. Tanaka, M. Oka and G. Yagawa, Analyses of fatigue crack propagation with
smoothed particle hydrodynamics method, Eng. Fracture Mech., Vol 228, 106819, 2020.
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In rarefied gas flows the mean free path is comparable to a characteristic dimension of
the flow configuration. Such conditions include low and very low density environments, as
well as flows through micro- and nano- sized configurations. Rarefied gas flows are present in
many technological fields including vacuum technology, high-altitude aerodynamics,
microfluidics (micropumps, micro gas sensors and actuators) and flows through porous
media. In rarefied gas dynamics, reliable modeling must be based on kinetic theory as
described by the Boltzmann transport equation or suitable kinetic model equations, where the
basic unknown is the velocity distribution function. The numerical solution of these
integrodifferential equations is commonly performed by discretizing first in the molecular
velocity space and then by solving the deduced differential equations in the physical space
with typical numerical schemes such as finite element and volume methods. The numerical
approach requires the solution of large systems of algebraic equations in each iteration and the
associated computational effort is very demanding.
In the present work two approaches are proposed in order to decrease the
computational cost. The first one is related to the so-called marching schemes for the discrete
velocity method, where the solution is obtained by propagating in the direction of the
molecular velocity and the solution of large algebraic systems is circumvented. However, so
far their implementation is limited to simple geometries and structured meshes. Following the
proposed methodology, marching schemes may be applied to complex geometries and
unstructured meshes extending significantly their applicability range. The second one is
related to the acceleration of the convergence rate of the typical discrete velocity method,
which is very slow particularly in flows in moderate rarefied and slip regimes. To overcome
this pitfall, the so-called synthetic acceleration schemes have been developed, which may be
applied however, only to the interior mesh nodes. Therefore, in problems where the
distribution function at the boundaries is part of the solution, the speedup of the convergence
rate is not effective. Here, a synthetic acceleration scheme, capable to accelerate the solution
at the boundary nodes is proposed, using the half-rage Hermitte moments of the involved
distribution functions leading to a hyperbolic set of differential equations. This way the range
of application of acceleration schemes is increased, providing considerable speedup in cases
where the typical acceleration schemes are not efficient.
Furthermore, in the present work a methodology related to the decomposition of the
distribution function in the stochastic Direct Simulation Monte Carlo method is proposed. In
rarefied gas flows, due to the large mean free paths, even in regions far from the boundaries,
the local distribution function is composed of particles arriving directly from the boundaries
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without interacting with other particles and of particles arriving after an arbitrary number of
collisions with other particles. The former and latter parts of the distribution function are
named ballistic and collision parts respectively. The ballistic part of the distribution carries
the boundary information to regions well inside the flow domain, far from the boundaries,
where the local equilibrium distribution can differ greatly, leading to the development of
many non-equilibrium phenomena. In order to gain a more thorough insight and provide a
physical explanation of these phenomena, the solution is decomposed into the ballistic and
collision parts and the effect of each part on the macroscopic quantities of interest is
investigated. The decomposition into ballistic and collision parts has been applied to study
certain phenomena, including the well-known Knudsen paradox.
ACKNOWLEDGEMENTS
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In this research, an effective numerical approach is applied to the axisymmetric bending and
flexural vibration analysis of two-directional functionally graded (2D-FG) thick circular and
annular plates with variable thickness. The material properties are assumed to vary continuously
both in thickness and radial directions. The effect of shear deformation is considered in the
formulation. The governing equations are converted to a set of ordinary differential equations
(ODEs). Obtained canonical equations are solved numerically by the Complementary Functions
Method (CFM). For the dynamic analysis, the CFM is combined with the Laplace transform. A
powerful inverse algorithm is applied to retransfer the results from the Laplace space to the
time domain. The damping model of Kelvin is used in the damped forced vibration analysis.
The main purpose is to infuse this method to the bending and dynamic analysis of a wide range
of solid circular or annular plates, with linear or non-linear thickness profiles, radially
Functionally Graded (FG), FG in the thickness direction or 2D-FG, without any restrictions.
The influence of material variation exponents and thickness profiles on the considered problems
are investigated. Several examples are presented and results are verified with those obtained by
finite element method and available published literature. Excellent agreement is observed.
Abstracts should outline the main features, results and conclusions as well as their general
significance, and contain relevant references.
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This contribution summarizes our extension of the classical Periodic Unit Cell-based representation of
material microstructure. Inspired in computer graphics, we adopt the formal concept of Wang tiles and
propose to store microstructural information within a set of domains with predefined mutual compatibility instead of a single cell. Following simple assembly rules similar to those of jigsaw puzzles, our
extension allows for almost instant generating of arbitrarily large stochastic samples with consistent spatial statistics.
We start with a brief introduction of the concept fundamentals and present methods suitable for compressing microstructural information into a set of tiles. Next, making use of statistical sampling and
bounds provided by the Partition Theorem, we apply our approach in numerical homogenization to determine the Representative Volume Element size related to the user-defined significance level and the
discrepancy between bounds on the apparent properties.
Finally, we present a reduced order modelling strategy that exploits the repeating occurrence of individual tiles in generated microstructures. We pre-compute the collective characteristic response of the
compressed microstructural representation to a macroscopic loading and extract a-priori microstructureinformed modes for the fluctuation part of a macroscopic solution. These modes are then plugged into
a macroscopic numerical scheme utilizing a kinematical ansatz of the eXtended Finite Element Method.
Using an illustrative 2D elliptic problem, we demonstrate that our scheme delivers less than a 3% error
in both the relative L2 and energy norms already with only 0.01% of the unknowns when compared to
the fully resolved problem, with further improvements e.g. by local refinement possible.
REFERENCES
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This research proposes an anisotropic mechanistic model, using a purely pairwise description of deformation, elastic parameters, strength and conductivity properties, allowing then to predict macroscopic
constitutive behavior of materials on the basis of microscopic laws for particles interactions. The elastic
model, that is inspired by Voigt’s molecular theory of elasticity, is capable to overcome Cauchy relations
without introducing any point-wise deformation measure or multi-body potentials.
Assuming an homogeneous continuum and adopting the concept of horizon, the model leads to a purely
pairwise continuum peridynamic formulation for conductive Cauchy orthotropic media without restrictions in the number of independent material constants. Anisotropic elasticity, conductivity and nonuniform strength properties, related to a direction-dependent fracture energy function, are described analytically by continuous functions of the ligament orientation angle. Therefore, the model is almost independent of the discretization and particles topology, whereas the material parameters are derived using
a generalized approach based on energetic equivalence, without the need for any particular assumption
on the deformation and electric fields. In a computational context, the proposed formulation, which does
not involve spatial derivatives, allows for decoupling the analytical mathematics of the model from the
lattice topology of the discretized medium. This aspect is particularly important for direction-dependent
material properties, and in fracture problems since it drastically reduce intrinsic mesh dependency of the
results and failure anisotropy typical of lattice models. The mechanistic nature of the model also permit
to design real elastic and conductive lattices whose physical and mechanical overall properties may be
tailoring designed by controlling the morphology of the micro-structure and its constitutive properties.
The accuracy of the proposed model has been assessed by several problems involving elasticity, fracture
in isotropic and electrical conduction in anisotropic materials considering different orientation of the
material reference system.
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The interaction of fluids and deformable, porous, solid materials is of great relevance for various applications within geotechnical, reservoir, structural, and biomedical engineering. Numerical simulations
constitute an effective approach to describe such phenomena and predict both medium and large scale
scenarios, based on homogenized models, as e.g. the classical quasi-static Biot equations [1].
One of the emerging challenges in the field of poromechanics is the efficient, robust, scalable numerical
solution of tightly coupled, potentially highly nonlinear systems of PDEs. Exploiting the inherent block
structure of such models, in the recent past, block-partitioned solution strategies employed either as
iterative solvers or preconditioners for the monolithic solution have drawn much interest. Such enjoy
often mesh-independent convergence behavior, and allow for utilizing solver technology for the separate
subproblems. However, in order for them to be robust, they have to be designed with care.
In this talk, we highlight the key results in the PhD thesis [2], addressing among others the above challenge. In particular, two topics will be covered:
(i) A novel framework [3] for a systematic development and unified analysis of robust block-partitioned
solvers is introduced, based on inherent gradient flow structures of poromechanics, and alternating
minimization. It is applied to a general class of quasi-static thermo-poro-visco-elasticity models.
(ii) Robust block-partitioned solvers are introduced and analyzed for saturated and (nonlinear) unsaturated poroelasticity [4,5]. For the latter, Anderson acceleration significantly improves the robustness and convergence speed of the solver, which also is demonstrated theoretically.
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Interfacial flows are commonly met in both daily situations, e.g. formation of clouds or water boiling,
and industrial processes, e.g. atomisation of liquid fuel before ignition. Some insight into the complex physics of such multiphase systems can be gained through the experimental research. Numerical
modelling is a cheaper, and what is more important, more flexible alternative (in terms of changing parameters, geometry and so on). Efficient computational tools are in high demand, both from academic
and industrial communities. Eulerian numerical methods, which use a computational grid, are the most
widespread ones. Years of research and development forged them into reliable tools, yet, they are not
free from certain drawbacks. The present work is dedicated to Smoothed Particle Hydrodynamics (SPH),
an alternative Lagrangian approach, and its application to the interfacial flows. In SPH fluid is discretised as a set of particles, which can be thought of as fluid elements, evolving according to the governing
equations. SPH has some advantages when dealing with multiphase systems, namely: (i) explicit mass
conservation, (ii) easiness in handling significant density and viscosity ratios and (iii) straightforward
treatment of interfaces no dedicated reconstruction or tracking algorithm is necessary unlike in Eulerian
methods. Apart from those merits, SPH has disadvantages, including: (i) extensive computational cost,
(ii) lack of reliable approach to variable spatial resolution and (iii) spurious fragmentation of interfaces.
The main goal of the study was to explore SPH applicability to the interfacial flows modelling and to
identify the aspects in which the method still needs improvement. For this purpose we have applied SPH
to a selection of problems, namely: Rayleigh-Plateau instability [1], gas-liquid flow regimes in a channel
and wetting phenomena [2]. The obtained results show that SPH has the potential to become a dependable tool for the basic and applied research involving interfacial flows. The advantages of Lagrangian
description were proved to be in fact convenient, useful and make SPH an attractive alternative for this
type of flows. The drawbacks of the method are either a solvable challenge (variable resolution, interface
fragmentation) or a matter of waiting for more powerful computational hardware.
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Computational homogenisation has proven to be a valuable tool to account for the microconstituents behaviour in the macroscopic structural behaviour, by providing a general but
conceptually simple framework based on a Representative Volume Element (RVE). In
particular, first-order homogenisation has been widely employed.
First-order homogenisation relies on the assumption of macroscopic deformation uniformity in
the RVE, due to the Principle of Scales Separation, which limits the applicability of this
approach in what refers to the RVE size, the macroscopic deformation wavelength and to the
description of size effects. To minimize these drawbacks, Kouznetsova et al. [1] proposed the
concept of second-order homogenisation, where the macro-scale domain is modelled
considering a second-gradient continuum description and the second gradient of the
macroscopic displacements is included in the scale transition.
In the present contribution, a multi-scale formulation for standard second-order homogenisation
at finite strains in quasi-static conditions, where the RVE is modelled in a Cauchy continuum
framework, is developed with the Method of Multi-Scale Virtual Power [2]. Several numerical
examples considering composite and polycrystalline RVEs are employed to explore the features
of this model, and a framework for its application is proposed based on the results.
Aiming to include size effects due to the micro-constituents size, a fully second-order
homogenisation-based model is formulated. It is based on a scheme where both the RVE and
the macro-domain are modelled in the framework of second-gradient continuum. Mixed finite
elements are used to guarantee the required C1 continuity at the RVE level [3]. A FE2
simulation of the classical boundary shear layer problem is used to demonstrate the ability of
this model to include size effects related to the micro-constituents.
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The geometry variation of the particles is an important random factor in the particulate system.
An increasing attention has been focused on the influence of geometric uncertainty on the
mechanical behaviour of the particulate systems, while the related work is mostly concentrated
on the macroscopic level. The geometric irregularities at the microscopic level, also called the
surface roughness, are more difficult to be accounted in discrete element modelling.
The current work aims to develop an improved random normal interaction law based on an
extended Greenwood-Williamson (GW) model for spherical particles with surface roughness
in the discrete element modelling of particle systems. The defects of the classic GW model
when directly adopted in DEM are fully addressed and illustrated by both theoretical and
numerical results. An improved contact stiffness model is proposed to resolve the issue in which
the asperity and bulk substrate stiffnesses are combined using two springs in series.
The GW model is better suited for lightly loaded contacts with large separations where the
surface asperities deform elastically as the Hertz contact model is adopted for the contact load
calculation between the asperity and the sphere. When a positive overlap is involved in the
contact, it may be necessary to consider the plastic deformation of the surface asperities. Two
extended GW model are developed to consider the positive overlap and the plastic deformation
of the asperities. Numerical comparisons between the original model and the extended model
are conducted to demonstrate the effect of the plastic deformation on the pressure, deformation
and thermal resistance of the contact region.
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This presentation focuses on advanced numerical techniques to address the topology optimization problem from both a modeling and an algorithmic perspective. To this end, we exploit SIMPATY algorithm [1], which couples a standard density-based method [2] with anisotropic mesh adaptation.
We enhance standard methods for the optimization of structures at both the macro- and micro-scales. At
the macro-scale, we propose an innovative structural optimization method which sequentially combines a
geometric shape optimization with topology optimization driven by SIMPATY algorithm [3]. The resulting layouts are characterized by smooth and sharp void/material interfaces and exhibit good mechanical
performances, e.g., lightness and stiffness. Additionally, anisotropic mesh adaptation allows us to design structures characterized by innovative free-form features. The same topology optimization strategy
is employed to design new microstructures (metamaterials) which enjoy target macroscopic mechanical
properties. In such a context we adopt the inverse homogenization based on topology optimization [4].
To improve the computational performances of standard topology optimization algorithms, we propose a
new method based on model reduction. We adopt the offline/online POD paradigm to predict a layout to
be then improved by SIMPATY algorithm, in the spirit of a predictor/corrector approach. This expedient
reduces the iterations demanded to converge, while guaranteeing the desired mechanical properties [5].
Finally, we will highlight some recent developments, with a focus on the main future perspectives.
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