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VoroCrust: Conforming Polyhedral Meshing without Clipping

Mohamed Ebeida*

*Sandia National Laboratories

ABSTRACT

We present VoroCrust: a novel approach to polyhedral meshing that simultaneously generates a quality mesh of
the surface of a Piecewise Linear Complex (PLC) model and decomposes the enclosed volume by unweighted
Voronoi cells with good aspect ratios conforming to the surface mesh, without clipping or bad normals. Up to our
knowledge, our method is the first to solve this open problem. VoroCrust also outputs an approximation of the
medial axis of the input model and provides a fast technique for in/out point classification. To design our solution,
we introduce new definitions of the medial axis and the local feature size that cater to PLC models. To further
ensure enough protection around sharp features of the input model, we also present the concept of
Maximal-Poissondisk Sampling (MPS) with extended coverage, and provide a solution method. We experimentally
illustrate the robustness and output quality of VoroCrust through a collection of models of varying complexity,
successfully preserving sharp features if any. In this talk we also present the recently released VoroCrust software
and discuss its performance in practice.
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ABSTRACT

The nanostructural arrangement of amorphous silica glass can be described based on its short and medium-range
order. The latter is represented by rings of various sizes composed of corner-sharing tetrahedra [1,2]. In this study,
we perform classical molecular dynamics simulations to investigate the quenching rate influence on the deformation
and fracture behaviour depending on the medium-range order. For this purpose, we use a two- and three-body
interaction potential [3] to prepare several samples with statistically different amorphous states by quenching molten
silica to ambient temperature considering different quenching rates. All samples are subjected to tensile loadings
and it is shown that the mechanical behaviour depends on the associated ring statistics. [1] Rino JP,
Ebbsj\&amp;quot;o I, Kalia RK, Nakano A, Vashishta P (1993) Structure of rings in vitreous SiO$_2$. Physical
Review B 47:3053-3062. [2] Hobbs LW, Jesurum CE, Pulim V, Berger B (1998) Local topology of silica networks.
Philosophical Magazine A 78:679-711. [3] Vashishta P, Kalia RK, Rino JP, Ebbsj\&amp;quot;o I (1990) Interaction
potential for SiO$_2$: A molecular-dynamics study of structural correlations. Physical Review B 41:12197-12210.
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Nonconforming Finite Element Approximations of the Phase Field Model of
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ABSTRACT

Boundaries of living cells and vesicles are lipid membranes composed of amphiphilic lipid molecules which form a
bilayer-structure of only a few nanometers thickness. It is well-known that the phase field approach provides a
powerful framework for approximating configurations of lipid membranes. In this approach, the governing equation
for obtaining equilibrium configuration of lipid membranes is a fourth order PDE in terms of the phase field function.
In this talk, we introduce nonconforming finite element approximations of the governing equation by using several
finite elements including the Hermite tetrahedron and the Morley element.
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ABSTRACT

A metamaterial is a material designed and engineered to obtain some mechanical or physical properties, which
cannot be observed in nature or real materials. Metamaterials can be made of assemblies of multiple components
and usually have repeating patterns may be inspired from bio-structures. Properties of metamaterials are more
affected from their geometrical design, patterns, orientations or structures rather than the properties of the main
material or other constituents. One of the bio-structures that there are a lot of efforts on mimicking them as
metamaterials to design flexible dermal armor is structure of fish or reptile scales due to high stiffness performance
under bending, twisting and indentation. These biomaterials have good geometrical design and mechanical
properties, which provide flexibility, mobility, durability in failure and protection against predators. In this work, the
behavior of one-dimensional scale covered structure will be discussed under twisting load. To this end, an
analytical model is derived by establishing the geometrical relation depends on length, width and distance between
the scales. The results compared with numerical model which obtained by ABAQUS. It is concluded that three
different regimes exist, which include linear operation phase before scales engagement, high nonlinear phase due
to relatively rigid scales engagement and rigid phase after achieving to the derived kinematic locking condition. In
addition, the mechanics of the system will be discussed by considering the scales as some torsional springs, which
affect the deformation of elastic substrate. Finally, it will be demonstrated how designing and analysis of fish scales
covered structures can be helpful to achieving stiffness, rigidity and protection besides flexibility and lightweight
which are not available in regular materials.
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ABSTRACT

Random variables can be approximated by the Polynomial Chaos (PC) representation by truncating the series
expansion. Ordinarily, the basis of these series are Hermite polynomials. In this study the representation is based
on B-Spline functions, which are commonly used in the area of computer aided design (CAD). Hughes et. al.
established the Isogeometric Analysis (IGA) which extends the finite element method through the usage of
B-Spline, or its extenstions non-uniform rational B-Splines (NURBS). The features and limitations of polynomial
chaos with Hermite polynomials are reviewed and the approximation by B-Splines of a Gaussian random variable is
investigated.
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ABSTRACT

Almost all geophysical events involving granular materials - such as snow avalanches, debris flows and pyroclastic
flows - exhibit a continuous exchange of particles between a depositional flow and the erodible substrate that it
propagates on. The balance between erosion and deposition can have a great influence on the flow duration and
runout distance, which are important factors to consider for hazard risk assessment and mitigation. A perfect
balance between erosion and deposition is even possible in certain conditions (Edwards, Viroulet, Kokelaar &amp;
Gray, 2017), resulting in a flow that propagates steadily downslope whilst maintaining a constant shape and
velocity. By releasing a small amount of yellow sand onto an erodible bed of the the same material, but instead
coloured red, it is shown that the erosion-deposition process in a steady avalanche eventually results in the the
flowing material consisting entirely of particles that have been eroded from the substrate layer. Furthermore,
different steady state regimes are possible for a given slope inclination angle depending on the amount of sand
released. The experiments are simulated using a depth-averaged avalanche model and a friction law that allows
dynamic, static and intermediate flow regimes for angular materials (Edwards et al., 2017). This model is
augmented with the large-particle transport equation (Gray &amp; Kokelaar, 2010) for the evolution of an inversely
graded shock interface between an instantaneously and sharply segregated layer of large particles above a layer of
small particles in a bidisperse flow. The inclusion of a segregation equation here allows the tracking of the interface
between the two different coloured sands and therefore the redistribution of grains due to erosion and deposition.
By plotting the colour of the sand according to the depth-averaged yellow concentration at each position, it is shown
that all of the key experimental features are qualitatively reproduced by the numerics.
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A Scaled Boundary Multiscale Approach to Crack Propagation via Hybrid
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ABSTRACT

The modelling of crack propagation by means of the finite element method is a highly challenging task. The
extended finite element method (XFEM) has been proposed to mitigate the need for remeshing while accurately
representing the singular stress field around the crack tip, using additional enrichment terms. Unfortunately, these
enrichment terms must be specified prior to analysis, which impedes fully automated and general crack propagation
schemes utilizing stress intensity factors (SIFs). Damage related phenomena within the context of linear elastic
fracture mechanics (LEFM) can be elegantly and efficiently accounted for via the scaled boundary finite element
method (SBFEM) [1]. A significant advantage of SBFEM lies in its semi-analytical nature, with permits the direct
extraction of the SIFs, based on their formal definition without any a priori knowledge, and computation at negligible
computational cost. This is achieved by introducing a scaling centre in the domain, effectively transforming the
cartesian reference system to one resembling polar coordinates and reducing the computational dimension by one
in the process. The resulting arbitrary polygons must be star convex, which is exploited for use with hybrid balanced
quadtrees [2] to elegantly reduce computational cost via precomputation of most stiffness matrices, while
eliminating issues commonly associated with hanging nodes. While SBFEM significantly accelerates LEFM-related
computations, the simulation of more involved problems still poses a considerable challenge. One possible way to
mitigate such issues is by utilizing multiscale methods. In this work, the extended multiscale finite element method
(EMsFEM) [3] is harnessed to define a coarse mesh, where the governing equations of the problem are solved,
while exploiting SBFEM for modelling crack propagation on the fine mesh. Computational gains are achieved by
only resolving for those representative volume elements (RVEs) that are affected by crack propagation. References:
[1] J.P. Wolf, The scaled boundary finite element method, Wiley, 2003. [2] Ooi, E., Man, H., Natarajan, S.,
&amp;amp; Song, C. (2015). Adaptation of quadtree meshes in the scaled boundary finite element method for crack
propagation modelling. Engineering Fracture Mechanics, 144, 101-117. [3] H.W. Zhang, J.K. Wu, Z.D. Fu, Extended
multiscale finite element method for elasto-plastic analysis of 2D periodic lattice truss materials. Computational
Mechanics, 45, 623-635, 2010.
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ABSTRACT

The extracellular matrix consists of a network of diverse filamentous proteins, glycoproteins, and
glycosaminoglycans, which together provide mechanical support and biological cues to the resident cells.
Importantly, mechanical cell-matrix interactions play crucial roles in tissue health and disease. Changes in matrix
properties affect, for example, cell migration and differentiation. At the same time, cells actively sense and regulate
their surrounding extracellular matrix, presumably to establish or maintain a preferred (so-called homeostatic) state.
Integrin linker proteins connect the actin cytoskeleton inside the cells through the cell membrane to the extracellular
filaments and form the cornerstone for this two-way feedback loop consisting of mechanosensation and
mechanoregulation [1]. This talk introduces a novel computational framework for modeling extracellular matrix
mechanics on the micro-scale, including cell-matrix interactions in three dimensions. Individual matrix fibers as well
as cross-linker proteins are modeled explicitly and discretized by finite elements to capture their micromechanical
properties such as bending and extensional stiffness. Dynamic inter-fiber cross-linking is considered by linker types
that can bind fibers with a certain probability and unbind with a force dependent off rate [2], respectively. Other
linker types, following a force dependent catch-slip-bond behavior [3] and endowed with the ability to contract, are
used to link cells to discrete binding sites on matrix filaments. Using finite elements for the cells also enables us to
model a two-way coupling between cells and matrix. Contact between different fibers in the extracellular matrix is
captured in our computational model to account for effects of physical entanglements. In this talk, we will first
introduce our general computational model and then we will show simulation results and compare them with data
collected from experiments for cell seeded tissue equivalents within a biaxial bioreactor. References [1] Humphrey
JD, Dufresne ER, Schwartz MA. Mechanotransduction and extracellular matrix homeostasis. Nature reviews
Molecular cell biology. 2014;15(12):802-812. [2] Kim J, Feng J, Jones CAR, et al. Stress-induced plasticity of
dynamic collagen networks. Nature Communications. 2017;8:842. [3] Weng S, Shao Y, Chen W, Fu J.
Mechanosensitive subcellular rheostasis drives emergent single-cell mechanical homeostasis. Nature materials.
2016;15(9):961-967.
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ABSTRACT

Tempered martensitic steels with high chromium content are often used for power plant components under
complex thermo-mechanical loads. These components are subjected to frequent start-ups and shut-downs in
combination with long holding times at high temperatures. These loading conditions induce both creep and fatigue
issues in the structure. Consequently, martensitic steels are a viable choice as they feature excellent properties,
such as high creep strength and corrosion resistance, to withstand these conditions. On the other hand, these
alloys suffer from softening due to microstructural changes, what should be taken into account by a constitutive
model. This contribution presents a unified phase mixture model for rate-dependent inelasticity of a 12% Cr
heat-resistant steel and demonstrates the implementation of the model into the finite element method. In a first
step, the multi-axial phase mixture model is introduced. The phase mixture model distinguishes two phases, i.e. a
hard and a soft phase, which are connected via an iso-strain approach. A backstress and a softening variable are
introduced as internal variables, thus allowing for the consideration of non-linear kinematic hardening as well as
softening effects. The model results in a coupled system of three evolution equations with respect to the inelastic
strain, the backstress, and the softening variable. The model is implemented into the commercial finite element
code ABAQUS with a user material subroutine. In order to update the stress and the two internal variables, the
backward Euler method is used in combination with a Newton-Raphson iteration. Furthermore, the consistent
tangent operator is introduced for the phase mixture model. A wide range of benchmarks for uni-axial as well as
multi-axial stress states is taken into account in order to verify the implementation. The numerical results are
compared to experimental measurements for high temperature tensile tests. Finally, an idealized steam turbine
rotor is analyzed using the proposed model. In a first step, the temperature fields are computed in a transient heat
transfer analysis, taking varying steam temperatures and heat transfer coefficients into account. The temperature
fields serve as input for the subsequent structural analysis, which additionally considers a time-dependent steam
pressure and rotational frequency. The structural analysis provides stress-strain hystereses for different kinds of
start-ups and shut-downs, which can be used for further fatigue and damage assessment.
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ABSTRACT

Recent advances in composite manufacturing and design have encouraged engineers to introduce composites to
more complex structures. The usage of composites in energy, marine, automotive and aerospace applications
leads to the design and manufacturing of thicker composite structures for load critical applications. Consequently,
the need has arisen for modelling of more complex structures with integrated geometric features such as changes
in thickness, curvature and connectors. In addition to these features, the load levels mandate considerably thicker
composite structures, which brings a new set of challenges. Damage models in composites have largely been
focused at the micro and ply-scale. Understanding the ply and inter-ply damage modes is valuable since these
damage mechanism control the failure at the structural scale. For a thin layup, it is possible to construct a ply-by-ply
model, even at feature scale e.g. open holes. However, for thick composite structures where the ply count can be in
the hundreds, these high-fidelity models are no longer a viable option. Consequently, there is a pressing need to
develop homogenized failure models which operate on the structure scale without having to describe the composite
ply orientations explicitly. In this paper, the challenges associated with this homogenised modelling approach will
be detailed, developed and verified against experimental results. The proposed numerical framework starts from a
set of high fidelity Representative Volume Element (RVE) meso-scale models under periodic boundary conditions.
The RVE models include the phenomenological damage models such as matrix cracking, delamination and fibre
failure. A set of RVE models is solved under various combinations of loads representing different stress states. A
dedicated computational homogenization module generates effective stress strain curves for each RVE model.
These curves are generated for all six stress components (3 axial + 3 shear). The effective stress / strain curves
are then used to generate sets of damage surfaces that are used to construct a combined failure surface including
the contribution of all the macro-scale stress components. In a macro-scale model, a virtual RVE is constructed
around each integration point. The underlying ply-orientation is known for each virtual RVE but not modelled
explicitly. Next, the simulation interacts with the combined damage surface by providing a stress-state and
receiving a fourth order tangential stiffness tensor for each integration point. The proposed model was shown to
accurately predict damage initiation and progression for a set of experimental benchmark problems.
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ABSTRACT

In this study, we will present the development and implementation of adaptive mesh refinement and coarsening
algorithms into a Discontinuous Galerkin Shallow Water Equation Model (DG-SWEM), commonly used for
simulating hurricane storm surge [1]. The application of these algorithms aims to significantly reduce the
computational cost of a storm surge simulation while preserving the desired accuracy. The process of the adaptive
algorithms includes three stages: (1) detecting localized regions to refine based on a defined cone of uncertainty
associated with the predicted hurricane storm track; (2) refining the elements within these localized regions, while
maintaining a 1-irregular mesh; and (3) updating the associated bathymetry in these areas by interpolating from an
underlying high-resolution bathymetry set constructed from a moving least squares approximation [2]. Some of the
challenges encountered include maintaining load balance in parallel computation and conserving mass and
momentum during the refinement process. Preliminary numerical results will be presented, comparing the efficiency
of the approach to the Advanced Circulation (ADCIRC) Model. Ultimately, the proposed methodology aims to help
design more efficient early warning systems for hurricanes, which can help reduce th¬¬e consequences of coastal
hazards. References [1] Dawson, C., Kubatko, E.J., Westerink, J.J., Trahana C., Mirabito, C., Michoskia C., Panda,
N., Discontinuous Galerkin methods for modeling hurricane storm surge, Advances in Water Resources, 34, pp.
1165{1176, 2011. [2] Brus, S. R. (2017). Efficiency Improvements for Modeling Coastal Hydrodynamics through the
Application of High-Order Discontinuous Galerkin Solutions to the Shallow Water Equations (Doctoral dissertation,
University of Notre Dame).
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ABSTRACT

The tongue is an important organ that has a pivotal role in the process of swallowing and speech. In neonates and
infants optimal performance of the tongue is crucial for proper nutritive sucking and swallowing. Successful
breastfeeding requires dynamic synchronization between the infant mandible oscillation, rhythmic motility of its
tongue, and the breast milk ejection reflex that drives maternal milk towards the nipple outlet. During suckling, the
infant compresses the areola-nipple region with its gums and generates sub-atmospheric oral pressures via the
oscillating mandible and pulsating tongue. The tongue muscle plays a key functional role in the regulation of
intra-oral pressures which are required for latch-on, extraction of human milk from the breast and swallowing. We
developed an objective methodology to extract quantitative information of tongue kinematics from submental
ultrasound video clips that were recorded during infant feeding on the breast or artificial bottle nipples. The method
is based on efficient detection of the palate and upper tongue outlines in successive frames of the recorded
ultrasound images. This was followed by registration with respect to the hard palate and computation of the special
tongue motility about polar coordinates with an origin below the chin. We analyzed the tongue kinematics during
breast feeding of healthy infants, as well as tongue-tied infants before and after surgical intervention (i.e.,
frenotomy) to improve tongue mobility. In addition we also analyzed the tongue kinematics of infants feeding on
bottle nipples. Using FFT algorithms we computed the spatial dominant frequencies of tongue motility in the
different cases. We also employed wavelet algorithms to explore differences between healthy breastfeeding and
restricted feeding with a tied tongue, as well as bottle feeding. The results revealed that this methodology can be
utilized for diagnostic and post-intervention in problematic cases of infant feeding.
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ABSTRACT

Earthquakes are among the most destructive natural hazards to mankind with losses exceeding thousands of lives
and billions of US dollars annually. An outstanding challenge is to accurately model earthquake nucleation,
propagation, and arrest alongside with the stress-accumulation patterns during the seismic cycle to develop
physics-based seismic hazard models for informed risk analysis and policy making. A critical barrier for the
application of conventional numerical analysis techniques, such as time-marching finite element or finite difference
methods on non-adaptive meshes, is the wide range of length and time scales (from sub-millimeter to kilometers
and from milli-seconds to centuries) involved in the earthquake processes. This multi-scale character makes the
problem computationally intractable even on state-of-the-art supercomputing platforms. We overcome this
challenge by using an asynchronous space-time Discontinuous-Galerkin (aSDG) method with dynamic adaptive
meshing that enables variations of spatial and temporal resolution over several orders of magnitude across the
solution domain. To illustrate our method, we apply the aSDG method to the earthquake benchmark problem
TPV205-2D provided by the Southern California Earthquake Center (SCEC). The problem setup includes a planar
slip-weakening frictional interface embedded in a two-dimensional linear elastic domain. The rupture is initiated by
overstressing a localized patch on the fault surface beyond its static frictional strength. The rupture propagates
bilaterally and interacts with areas of inhomogeneous stress and frictional properties. The aSDG method accurately
resolves the different phases of rupture growth and arrest as well as the radiation fields associated with the
non-uniform propagation. With dynamic adaptivity, the method provides unprecedented resolution of the crack
process zone and the elastodynamic fields outperforming other methods, such as conventional finite elements, with
respect to run time, memory requirements, and accuracy. We discuss the potential of the aSDG to provide a unique
computational pathway to efficient multiscale dynamic rupture simulations in seismology and a critical missing link
for transitioning between physics-based simulation and societal risk management.
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ABSTRACT

Using a mold or die, primary shaping manufacturing processes form material from an initially unshaped state
(usually melt) into a desired shape. All of these processes have in common that the exact design of the mold cannot
be determined directly and intuitively from the product shape. This is due to the non-linear behavior of the material
regarding the flow and solidification processes. Consequently, shape optimization as a means of numerical design
can be a useful tool in mold development. The core of our optimization tool [1] is the in-house flow solver XNS,
which combines a space-time method with either polynomial or isogeometric shape functions with a GLS
stabilization. XNS is able to exploit the common communication interfaces for distributed-memory systems. The flow
solver has been coupled with the open-source optimization frameworks NLOPT and Dakota. For geometry
representation, no matter the function representation, we utilize an in-house spline library which supports both
NURBS and T-splines. Spline representations are very natural in engineering design, as they allow the shape
optimization result to be easily transferred back into the CAD-based design process. Furthermore, they require a
low number of optimization parameters and allow the incorporation of manufacturing constraints. Obviously,
isogeometric analysis aligns well with this type of shape optimization. Topics discussed will be our approach to
shape optimization as well as methods for simulating the flow through, in and behind the mold/die. Furthermore,
advances in the topics of solidification and free-surface flows with boundary-conforming isogeometric methods will
be shown [2]. [1] S. Elgeti, M. Probst, C. Windeck, M. Behr, W. Michaeli, and Ch. Hopmann, “Numerical shape
optimization as an approach to extrusion die design”, Finite Elements in Analysis and Design, Vol. 48, pp. 35-43,
2012. [2] F. Zwicke, S. Eusterholz, S. Elgeti, &amp;amp;quot;Boundary-Conforming Free-Surface Flow
Computations: Interface Tracking for Linear, Higher-Order and Isogeometric Finite Elements&amp;amp;quot;,
Computer Methods in Applied Mechanics and Engineering, Vol. 326C, pp. 175-192, 2017.
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ABSTRACT

Key Words: Isogeometric Analysis, NURBS, Global Parameterization, Cross Fields, Cuboid Decomposition. We
present an effective method to automatically construct trivariate B-spline models of complicated geometry and
arbitrary topology. Our method takes as input a B-rep solid model defined by its triangulated boundary. Using
cuboid decomposition [1,2], an initial polycube approximating the input boundary mesh is built. The polycube can be
used to approximate very roughly the geometry of a model while faithfully replicating its topology. Due to its highly
regular and trivariate structure, the polycube is suitable for serving as the canonical domain of the volume
parameterization required for trivariate NURBS construction. The polycube&amp;amp;apos;s nodes and arcs
decompose the input model locally into quadrangular patches, and globally into hexahedral domains. Using cross
fields and aligned global parameterization [3], the position of the polycube nodes and arcs are optimized across the
surface in a way to achieve low overall patch distortion, and alignment to principal curvature directions and sharp
features. Based on the optimized polycube and parameterization, compatible B-spline boundary surfaces are
reconstructed. Finally, the interior volumetric parameterization is computed using Coon&amp;amp;apos;s
interpolation and the B-spline surfaces as boundary conditions. The efficiency and the robustness of the proposed
approach are illustrated by some examples. REFERENCES [1] H. Al-Akhras, T. Elguedj, A. Gravouil, and M.
Rochette, “3D Isogeometric Analysis Suitable Trivariate NURBS Models from Standard B-Rep CAD”, Computer
Methods in Applied Mechanics and Engineering, doi:10.1016/j.cma.2016.04.028, 2016. [2] Bo Li, Xin Li, Kexiang
Wang, and Hong Qin. “Surface mesh to volumetric spline conversion with generalized poly-cubes”. IEEE
Transactions on Visualization and Computer Graphics, 99(PrePrints):1, 2013. [3] Marcel Campen and Leif Kobbelt.
“Quad layout embedding via aligned parameterization”. In Computer Graphics Forum, volume 33, pages 69-81.
Wiley Online Library, 2014.



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

Micromechanical Cohesive Zone Modeling of Creep Fracture

Elsiddig Elmukashfi*, Alan Cocks**

*Department of Engineering Science, University of Oxford , Park Road, OX1 3PJ Oxford, UK, **Department of
Engineering Science, University of Oxford, Park Road, OX1 3PJ Oxford, UK

ABSTRACT

In many polycrystalline materials, under creep conditions, failure due to the nucleation, growth and coalescence of
voids. In many engineering alloys cavitation occurs primarily on the grain boundaries, and their growth is controlled
by grain-boundary and surface diffusion and/or power-law creep. In the context of fracture mechanics, in the vicinity
of a macroscopic primary crack tip, secondary micro-cracks are formed as a result of the intensive void growth and
coalescence. These secondary cracks propagate and coalesce creating the new crack surfaces and allowing the
primary macroscopic crack to advance along an interface or interconnected grain-boundaries. This localized
cavitation process and its influence on crack propagation is commonly modelled as a continuum process. Another
modelling method is through the use of interface damage zone models where the damage development is
described by a traction/separation-rate law. In this study, we propose a micromechanically motivated mixed-mode
traction/separation-rate law. This model is based on the grain-boundary cavitation model of Cocks and Ashby [1]. In
particular, we follow the approach described by Yalcinkaya and Cocks [2] and its extension to the creep fracture
case described in Elmukashfi and Cocks [3]. In order to derive closed form analytical constitutive models, the
cavitated zone is represented by an array of pores idealized as cylinders. Deformation within the cavitated zone is
constrained in the plane of the zone by the undamaged material either side of the interface. This constraint
changes as the cavities grow. A rate potential is identified from which the interface zone response can be derived
under applied normal and tangential tractions, which take into account the evolving local constraint and changing
aspect ratio of the pores. The interface model is implemented using the Finite Element method. We adopt the
surface-like cohesive formulation such that a cohesive/interface element consists of two surface elements which
coincide in the reference configuration. The utility of the model is illustrated through studies of creep crack growth
under mixed mode loading conditions in 3-D cracked bodies of advanced engineering alloys and dissimilar metal
welds. We explore the conditions under which classical fracture mechanics parameters, such as the creep
J-integral C* can be used to describe the macroscopic crack growth behavior. Keywords: cohesive zone,
traction/separation-rate, micromechanics, crack propagation, creep [1] Cocks, A.C., Ashby, M., 1980. Metal science
14, 395–402. [3] Yalcinkaya, T., Cocks, A.C., 2015. In: Key Engineering Materials, 993–999. [4] Elmukashfi, E. and
Cocks, A.C., 2017. Int J Fracture, 208, 145-170.
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ABSTRACT

We present various numerical improvements in time stepping and iterative solvers in order to speed up the
simulation of chemo-electromechanical processes in muscle fibers. The fiber simulation is embedded in a
three-dimensional muscle model. Increasing the efficiency of the fiber simulation is crucial to be able to achieve
realistic results for the whole three-dimensional muscle. The chemo-electromechanical models as proposed by
Röhrle et al. [1] and Heidlauf and Röhrle [2] are particularly well-suited to incorporate many structural and functional
features of skeletal muscles. The desired degree of detail and complexity within these models requires the coupling
of different physical phenomena on different temporal and spatial scales. This is realized by linking multiple
sub-models, which account for the main mechanical and electro-physiological properties. Using the above
mentioned models, realistic simulations are extremely computationally demanding. Therefore, we consider different
possibilities and approaches to speedup our simulations while maintaining the required details and accuracy. We
focus on one computationally challenging part of the model, which is the monodomain reaction-diffusion equation.
The equation comprises microscopic reactions existing at the cell membrane (0D sub-model) and diffusion of the
action potentials along muscle fibers (1D sub-model). Currently, we use different discretizations, i. e., time-step size
for the 0D and 1D sub-models to reduce the computational costs. However, there could be still more potential to
reduce the computational time by using adaptive time stepping for the monodomain equation or skip solving the 1D
sub-model at the times that only the 0D sub-model is active to generate force. The other approach which we study
to reduce the computational costs is applying model order reduction techniques (MOR) to the monodomain
equation. Applying the proper orthogonal decomposition (POD) to reduce the monodomain equation saves us a
factor of 2 in the computation time. Further speedup is expected by using the Greedy-POD and discrete empirical
interpolation method (DEIM) for approximating the nonlinear reaction terms of the 0D sub-model. References:
Röhrle, O., Davidson, J. B., and Pullan, A. J. (2012). A physiologically based, multi-scale model of skeletal muscle
structure and function. Frontiers in Physiology 3, 358. Heidlauf, T. and Röhrle, O. (2013). Modeling the
Chemoelectromechanical Behavior of Skeletal Muscle Using the Parallel Open-Source Software Library
OpenCMISS. Computational and Mathematical Methods in Medicine 2013, 1-14.
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ABSTRACT

Heat transfer enhancement is of great importance in various fields of engineering. In this study, the heat transfer
enhancement effect by vortex generators (VGs) installed on a flat plate in a boundary layer was verified by direct
numerical simulation. The main objective is to confirm the influence of their yaw angle on heat transfer
performance. The governing equations are incompressible continuity, Navier-Stokes and energy equations. A
periodic boundary condition is imposed in the spanwise direction. Free-slip condition is imposed on an upper
boundary, and non-slip and constant temperature conditions are imposed on a lower wall. The initial field and the
inlet flow are laminar boundary layer distribution. Convective outflow condition is imposed on the outlet. VGs are
expressed on the lower wall by an immersed boundary method. The shapes of VGs are hemispherical,
delta-shaped and V-shaped with the height of the boundary layer thickness at the inlet. As for the case of zero yaw
angle, the averaged Nusselt numbers in the downstream of the hemispherical, the delta-shaped and the V-shaped
VGs were 2.6, 2.9, and 4.5 times as much as that of the flat surface, respectively. In addition, in order to investigate
the influence of the yaw angle on the heat transfer performance, the yaw angle was chaged from 0 degree to 180
degrees in increments of 30 degrees. For instance of the results, the delta-shaped VG is a triangle when viewed
from the top and is shaped such that the height decreases from one vertex to the others. As for 0 degree, the
highest apex of the triangle is positioned most upstream, and the height becomes lower toward the flow direction. In
this case, a vortex pair approaches the wall as it goes to the downstream and develops in the spanwise direction
away from the mid-plane of the VG. When VG has a yaw angle of 180 degrees, the lowest two apexes in the
triangle are positioned on the most upstream, and the height increases toward the flow direction. In this case,
averaged Nusselt numbers in the downstream of delta-shaped VG decreases by 54%. This might be caused by the
vortex pair moving away from the wall as it goes to the downstream and approaching the mid-plane of the VG. In
consequence, it is confirmed that the difference in the generation process of the vortex pair due to the yaw angle
affected the heat transfer performance.
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Summary The generation of high-quality staggered unstructured grids is considered, leading to
the development of a new optimisation scheme designed to construct weighted ‘Regular-Power’
tessellations. The generation of these grids is motivated by the desire to improve the perfor-
mance and accuracy of numerical methods based on unstructured co-volume type schemes, in-
cluding various staggered grid techniques for the simulation of fluid dynamics and hyperbolic
transport. In this study, a hybrid optimisation strategy is used to optimise the geometry, topol-
ogy and weights associated with general, two-dimensional Regular-Power tessellations using
a combination of gradient-ascent and energy-based techniques. The performance of the new
method is tested experimentally, with a range of complex, multi-resolution primal-dual grids
generated for various coastal and regional ocean modelling applications.

1. INTRODUCTION

The development of co-volume schemes on general unstructured meshes leads to a challenging
grid generation problem, requiring the construction of a compatible primal-dual pair (T ,D)
that tessellates a given domain Ω ⊂ Rd into a set of discrete elements. The pair (T ,D) is
required to be a dual structure; a tessellation of the points X ∈ Rd into a primal simplicial
triangulation T and its dual polyhedral complex D. Here, duality is expressed as a relationship
between the faces of the triangulation and its dual, such that each d-simplex is associated with a
dual vertex (a 0-cell), each (d−1)-simplex is associated with a dual edge (a 1-cell) spanning be-
tween the two dual vertices associated with the adjacent d-simplexes, and so on, as per [1]. Such
structures are also typically required to satisfy a number of additional conditions: preserving or-
thogonality between adjacent faces in T andD, conforming to general, user-defined constraints
on grid-spacing, and consisting of optimally-shaped grid-cells, designed to minimise the error
associated with discrete numerical operators.

2. CONSTRAINTS ON CO-VOLUME GRIDS

The ‘TRSK’ formulation of Ringler et al [2,3,5] and Thurburn et al [4] is a mimetic finite-

1
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Figure 1: Anatomy of an unstructured co-volume scheme for geophysical fluid dynamics, illustrating: (a) locally-
orthogonal primal-dual grid staggering, (b) the mimetic finite-difference/volume formulation of Ringler et al [2,3],
and (c) a comparison of well-centred and poorly-staggered configurations. In (a), polygonal cells in the dual
grid are formed by joining the orthocentres ok associated with adjacent primal triangles. In (b), the unstructured
TRSK scheme employs conservative cell-centred tracer quantities ψ̄i, edge-centred normal velocity components
(u · n̂)j , and auxiliary vertex-centred vorticity variables ξk. In (c), the well-centred (lower) and poorly-staggered
(upper) configurations differ in the relationship between dual vertices and primal triangles. In the well-centred
configuration, all dual vertices are interior to their parent triangles. In the poorly-staggered configuration, a dual
vertex is exterior to its associated triangle (shaded). Note that adjacent primal/dual edges do not intersect in the
poorly-staggered configuration.

difference/volume scheme for the solution of geophysical flow problems on unstructured grids.
Fluid pressure, depth, and density degrees of freedom are located within the dual polygonal con-
trol volumes, and a set of orthogonal velocity vectors are positioned along the primal grid edges.
Additional vorticity degrees of freedom are placed at the vertices of the dual grid cells. Such an
arrangement facilitates the construction of a standard conservative finite-volume type scheme
for the transport of cell-centred fluid properties, and a mimetic finite-difference formulation for
the evolution of velocity components. Vorticity is computed by considering the discrete circula-
tion of velocity about primal triangles. See Figure 1 for details. The TRSK scheme is currently
employed in the Model for Prediction Across Scales (MPAS) for both atmospheric and oceanic
modelling [5,2,3].

Despite its unstructured nature, such a formulation is not applicable to general unstruc-
tured tessellations; requiring that a number of auxiliary geometrical constraints also be satisfied.
Specifically, such schemes necessitate the use of grids that are not only staggered and pair-wise
orthogonal but also well-centred and centroidal. These additional conditions are constraints on
the geometry of the underlying primal triangles and their dual polygons; requiring, firstly, that
all dual vertices lie within the interior of their associated primal triangles, and, secondly, that all
primal and dual vertices be positioned at the centroids of their associated staggered grid cells.
Such structures can be used to construct compact spatial discretisation schemes that exhibit op-
timal numerical performance. The unstructured TRSK scheme described previously is known to

2
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Figure 2: A comparison of various unstructured primal-dual pairs, showing: (a) a standard Delaunay-Voronoi
tessellation, (b) an optimised Regular-Power structure, and (c) the distribution of vertex weights employed in (b).
The position of triangle centroids and poorly-staggered elements is highlighted in (a) and (b), demonstrating that
the weighted Regular-Power grid is both more centroidal and better self-centred than the corresponding Delaunay-
Voronoi mesh. Note that though the underlying Delaunay triangulation is of high quality and is approximately
centroidal, its corresponding Voronoi dual incorporates a range of undesirable features, including short edge-
segments and non-optimal staggering.

achieve second-order accurate convergence on uniform primal-dual grids that are well-centred,
centroidal and pair-wise orthogonal [2].

3. REGULAR TRIANGULATIONS & POWER DIAGRAMS

Before describing the new primal-dual grid generation algorithm in full, several concepts asso-
ciated with the construction of regular triangulations and their associated dual power diagrams
are presented. These structures can be viewed as a weighted generalisation of the conventional
Delaunay tessellation and its dual Voronoi complex. Such structures are also sometimes referred
to as Laguerre diagrams or Dirichlet cell complexes (see, for example [7]).

Definition 1 (Weighted points & power distance). A weighted point set is defined as a pair
(X,W ) = {(x1, w1), (x2, w2), . . . , (xn, wn)}, where {xi} ⊂ Rd are a set of points embedded
in d-dimensional Euclidean space and {wi} ⊂ R are an associated set of scalar weights. The
power distance [7], herein denoted πi(x), between an unweighted point x ∈ Rd and a weighted
point (xi, wi) is defined as πi(x) = ‖x−xi‖2−wi, where ‖·‖ is the standard Euclidean distance
operator.

Definition 2 (Regular-Power complex). Given a weighted point set (X,W ), the
power complex [7] D(X,W ) is the union of cells {Di} , where each Di ={
x ∈ Rd | πi(x) < πj(x) , ∀ j 6= i

}
. The associated primal complex T (X,W ) is a simplicial

triangulation of the weighted points (X,W ), consisting of the union of simplexes {τk}, where
each τk contains the vertices {x1,x2, . . . ,xk} ∈ X iff

⋂ j=k
j=1 Dj 6= ∅ [8]. The primal complex is

3
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known as a regular triangulation of the weighted points (X,W ).

The power complex is a Voronoi-like subdivision of space, where each cellDi ∈ D defines a
convex region x ⊆ Rd for which the weighted point (xi, wi) is closer, in a weighted sense, than
all other points in (X,W ). Such structures, along with their dual regular triangulations, offer a
generalised framework for the construction of meshes for co-volume schemes [1,8,9]; providing
a family of compatible, pair-wise orthogonal primal-dual structures paramaterised by the set of
scalar weights W . In this work, the selection of an optimal set of weights is sought; tuning the
geometry of the power cells to construct a primal-dual structure with optimal characteristics.
The proposed approach is related to recent work on weighted tessellations by Mullen et al [8,9]

and Walton et al [10,11]. See Figure 2 for details.
Given a weighted point set (X,W ), the associated Regular-Power tessellation is fully spec-

ified by determination of the position of vertices associated with the polyhedral dual. These
points are known as orthocentres, and can be viewed as a weighted generalisation of the cir-
cumcentres associated with the standard Delaunay-Voronoi structure.

3.1 Weighted ‘edge’ orthocentres

Given a triangle τi in the weighted primal mesh T (X,W ), the orthocentre associated with the
edge {(xi, wi), (xj, wj)} ∈ τi is the point oe of equal power distance to the endpoints

‖xi − oe‖2 − wi = ‖xj − oe‖2 − wj . (1)

Constraining the point oe to the edge vector, and solving for the associated line parameter t ∈ R
leads to an expression for oe, such that

oe = xi + t (xj − xi) , 0 ≤ t ≤ 1 , (2)

t =
1

2

(
wi − wj + ‖xi − xj‖2

‖xi − xj‖2

)
. (3)

Note that in unweighted configurations with wi = wj = 0, the expression for oe reduces to a
simple equation for the edge midpoint me, with t = 1

2
, as expected. Note also that oe is sensitive

to the difference in the weights wi and wj rather than their magnitude, with equally weighted
configurations wi = wj = β ∈ R again recovering oe = me.

3.2 Weighted ‘face’ orthocentres

Given a triangle τi in the weighted primal mesh T (X,W ), the orthocentre associated with the
face {(xi, wi), (xj, wj), (xk, wk)} ∈ τi is the point of of equal power distance to the three corner
vertices

‖xi − of‖2 − wi = ‖xj − of‖2 − wj = ‖xk − of‖2 − wk . (4)

4
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Following suitable algebraic manipulation, these expressions lead to the following system of
linear equations for the point of[

δxij δyij

δxik δyik

][
∆x

∆y

]
=

1

2

[
δx2

ij + δy2
ij − δwij

δx2
ik + δy2

ik − δwik

]
, (5)

of = xi + (∆x,∆y) , (6)

where δ(·)ij denotes the difference (·)j−(·)i. Note that in unweighted configurations with wi =
wj = wk = 0, the point of is equivalent to the centre of the circumscribing ball cf associated
with τi. Noting again that the expression for of is a function of the local weight differences
δwij , δwik, equally-weighted triangles with wi = wj = β ∈ R reduce to of = cf . Such
considerations demonstrate that Regular-Power structures differ from conventional Delaunay-
Voronoi pairs only in cases where there is a non-uniform distribution of weights throughout the
grid.

4. OPTIMISATION OF PRIMAL-DUAL GRIDS

The full primal-dual grid generation algorithm seeks a set of vertex positions X and associated
vertex weights W that induce a primal-dual pair with optimal geometrical and topological char-
acteristics. The grid generation task is cast as an optimisation problem; seeking to maximise
a pair of primal-dual grid quality metrics. All primal and dual optimisation operations are de-
signed to be quality-preserving; ensuring that the local, worst-case incident grid quality metrics
QT (X) and/or QD(X,W ) are non-decreasing.

4.1 A primal grid quality metric

Given a triangle τi in the weighted primal mesh T (X,W ), the area-length ratio [12] is employed
as a local primal grid quality metric QTi (X); designed to measure the relative distortion and
irregularity of the primal grid cells.

QTi (X) =
4
√

3

3

Ai
‖e‖2

rms

. (7)

Here, Ai is the signed area of the triangle τi and ‖e‖rms is the associated root-mean-square
edge length. The area-length ratio is a robust, scalar measure of triangle shape quality, and is
normalised to achieve a score of +1 for ideal elements. The area-length ratio decreases with
increasing cell distortion, achieving a score of +0 for degenerate elements and −1 for ‘tangled’
elements with reversed orientation.

4.2 A dual grid quality metric

Given a triangle τi in the weighted primal mesh T (X,W ), a local dual grid quality metric
QDi (X,W ) is proposed; designed to measure the relative geometrical defect between polygonal

5
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Figure 3: Anatomy of the dual cost metric (8), showing the contributions to QD
i (X,W ) for a single triangle

τi ∈ T (X,W ). Here, the triangle and edge centroids mf and me are drawn in red, and the associated weighted
orthocentres of and oe are drawn in blue. Non-uniform vertex weights wi are applied at the vertices of τi. The
dual quality metric is a function of the local face- and edge-centred defects δf = ‖mf −of‖ and δe = ‖me−oe‖;
representing the geometrical offset between adjacent faces in the generalised pair (T ,D).

cells in the orthogonal dual D(X,W ) and an ideal centroidal configuration

QDi (X,W ) = βf

(
1−

(
δf
l̄f

)2
)

︸ ︷︷ ︸
‘defect’ at face

+ βe

(
1

3

3∑
e=1

1−
(
δe
le

)2
)

︸ ︷︷ ︸
mean ‘defect’ at edges

, (8)

with δf = ‖of −mf‖ , δ1,2,3 = ‖o1,2,3 −m1,2,3‖ . (9)

Here, of , oe are the weighted orthocentres associated with the face and edge segments of the
triangle τi, the points mf , me are the corresponding face and edge centroids, and l̄f = 1

3

∑
le

is a local characteristic length, taken as the mean of the incident edge lengths le. Such a scaling
serves to non-dimensionalise the various defect terms in (8), and results in a metric QDi (X,W )
that is scale-invariant. The linear coefficients βf and βe weight the face- and edge-centred
contributions to QDi (X,W ). In this study, a simple average is employed, with βf = βe =
1
2
, indicating that equal ‘importance’ is assigned to both face- and edge-centred defects. See

Figure 3 for additional detail.
The metric QDi (X,W ) is a smooth function of the geometry of the triangle τi and the

weights centred at its vertices. A maximum value QDi (X,W ) = 1 is attained when the dual

6
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cell is optimally staggered with respect to the triangle τi; spanning between its centroid and
edge midpoints, such that of = mf and oe = me. Conversely, QDi (X,W ) → 0 as the rela-
tive face- and/or edge-centred defects increase as the local primal-dual staggering becomes less
centroidal. The function QDi (X,W ) aims to provide a combined measure of the quality of the
staggering between primal and dual grid cells, with the first term in (8) accounting for the defect
between the dual grid vertices and triangle centroids, δf , and the second term the mean defect
between dual grid edges and triangle edge midpoints, δe. Such considerations are designed to
minimise the numerical error of the model co-volume discretisation scheme described previ-
ously, where a mutually centroidal staggering between the primal and dual grid cells, vertices
and edges is optimal.

4.3 Selection of locally-optimal weights

Given a weighted primal triangulation T (X,W ), the task of constructing a high-quality orthog-
onal dual D(X,W ) can be cast as an optimisation problem

find W ⊂ R, such that minQDi (X,W ) ∀ τi ∈ T (X,W ) is maximised. (10)

In general, (10) is a global, non-convex optimisation problem, with the weight at each vertex
wi ∈ T (X,W ) contributing to the non-linear metric QDk (X,W ) for all adjacent triangles τk ∈
T (X,W ). Rather than attempting to solve this global problem directly, a simpler, locally-
optimal approach is pursued; seeking the solution of a sequence of local, decoupled problems.
Noting that each weight wi has local influence, contributing to the metrics QDk (X,W ) for the
triangles τk ∈ T (X,W ) adjacent to xi only, a steepest-ascent type update is employed, with

wn+1
i = wni + ∆m

i v
n
i , (11)

where

vni =
d

dwi
QDj (X,W ) and j = argminkQDk (X,W ) ∀ adj. τk ∈ T (X,W ) . (12)

Here, the index k is taken as a loop over the primal triangles τk ∈ T (x, w) incident to xi. The
scalar step length ∆m

i ∈ R+ is computed via a line search along the gradient ascent vector
vi and, in this study, is taken as the first value that leads to an improvement in the worst-case
incident-quality metric QDj (X,W ). Note that the ascent vector vni is taken as the gradient of
the worst incident quality metric, rather than some mean measure, and that the scheme is biased
toward providing updates in a worst-first manner as a result.

4.4 Selection of locally-optimal vertex positions

Considering the geometrical optimality of the primal grid T (X,W ), a mesh-smoothing pro-
cedure is undertaken; seeking to reposition vertices to improve both the primal grid quality
metrics QT (X) and conformance to a user-defined mesh-spacing function h̄(x) : R2 → R+. A

7
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hybrid, two-pass strategy is pursued; employing a variation of the Optimal Delaunay Triangu-
lation (ODT) scheme of Chen et al [13,14] as a first-pass update, and falling back to a constrained,
gradient-ascent type approach when required.

4.4.1 ‘Optimal’ weighted triangulations

Given a vertex xi in the primal mesh T (X,W ), an update is attempted using a variation on
the ODT strategy of Chen et al [13,14]. In the conventional formulation, primal vertices are repo-
sitioned to the weighted mean of adjacent triangle circumcentres. In the current work, this
strategy is modified to incorporate the weighted Regular-Power structure pursued here; replac-
ing the triangle circumcentres with the associated element orthocentres. Primal vertex positions
are thus updated as a weighted sum of the adjacent dual vertex coordinates. Adapting the ODT-
style update strategy of Chen and Holst [14], primal vertices are repositioned such that

xn+1
i = (1−∆m

i )xni + ∆m
i

∑
τj∈∗i

|τj|h̄
|∗i|h̄

oj . (13)

Here, ∗i denotes the star of xi — the local set of elements τj ∈ T (X,W ) adjacent to xi. |τj|h̄
denotes the spacing-weighted area of the triangle τj , and |∗i|h̄ the summation of such terms
over the set ∗i. The points oj are the orthocentres associated with the triangles τj and ∆m

i is a
relaxation factor, computed via a local line search.

4.4.2 Direct gradient-ascent

While the ODT-type iteration is effective in improving the quality and mesh-spacing confor-
mance of a grid on average, it is not guaranteed to improve the metrics in all cases. Therefore,
an additional gradient-ascent type strategy is pursued [15,16,17], in which vertex positions are ad-
justed based on the local gradients of incident element-quality functions QT (X). Specifically,
a given vertex xi ∈ T (X,W ) is repositioned along a local steepest-ascent vector, chosen to
improve the quality of the worst incident element

xn+1
i = xni + ∆m

i vni , (14)

where
vni =

∂

∂xi
QTj (X) and j = argminkQTk (X) ∀ adj. τk ∈ T (X,W ) . (15)

The index k is taken as a loop over the primal triangles τk ∈ T (X,W ) incident to the vertex xi,
∆m
i ∈ R+ is a scalar step-length, and the ascent vector vni is taken as the gradient of the worst

incident quality metric.

4.5 Incremental updates to mesh topology

Given a pair of adjacent triangles {τi, τj} ∈ T (X,W ) a local re-triangulation can be achieved
by flipping the local connectivity about the shared edge {xi, xj}, forming a new edge between

8
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Figure 4: Topological operations for primal grid optimisation, showing (left) an edge-flip, (middle) an edge-
collapse, and (right) an edge-refinement operation. Grid configurations before and after each update are shown in
the upper and lower panels, respectively.

the opposing vertices {xa, xb}. This operation replaces the existing triangle pair {τi, τj} with
a new set {τ ′i , τ ′j}. See Figure 4a for details. In the present work, the iterative application of
such edge-flipping operations is used to incrementally transform the topology of the primal
triangulation. Specifically, given a general triangulation G(X,W ), possibly violating the local
weighting criterion, a cascade of edge-flips are employed to transform G(X,W ) into a valid
regular triangulation T (X,W ). For each adjacent pair {τi, τj} ∈ G(X,W ), a flip is enacted if
a local violation of the weighted criterion is detected. New triangles created by successful edge
flips are subsequently re-examined until no further modifications are required.

4.6 Refinement & edge collapse

In addition to updates to the bulk geometry and topology of the grid, mesh quality and mesh
spacing conformance can often be further improved through the addition and/or removal of
vertices. In the present work, such behaviour is achieved through a set of edge-refinement and
edge-collapse operations, generalising the methodology presented by the author in [17] to handle
general weighted primal-dual tessellations.

4.7 A coupled optimisation schedule

The full primal-dual grid optimisation procedure is realised as a combination of the various

9
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geometrical and topological operations described previously; organised into a particular iter-
ative optimisation schedule. Each outer iteration consists of a fixed set of operations: eight
sweeps to update vertex positions and weights, an iterative edge-flipping scan to restore the
local ‘weighted’ triangulation criterion, and, finally, a single pass of edge refinement/collapse
operations.

5. RESULTS & DISCUSSIONS

A set of optimised primal-dual pairs are presented in Figure 5, showing: (a) the geometry of the
test problem, (b) the primal triangulation T (X,W ), (c) contours of the target grid-spacing func-
tion h̄(x), and (d) detail of the associated dual structure D(X,W ). Results are shown after the
application of the primal-dual optimisation procedure. Dual cells are coloured by their relative
power Wr, showing the distribution of vertex weights throughout the grid. These results show
that the new algorithm is successful in generating very high-quality unstructured Regular-Power
grids that conform to complex boundaries and grid-spacing constraints. Comparisons with a
conventional Delaunay-Voronoi optimisation scheme [17,6] shows that the new methods result in
grids that are more centroidal and are better self-centred. Future work will seek to analyse the
impact of these optimised Regular-Power grids on the numerical performance of staggered un-
structured numerical schemes (i.e. MPAS-O [3,5,18]), and to extend the grid generation framework
to higher-dimensional configurations, including surface and volumetric meshing problems.

CODE AVAILABILITY

The JIGSAW mesh generation package is available online: https://github.com/dengwirda/
jigsaw-geo-matlab.
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Figure 5: An optimised primal-dual grid for the Antarctic test-case, showing (clockwise from top-left): (a) the
coastal geometry and open-boundary definition, (b) the weighted triangulation T (X,W ) (c) contours of the mesh
spacing function h̄(x), and (d) the dual power diagram D(X,W ). Here, dual cells are coloured by their relative
power, with blue tones indicating negative values, orange tones positive values, and white tones associated with
values approaching zero.
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As-manufactured Simulation of Short Fiber Filled Injection Molded Plastics

Jaesung Eom*

*Autodesk

ABSTRACT

This talk shows how the integration of nonlinear structural simulation with multiscale material model and injection
molded simulation work together for As-manufactured simulation of short fiber filled injection molded plastics.
Injection molding simulation can predict the distribution of fiber orientation throughout a part, in addition to the
warped shape of the ejected, room-temperature part. To connect subsequent nonlinear (progressive failure)
structural simulation of the short fiber filled part, Autodesk has developed new software to seamlessly link the
results of injection molding simulation with nonlinear structural response simulation that features a multiscale
progressive failure model for short fiber filled plastics. This solution for Digital Prototyping, provides fast, accurate
and flexible tools for enhanced FEA of composite structures, including progressive failure analysis to help reduce
testing and shorten design cycles by identifying potentially unforeseen design/material deficiencies.
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Creating and Fracturing Polymer Matrix Composites with Complex Fiber
Architectures

Randall Erb*

*Northeastern University

ABSTRACT

In this presentation, I will explore our recent work creating and fracturing polymer matrix composites with complex
fiber architectures. To generate these architectures, we rely on 3D Magnetic Printing a technique that we
developed which combines real-time magnetic assembly processes to orient reinforcing particles within a polymer
during conventional SLA or FDM 3D Printing. Our produced fiber architectures have resolutions down to 50
microns, making them the highest resolution of fiber reinforced composite to-date. After generating these complex
composites, we proceed to break them. We observe fracture behavior within these complex architectures and
establish structure-property relationships. We discuss when cracks will deflect, and when tortuous crack paths can
be related to increased toughness. The principle system considered in this presentation is alumina reinforced
acrylate, however, these techniques and findings are material non-specific.
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Introduction 

 Fiber-reinforcement in composite polymer materials has 

a tremendous potential to improve the specific strength and 

toughness of a given structure.  Additionally though, it is a 

well-observed phenomenon that these strengthening 

characteristics have a high degree of anisotropy, which limits 

their utility to specific directions of applied loading.  However, 

we hope to take advantage of this anisotropy, in order to control 

to some degree the exact mode of failure of materials composed 

of this material, via the engineering of specific filler paths 

within a given material.  Such an achievement would not only 
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allow for the design of materials with predictive modes of 

failure for specific applications, but also the creation of 

extended paths for the propagation of a fracture, effectively 

boosting the total continuum surface energy. 

 In order to explore these applications, a series of 

samples with different alignment paths were produced to be 

fractured using an Instron Tension testing machine to compare 

the crack propagation paths against the function used to create 

the alignment fields.  Samples were manufactured using two-

dimensional magnetic alignment to produce the carbon fiber 

fracture paths and polymerized in sections using a UV 

projector. 

 

Fracture Mechanics within Composite Polymers 

The study of the formation and propagation of fractures 

through a material is one of intense interest in the field of 

materials science, both as a means of qualitatively measuring 

the mechanical properties of the material and determining the 

most likely modes of failure for structures.  However, despite a 

wide body of work into the nature of crack formation and 

expansion, there exists few known methods of directly 

manipulating the physical characteristics of fractures within a 

given material.  The field of composite materials, most notably 

composite polymers, offers the potential to change this.  Using a 

combination of modern photopolymer materials, combined with 

new techniques for directly aligning filler materials within a 

bulk polymer matrix, it is now possible to engineer specific 

paths for fractures to follow. 



 Composite polymers are, most broadly, any combination 

of known filler materials (fibers, platelets, etc.) suspended 

within a matrix of bulk polymer, offering enhanced 

strengthening characteristics.  In the case of fibrous filler 

material, this strengthening effect is most pronounced along the 

lengthwise direction of the polymer due to the decreased 

instance of potential surface flaws due to the small cross-

sectional area.  The orientation of the fiber also has a strong 

influence on the propagation mechanics of a fracture.  As the 

fracture sunders atomic bonds between molecules within the 

sample matrix, it is inclined to directions with the lowest 

surface energy (i.e., lowest bond strength).  In the case of a 

carbon fiber composite polymer, this would be parallel to the 

direction of fiber orientation, since this would require breaking 

the bonds between fiber interface and the bulk polymer 

interface (weaker secondary bonds) versus the bonds connecting 

the carbon atoms of the fiber (stronger covalent bonds).  Due to 

this phenomenon, it should be possible to control the direction 

of crack propagation within a given material using pre-

engineered alignment paths.3 

Magnetic Alignment 

 In order to achieve the desired fracture propagation 

paths, it was necessary to align the individual fibers within the 

bulk matrix with a high degree of resolution.  To produce this 

alignment, the most effective technique was to directly align the 

fibers using an external magnetic field.  The composite, 

suspended in a resin bath, could then be cross-linked via 

exposure to specific images of UV-light, forming a solid 

structure composed of the bulk resin and filler carbon fiber 



(Figure 1).  However, as the carbon fiber is itself only weakly 

responsive to magnetic fields, it was first necessary to 

artificially magnetize the carbon fiber filler material. 

 Magnetization of the carbon fiber was achieved via the 

doping of iron oxide nanoparticles onto the surface of the of the 

carbon fiber.1  In order to accomplish this, a mixture of 37.5 

microliters of EMG 605 Ferrofluid per 1 gram of carbon fiber 

were mixed together using a rotating magnet field and stir-bar 

for ~1.5 days.  This coating of super paramagnetic nanoparticles 

upon the surface of the carbon fiber rods ensures that the rods 

experience the effect of an ultra-high magnetic response effect 

(an extreme sensitivity to external magnetic fields), and are 

therefore able to align along the direction of the applied 

magnetic field. 

 

 

Figure 1: The magnetic alignment and UV exposure process2 



 

 Prior efforts to produce the required external field 

focused on the use of a series of iron-core solenoids.  However, 

despite the high amount of resolution the solenoids were 

capable of producing, the flux density of the field was found to 

be insufficiently high to align the fibers within a high-viscosity 

polymer resin within a reasonable amount of time (usually 

averaging ~250 Gauss).  Fortunately, the experiment required 

only single layer samples, so less sophisticated methods of 

printing could be employed to produce the alignment for the test 

structures.  Ultimately, this issue was overcome using a rare-

earth magnet placed directly over the printing area (propped up 

on a small, custom printed platform). When situated sufficiently 

close to the resin bath, the fibers were able to align parallel to 

the direction the magnet was facing, and were exposed to a field 

of sufficiently high flux density (500+ Gauss) to allow the 

fibers to align within a reasonable amount of time.  The magnet 

was manually rotated for each alignment direction, trading the 

extreme (and time-consuming) resolution of the solenoid system 

for a simpler (and substantially faster) magnetic alignment 

technique. 

 

Printing and Testing the Fracture Samples 

 To print the samples with the aligned fiber directions, it 

is necessary to divide the print into different sections, each 

section containing a specific alignment angle.  This was 

achieved by writing a Matlab program designed to take a 

specific function and convert sections of it into different angles 



based on how changes to the slope of the function at different 

points of the x-boundary.  By first creating a mesh grid, then 

applying a function to it, it was possible to calculate the angle of 

the function to be printed at every point along the x-axis.  In 

order to reduce the print times to reasonable levels, the 

alignment angles are rounded to the nearest increment of 20, 

though future testing will vary the angle resolution to determine 

its effect on fracture path.  This resulted in a filled contour map 

representing all of the different alignment angles of the function 

that would be applied to different sections of the sample under 

test (Figure 2). 

 

 

Figure 2: Example of a sinusoid wave converted into a set of alignment 

angles 



 The next step for the printing process was to convert 

these different “angle sections” into a format which could be 

read using the UV projector.  This was accomplished by 

changing the different alignment angle sections (increments of 

20) into a series of arrays, wherein each section to be printed at 

a given time had a value of 1, while the surrounding area was 

assigned a value of 0.  This allowed the different arrays to be 

converted into a set of bitmap files (monochrome images where 

each pixel had a value of either 0 or 1) which could then be 

placed into a Power Point slide (see Figure 3).  Each slide was 

projected onto the UV sensitive resin for 30 seconds after 

several minutes of magnetic alignment in the necessary 

direction, eventually curing all of the alignment sections into a 

single piece, with a final unaligned image of the total structure 

projected to ensure that the interfaces of the different sections 

were properly crosslinked together, limiting their potential 

effect on the mechanical properties of the samples under test. 

 

 

Figure 3: The sample and one of its constituent alignment angles (-60 degree 

sections from the Fig.1 sinsusoid) 

The end result was a single 25mm x 50mm sample, with 

a thickness of ~0.3mm sample of photo-cured composite 

polymer resin (Figure 4).  The sample was then post-processed 



to ensure uniformity of sample properties in terms of resin 

cross-linking and mechanical strength. It was first exposed to a 

bath sonicator to remove any residual, uncured or partially 

cured resin on the surface of the sample, making it safe for users 

to handle during fracture testing and removing any additional 

particulates that may have become attached to the sample 

surface during the printing or removal process.  This step was 

immediately followed by a 15 minute exposure to a UV-

radiation source within a custom-built chamber to finalize any 

incomplete cross-links.  Once the additional UV exposure was 

completed, an additional notch was added to the sample, 

extending 1mm from the end of the printed notch to act as a 

point of stress concentration, ensuring the fracture initiates in 

the same location for all tests. Finally, the post-processing was 

completed by placing the sample in an oven at 90C for two 

hours. 

 

 

Figure 4: Completed fracture sample 

 Following printing and post-processing, the sample was 

fractured using an Instron Tension Testing machine to 



determine crack path and material surface energy.  The sample 

is gripped at both the top and bottom portions separated by the 

pre-printed sample notch and strained at a rate of 2mm/min, 

initiating the crack and propagating the fracture until two 

completely new surfaces are created.  The resulting stress-strain 

curve was used to estimate the surface energy of the sample and 

the fracture path was compared against the function used to 

produce the alignment angles. 

 

Results 

 Fractures showed a strong dependence on the alignment 

path of the carbon fibers within the composite matrix.  Samples 

printed using sinusoidal wave patterns or more unique functions 

like the Lotka-Voltera predator-prey model produced fracture 

paths with a high degree of qualitative similarity to the 

alignment fields of the printed functions. This works suggests 

mechanistic routes for controlling fracture within fiber 

reinforced composites are possible, as well as an exciting new 

technique for using mechanical fracture to predict lowest energy 

or increasing the overall surface energy of a composite 

structure. 
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ABSTRACT

Numerous evolutionary objective optimization algorithms have been developed all around the world and widely
used for solving optimization problems in engineering. However, in the realm of optimization of reinforced concrete
(RC) structures, these algorithms tend to be less effective because of the substantial number of design variables,
enormous size of the search space, and availability of design constraints. As a result, RC structures are typically
designed by using the traditional trial-and-error approach. On the contrary, this paper presents an innovative
algorithm combining multi-criterion decision-making (DM) and Particle Swarm Optimization (PSO) for accelerating
convergence towards optimum design solutions in reinforced concrete (RC) structures. The DM-PS0 algorithm
leads to feasible optimal designs, while also taking advantage of infeasible designs during the optimization
procedure. All practical and architectural requirements are considered for obtaining directly constructible designs
that will need no further modifications. The effectiveness of the proposed algorithm is illustrated in optimization of a
3D RC structure subjected to seismic forces. The results obtained confirm the ability of the proposed DM-PSO
algorithm to find optimal solutions efficiently for RC optimization problems. Based on the findings of this research,
the DM-PSO algorithm is deemed to model practical design problems that consider the variations in cross-sectional
dimensions of concrete structures, the variation in detailing and the variations in placement of reinforcement bars.
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ABSTRACT

The recent evolution of multi-scale analysis based on homogenization processes has increased the demand of
mesoscopic evaluations to provide the appropriate and sufficient information for the macroscopic response of
concrete boundary value problems. In this context, it is desired that the thermodynamical features of the fine scale
are preserved during the homogenization procedure that injects the mechanical responses in the macro scale. This
shall involve the free energy density and the dissipation which may be decoupled in different components
depending on the multiphysical characteristics of the failure process under development in cementitious
material-based mixtures like concrete. One of the most severe shortcomings of mesoscopic Finite Element Analysis
of cement-based composites is the intrinsic geometrical complexity that arises when considering real aggregate,
mortar distributions and aggregate-mortar interactions. A mesh that is insufficiently representative of the actual
geometry imposes unrealistic constraints and boundary conditions that strongly affect the numerical solution and
the related accuracy. In this work, a thermodynamically consistent semi-concurrent multiscale approach [1] for
modeling the thermo-poro-plastic failure behavior of concrete materials is considered to account for the mesoscopic
cracking and mechanical degradation phenomena in the macroscopic level of observation. Thereby, and to
overpass the difficulties involved in the mesoscopic meshing of concrete materials, the recently developed Virtual
Element Method (VEM) [2], [3] is used, which allows discretizations of the domain into arbitrary polygons. In the first
part of this work, the fundamental equations describing the homogenizations of the thermodynamical variables, the
dissipation and the free energy, as well as the constitutive models are described. Then, the basis of the VEM
technology and the proposed procedure for concrete-mesoscopic meshing are outlined. Finally, numerical analyses
are presented involving stress paths and failure behavior under tensile and compressive conditions that shows the
potential and efficiency of the VEM for complex discretizations such as those required in concrete mesoscale
analysis and for both, localized and diffuse failure modes, in the framework of themodynamically consistent
multiscale homogenization schemes. REFERENCES [1] F. Lopez Rivarola, G. Etse and P. Folino, “On
thermodynamic consistency of homogenisation-based multiscale theories”. Submitted to Journal of Engineering
Materials and Technolgy, ASME. 2016. [2] Applications of the virtual element method for cracking analysis of
cement-based composites using interface elements. M. Benedetto, A. Caggiano, G. Etse. ENIEF 2016,
Argentinean Conference on Computational Mechanics. Cordoba, Nov 2016. [3] Brezzi F., Beirão da Veiga L.,
Marini L.D. Virtual elements for linear elasticity problems. SIAM Journal on Numerical Analysis, 51(2):794–812,
2013.
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ABSTRACT

High-order finite element and isogeometric methods have become immensely popular recently for the numerical
solution of systems of partial differential equations.  However, while significant effort has been dedicated toward the
development of quality metrics for straight-sided simplicial and tensor-product meshes, there has been relatively
little research devoted toward the development of quality metrics for curvilinear meshes.  In fact, state-of-the-art
quality metrics such as the scaled Jacobian cannot even be employed to answer the question: Does a given
sequence of curvilinear meshes exhibit optimal convergence rates?  In this talk, we present a new family of quality
metrics for high-order finite element and isogeometric meshes which overcome the limitations of state-of-the-art
metrics.  The new metrics are motivated by classical interpolation theory, and they rely on the use of a
Bernstein-Bezier polynomial or rational basis to represent the geometric mapping over each element [1,2].  The
metrics are also easily computable in that they only involve the computation of finite-difference-like stencils of the
Bernstein-Bezier control net, and they can be employed to arrive at sufficient and computable conditions for
guaranteeing a sequence of curvilinear meshes exhibits asymptotically optimal convergence rates.  The metrics
can be applied to curvilinear simplicial, tensor-product, or mixed finite element meshes as well as B-spline,
Non-Uniform Rational B-splines (NURBS), T-spline, or hierarchical B-spline isogeometric meshes.  A number of
examples are provided illustrating the limitations of state-of-the-art quality metrics and the promise of the proposed
quality metrics. [1] L. Engvall and J.A. Evans, “Isogeometric triangular Bernstein-Bezier discretizations: Automatic
mesh generation and geometrically exact finite element analysis.” Computer Methods in Applied Mechanics and
Engineering, 304:378-407, 2016. [2] L. Engvall and J.A. Evans, “Isogeometric unstructured tetrahedral and
mixed-element Bernstein-Bezier discretizations.”  Computer Methods in Applied Mechanics and Engineering,
319:83-123, 2017.
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ABSTRACT

The fuel element of most Pressurized Water Reactors are made of a stack of uranium dioxide pellets where
heat-generating nuclear fission reactions take place and a zirconium alloy cladding which constitutes a guarantee
against dispersion of fissile material and fission products. Modelling the in-reactor behaviour of such fuel elements
is made complex by the myriad of coupled, nonlinear, chemical, mechanical, thermal and microstructural changes
that take place within the fuel. From the mechanical point of view alone, various contributions must be taken into
account, such as brittle fracture of the fuel pellets at reactor start-up, thermally and radiation induced viscoplasticity,
swelling due to fission products, pellet-cladding mechanical interaction (PCMI), etc. The cracking of pressurised
water reactor fuel pellets has the two main consequences on the macroscopic mechanical behaviour of the fuel rod:
firstly, to relieve the stress in the pellet, upon which the majority of the mechanical and physico-chemical
phenomena are dependent, and secondly, to lead to pellet fragmentation. Taking fuel cracking into account is
therefore necessary to adequately predict the mechanical loading of the cladding during the course of an
irradiation. Simulating these phenomena is challenging both from a numerical standpoint and from the point of view
of the physical phenomena involved. As a result of this, advanced and robust numerical techniques are necessary,
especially in large-scale fuel performance. Our presentation will focus on the treatment of the fuel cracking through
a phase-field approach using the finite element solver Cast3M, developed by CEA, and also the first steps to deal
with unstable crack propagation in a quasi-static point of view
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ABSTRACT

This work investigates the post buckling behaviour of thin plates including the mode jumping phenomenon. This
phenomenon occurs when the initial post buckling equilibrium path becomes unstable, and the jump to a more
stable path is characterised by a sudden change in mode shape. Its occurrence depends on the plate aspect ratio
and boundary conditions. Two different approaches are introduced to predict the jumping point along the post
buckling equilibrium path. Analysis is performed using the exact strip software VICONOPT [1], and numerical
results are validated against finite element analysis. The first approach is based on Koiter’s effective width theory
[2] for the post buckling of simply supported plates in longitudinal compression. Stress is redistributed towards the
plate edges until only a small amount of load is carried in the central region. The theory assumes that two strips at
the plate edges will carry a uniform load and the centre of the plate is unloaded. The edge strips each have SSSF
boundary conditions and their effective width decreases as the applied load is increased. Thus their critical buckling
loads increase, and their associated mode shapes have increasing numbers of half-waves along the plate length.
The second approach considers the strain energy of different equilibrium paths. A jump can occur from the initial
equilibrium path to a secondary path when the energy of the latter becomes lower than that of the former. Strain
energies are calculated by integrating the load-end shortening curves, either analytically by approximating them as
cubic polynomials or numerically by the trapezoidal rule. Mode jumping predictions using the energy approach
show good agreement with finite element analysis for all aspect ratios considered. The effective width approach
predicts a relatively late mode jump for plates whose aspect ratios indicate a jump is likely to occur soon after
critical buckling. [1] Kennedy D, Featherston CA, 2010. Exact strip analysis and optimum design of aerospace
structures. Aeronautical Journal, 114(1158):505-512. [2] Koiter, WT, 1943. The effective width of flat plates for
various longitudinal edge conditions at loads far beyond the buckling load. NLL Report S287, Amsterdam, pp.
365-374.
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Abstract.  

In this paper, the acoustic response of gearbox structure is optimized and analyzed. Firstly, the 

boundary element method is used to calculate the contribution of the acoustic response part of 

the gearbox structure, and the contribution of the acoustic radiation response of each part is 

obtained. The upper cover is focused in this paper. Secondly, the topology optimization aiming 

at maximizing the first frequency is performed to obtain the optimal material distribution of the 

upper cover. In the end, the upper cover is treated with reinforcement, and is attached with 

constrained damp where is topological position and maximum amplitude of vibration. The result 

reveals that the reinforcement can restrain the sound pressure level of the first frequency, but it 

increases the response peak of the high frequency. Whereas the effect of two kinds of constraint 

damping treatment is not as obvious as that of the reinforcement at first frequency, but it can 

better suppress the high frequency response. 

1.INTRODUCTION 

The gearbox structure is an important transmission device, and its vibration and noise will 

directly affect the overall equipment noise level. At present, the acoustical optimization of the 

gearbox structure is mainly focused on the gear transmission part, and the acoustic response of 

the box structure is less optimized[1]. The internal shaft vibration of the gear box is transmitted to 

the gear box body to stimulate the vibration of the box body to radiate noise. Most of the 

vibration noise is radiated from the surface of the structure, and the radiation area of the gear box 

body is relatively large relative to the wheel train. Therefore, The noise reduction design of the 

gear box structure is necessary. 

2. GEAR BOX STRUCTURE  MODEL 

2.1.GEAR BOX STRUCTURE GEOMERTY MODEL ESTABLISHMENT 

3D modeling software is used to perform 3D solid modeling of the gearbox structure. A good 

model is shown in Figure 1.1. It includes the upper box and the lower box. The upper box box has a 

javascript:showjdsw('showjd_0','j_0')
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wall thickness of 10mm, and the lower box adopts dual compartments. The plate supports the wall  

structure. The middle of the two plates is connected by ribs. As shown in Figure 1.1(b), the wall 

thickness is 10mm. The upper box is mainly used for dust prevention and noise isolation, while the 

lower box is mainly used for supporting. Therefore, the above structural design is adopted[2]. 

 

       
 

(a)Upper box                                               (b) Lower box 

 
 

(c) Assembly drawing 

Figure 1.1. Gear box body model 

2.2.Gear Box Dody Finite ELEMENT MODLE ESTABLISHMENT 

To divide a finite element mesh on a structural geometric model, the first step is to simplify the 

established geometric model. Since the established geometric model is built according to the actual 

structure, there are many small features, such as small rounds, oil paths. Holes and so on. When 

establishing the finite element model, if you want to divide the mesh at these small structures, you 

must divide the mesh very small, you need to increase a lot of calculation time, and have little 

effect on the calculation result, so you have to do this structure. Simplify[3]. However, it is not 

possible to determine the simplified criterion completely based on the size of the structure, because 

the stress concentration phenomenon may occur in some small areas. This type of area must be 

encrypted in order to increase the calculation accuracy. 

In this paper, hypermesh is used to perform finite element meshing. Before the partitioning, the 

geometry of the structure must be cleaned to eliminate the defects such as surface crevices, free 

edges, and overlaps caused by the software import problem. After the geometric cleanup, the 

structure can be more suitable for the network. The division of the grid and improve the quality of 

grid division[4]. 

In this paper, C3D8 unit is used, that is, an 8-node hexahedral linear full integration unit, when 
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the unit shape is more regular. The number of Gaussian integration points used by the full 

integration method is sufficient to accurately integrate the polynomials in the element stiffness 

matrix. In some areas that are not particularly regular, a combination of hexahedron and 

pentahedron is used for meshing to better simulate model boundaries. According to the experience 

grid size usually choose 1% of the size of the structure. The box structure finite element model is 

shown in Figure 1.2. It has a total of 54077 units and 92862 nodes[4]. 

 

 
Figure 1.2 Gear box box finite element model 

3.GEAR BOXSTUCTUREMODAL  CALCULATION 

The modal analysis of the structure is the basis of the dynamic analysis. Through the modal 

analysis, the vibration of the structure can be understood and the resonance frequency of the 

structure can be known, which provides theoretical support for other dynamic analysis. The lower 

end of the gear box structure is fixedly restrained, and the upper and lower boxes are connected by 

a tie constraint to simulate the bolt connection. The first ten modal vibration modes are calculated 

as shown in Figure1.3, and the natural frequency and vibration modes of each mode are shown in 

Table 1.1. From the calculation structure, it can be seen that the first ten modal vibrations are 

mainly concentrated on the upper box body. This is mainly because the upper box structure has a 

smaller wall thickness and a smaller structural rigidity, and can be the first to reach the resonant 

frequency of the structure. The lower box adopts a double-separator design, which greatly increases 

the rigidity and stability of the structure[5]. 

  
The first-order vibration mode frequency The second-order vibration mode frequency 
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The third-order vibration mode frequency The fourth-order vibration mode frequency 

  
The fifth-order vibration mode frequency The sixth-order vibration mode frequency 

  
The seventh-order vibration mode frequency The eighth-order vibration mode frequency 

      

 
The ninth-order vibration mode frequency 

 

 

 

 
The tenth-order vibration mode frequency 
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Figure1.3 The first 10 modes of the box 

Table 1.1 Natural frequencies and mode shapes 

Modal 

order 

Natural 

frequency

（Hz） 

Vibration mode 
Modal 

order 

Natural 

frequency

（Hz） 

Vibration mode 

1 196.08 
Vent hole up and down 

vibration 
2 216.02 Swing in Z direction 

3 277.28 
Expansion and contraction 

deformation 
4 285.75 Twisted top of box 

5 315.72 Upper case Z movement 6 389.12 Box shrinkage deformation 

7 401.81 Extrusion deformation 8 409.61 
Upper cabinet sidewall 

distortion 

9 477.16 Distortion of sidewalls and top 10 492.16 Twist and Z swing 

4. CALCULATION OF ACOUSTIC RESPONSE PLATEe CONTRIBUTION OF GEAR 

BOX STRUCTURE 

4.1. Acoustic plate contribution 

The boundary element method is used to calculate the contribution of the acoustic plate. The 

boundary element grid is defined as a number of plates. The volume of sound pressure caused by 

each plate is calculated, and the proportion of the sound volume in the whole is analyzed. Which 

plate is the total sound is analyzed. The pressure exerts the greatest influence, starting with positive 

or negative effects[6]. 

When calculating the contribution of the gear box structure plate, the acoustic transfer vector 

ATV (Acoustic Transfer Vector) is used. In the case of small pressure, the acoustic equation can be 

considered linear, so a linear relationship can be established between the input (vibration at the 

surface of the structure) and the output (the sound pressure somewhere in the sound field) [56] if 

The surface of the structure is discrete into a finite number of units so that the sound pressure at a 

point in the sound field is: 

                                                   
T

ATV( ) np v                                                                  (1-1) 

In formula (1-1):p- sound pressure vector in the sound field. 

ATV - acoustic transfer vectors; 

nv -Vibration velocity in the direction of the normal to the surface of the structure; 

 -Angular frequency. 

To analyze the contribution of the plate, the boundary element mesh is divided into different 

plates. At this time, the sound pressure contribution of each plate to a certain point in the sound 

field is the sum of the contributions of all the elements contained in the plate, ie: 

                                                  ,c e jP p                                                                                (1-2) 

                                   , ,ATV
e j i e jP v                                                                           (1-3) 

       in(1-3):   ,e j
P  -Sound pressure contribution of the unit. 
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                      ,e jv  - Unit i normal speed. 

The optimization of the acoustic response of the structure is to improve some parts of the 

structure and finally achieve the purpose of vibration reduction and noise reduction. The primary 

goal of noise reduction design is to determine where to optimize and improve. The calculation of 

the contribution of the acoustic plate is to find the position that needs to be optimized[7,8]. 

4.2 Calculation of Contribution of Acoustic Plates in Gearbox Structures 

Before the calculation of the acoustic response of the gear box structure, the harmonic response 

of the gear box structure is calculated, and the vibration response of the gear box structure is 

changed with the frequency. The processing of the boundary conditions is the same as in the modal 

calculation, and a sinusoidal load is applied at the bolt hole position to simulate the bearing 

pressure distribution. The load size is taken as 500N. The calculated frequency range is selected as 

150-550Hz, which includes the first ten modal frequency ranges of the vibration of the gearbox 

structure. 

The block that divides the grid of the gear box structure into 10 meshes is shown in Figure 1.4. 

The specific positions of the plates are shown in Table 1.2. The reference sound pressure point is 

located at a position 1 m directly above the gear box and the sound pressure response cloud 

diagram of the overall sound field is shown in Figure1.5. The sound pressure frequency response 

curve of the reference point is shown in Figure 1.6. It can be seen from the curve that the first peak 

of the sound pressure level appears at 195 Hz, and the two larger peaks after that appear at 315 Hz 

and 512 Hz. The sound pressure level response at three frequencies extracts the plate contribution 

to the reference point, as shown in Figure 1.7-1.9: 

Table 1.1 Boundary element location 

plate position plate position 

1 Upper box upper cover 2 Lower box rear wall 

3 Lower right wall panel 4 Upper rear wall panel 

5 Upper box front wall 6 Lower box front wall 

7 Lower box left wall 8 Front bearing cap 

9 Rear bearing cap   

It can be seen from the figure that at 195Hz and 315Hz, the contribution of plate 1,4,5 is the 

largest, that is, the upper and lower wall and upper cover on the upper box contribute the most to 

the sound pressure level, and these two places The frequency is exactly the first-order and fifth-

order modal frequencies of the vibration of the gearbox structure. It can be seen from Fig. 5.3 that 

the vibrations of the box on the gearbox at these two-order modal frequencies are very violent, and 

thus produce larger The sound pressure level contributes, and produces a peak in the sound 

pressure level. At the frequency of 512Hz, the sound pressure contributions of plates 1, 2, 4, 5, and 

6 are relatively large. However, due to the phase difference, the resulting sound pressure level is 

closer to 315Hz. At this time, the structural frequency is lower. The high excitation of the vibration 

of the box structure results in a large contribution of the various blocks of the gear box to the sound 

pressure level of the field point. Because the frequency of the external load subjected to the 

structure is from low to high, the low-frequency phase must pass through. Therefore, the low-order 

frequency is more important for the structure, so this paper focuses on the gear box structure at 195 
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Hz. The structural acoustic response at 315 Hz is the optimization of the acoustic response of the 

upper box structure. 

                       
Figure 1.4 Gear box boundary element grid division      

 
Figure 5.5 Sound pressure response cloud diagram of sound field outside gearbox 

                          
Figure 1.6Acoustic pressure frequency response                     Figure 1.7 Plate contribution at frequency195Hz 

curve of sound field reference point outside gearbox 
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Figure 1.8 Plate contribution at frequency 315 Hz                 Figure 1.9 Plate contribution at frequency 512Hz 

5  TOPPLOGICALl OPTIMIZATION OF ELASTIC BOUNDARY OF BOX WALL ON 

GEAR BOX 

5.1 Topological Optimization of Elastic Boundary of Box Wall on Gearbox 

      From the above calculations, it can be seen that the front and rear wall panels and the upper 

cover of the upper box body have the largest contribution to the acoustic response and are the 

locations that need to be optimized. Because the upper box wall of the gear box body is 

relatively thin, it occupies a small part of the weight of the entire box body. If the entire box 

body is optimized, the material at the upper box wall must be almost deleted, leaving Higher-

quality parts (such as bearing seats) can greatly improve the stiffness of the structure, but such 

topological forms do not provide a valuable reference for structural improvement. Moreover, 

optimizing the entire box structure also consumes computational resources. Therefore, in this 

paper, the front and rear walls of the upper box and the upper cover are separately proposed. The 

coil spring is arranged on the wall board to simulate the elastic boundary in the gear box. The  

layout of the coil spring is shown in Figure 1.10. In the transition of the arc and the position of 

the hypotenuse, a local coordinate system needs to be established, so as to ensure the correctness 

of the stiffness direction of the coil spring. As for the knot stiffness Kj of the coil spring, it is 

50,000 for the convenience of loading. From the previous research, we can see that with the 

increase of the boundary stiffness, the optimized material will tend to be distributed toward the 

boundary. In fact, as long as a relatively moderate stiffness value is obtained between the 

boundary freeness and the boundary fixed branch, the results from the topology optimization In 

the middle, we can roughly infer the topological form of the other boundary stiffness, so the node 

stiffness of the coil spring is taken as 50000 enough to meet the requirements of the structural 

topology optimization of the elastic boundary topology[8]. 

     Taking the maximization of the first-order modal frequency of the structure as the optimization 

goal, from the viewpoint of improving the structural rigidity, at least 50% of the material of the 

structure is removed, and the optimized structure is shown in Figure1.11. It can be seen from the 

optimized results. In order to maximize the stiffness of the structure, materials will be distributed 

in more rigid locations. With the first-order vibration mode of the gear box structure, it can be 

seen that most of the material in the first-order mode vibration is removed. This design for 

vibration reduction and noise reduction provides a trend of material distribution modification. 
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                    (1)Front、back panel                                                        (2) Uper cover 

Figure 1.10 The elastic boundary of the upper box wall 

           
(1) Front、back panel                                                         (2) Uper cover 

Figure 1.11 Topology Optimization Results for Upper Casing Wall 

5.2. Topology Optimization Form Distribution Ribs 

In order to improve the stiffness of the gear box structure to increase its natural frequency, the 

arrangement of stiffeners is adopted in the topology optimized form, and the stiffener section is selected as L 

type. From the previous studies, it is known that the L-shaped ribs have the best vibration resistance. Noise 

reduction effect. The side wall of the upper box after the ribs are arranged is shown in Figure 1.12. 

In order to test its noise reduction effect, the acoustic response of the entire gearbox structure was calculated. 

Similarly, the reference point 1m directly above the gearbox was used as the basis for assessing the sound 

pressure level. The frequency response curve of the sound pressure level was shown in Figure 1.13. Show. It 

can be seen that with the stiffener structure, the first-order sound pressure response peak is flattened, and the 

sound pressure level response peak value is reduced from the original 38.34dB to 25.86dB, which is reduced 

by 12.48dB. It can be seen that the arrangement of stiffeners according to the topology optimization method  

has obvious effects on the suppression of the first-order mode vibration modes. In addition, the sound 

pressure level frequency response curve has a tendency to move to a high frequency as a whole, and the 

sound pressure level response at a high frequency band tends to increase, mainly because additional 

stiffeners change the stiffness of the structure and change the local quality of the structure. The distribution 

then generates new vibration peaks. Therefore, if certain structures are only operating at a specific frequency, 

consider using additional stiffeners to reduce vibration noise. Because the topology optimization is for the 

first-order frequency of the structure, the results of the sound pressure level response at the first-order modal 

frequency fully verify the effectiveness of topology optimization in vibration reduction and noise reduction. 
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Figure 1.12 Upper shell wall stiffener layout     Fig. 1.13 Comparison of sound pressure level response after 

stiffening the upper box wall 

5.3. Topology optimization form distribution constrained damping layer 

The arrangement of the constrained damping layer for the topology-optimized structure is shown in 

Figure 5.14. Select the damping layer thickness of 5mm, the material is SA-3, the constrained layer 

thickness is 2mm, and the material is Al6061. This selection can maximize the advantages of vibration 

damping materials. The acoustic response of the gear box structure is calculated, and the sound pressure 

frequency response curve obtained from the reference point is shown in Figure 5.15. From the curve, it can 

be seen that after the constrained damping layer is added, the response curve of the sound pressure response 

curve and the original structure is basically the same. Consistently, the sound pressure levels at the three 

peaks all decreased. The most significant reduction at the first peak was reduced from 38.34 dB to 31.72 dB, 

which was a decrease of 6.62 dB, and the second peak at 53.07 was reduced to 52.02 dB, which was reduced. 

At 1.05 dB, the structure of the constrained damping layer near the third peak produces a new peak in the 

sound pressure level response. The vibration of the structure is mainly complicated at high frequencies. The 

damping layer arranged for low-order vibration is at high frequencies. Due to the added mass effect, a new 

peak in the sound pressure level response was generated. 

 
Figure1.14 Upper Casing Wall Additional       Figure 1.15 Topographically Formed Constrained Damping Layer 

Reference Point Sound Pressure Frequency Response Curve 

Topology Form Constrained Damping Layer 

 

For the first-order mode shape of the gear box structure, constrained damping layers are 
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arranged at large amplitudes. The area of the damping layer is the same as that of the topological 

layout, as shown in Figure1.16. Similarly, the sound pressure level frequency response at the sound 

field reference point outside the gear box structure is calculated, as shown in Figure1.17. It can be 

seen that after the constrained damping layer is added, the three sound pressure level response 

peaks are all significantly reduced. The decrease at the peak is most obvious from 38.34dB to 

31.21dB, which is a decrease of 7.13dB, the second peak is reduced from 53.07 to 46.29dB, which 

is a decrease of 6.78dB, and the third peak is decreased from 54.62 to 52.84dB, which is a decrease 

of 1.78. dB, visible in the three peaks of the sound pressure level drop is significantly greater than 

the topological form of the damping, and the sound pressure level of the frequency response 

function curve and the original structure of the frequency response curve is in good agreement, 

additional sound pressure level response peak almost Did not appear to achieve a good noise 

reduction effect. 

 

 
Fig 1.16 The upper box wall is attached to a                      Figure1.17 Acoustic Pressure Response  Curve 

Constrained damping layer for large displacements               of Reference Point for Additional Constrained 
of  vibration                                                                 Damping Layers for Large Vibration Displacement 

From the above calculations, it can be seen that arranging the damping layer in topological 

form can significantly reduce the peak value of the sound pressure level response, but the effect of 

the reduction does not have a good effect of arranging the damping at the maximum amplitude 

location. The use of an additional damping layer results in less peaks in the additional sound 

pressure level generated by the structure. Therefore, machines operating under wide-band 

conditions will have better noise reduction performance in the form of additional damping. 

Summarizing the optimization results of the gear box structure, as shown in Table 1.3, it can 

be seen from the table that the most obvious suppression of the first-order sound pressure level 

peak suppression in the three optimized forms is to add the structure of the reinforcement according 

to the topology, and At the second peak, this arrangement has no noise reduction effect, but it will 

move the sound pressure level response curve towards high frequencies. At the second peak, the 

structure with the damping layer at the maximum amplitude has the best noise reduction effect. It 

can be seen that the form of additional damping can achieve the effect of noise reduction over a 

wide range of frequencies, and the form of additional stiffeners can only be in relatively narrow 

frequency bands, and the noise reduction effect is more obvious. 

Table 5.2 Comparison of the optimization results of the gearbox structure 

structure type The first peak Decline The  second peak Decline 
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sound pressure 

level 

sound pressure 

level 

Original structure 38.34 0 53.07 0 

Additional stiffeners in topological form 25.86 12.48 53.10 -0.3 

Topological form additional damping layer 31.72 6.62 52.02 1.05 

Amplitude layer with maximum amplitude 31.21 7.13 46.29 6.78 

6. CONCLUSION 

Based on the calculation results of the acoustic plate contribution of the gear box structure, the 

elastic boundary topology optimization was performed on the front and rear wall panels of the 

upper box and the upper box cover. The reinforcement ribs and the damping layer were arranged 

according to the optimization results, and the gear box acoustics were obtained. Optimize the 

structure. The box structure with reinforced ribs has a very significant suppression effect on the 

sound pressure level at the first-order modal frequency, but the sound pressure level response 

increases at high frequencies. Arranging the damping layers in topological form can significantly 

reduce the peak value of the sound pressure level response, but the effect of the reduction is not as 

obvious as the effect of damping at the maximum amplitude location, and the sound pressure level 

response curve and the unresponsive sound pressure level response of the damping layer are 

arranged. The curves are very similar, resulting in fewer peaks in the extra SPL. 
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ABSTRACT

In this paper multi-scale analyses of stretched plates composed of heterogeneous materials are performed. The
Boundary Element Method is adopted to model both the macro-continuum, represented by the plate, and the
micro-scale, denoted as RVE (Representative Volume Element). Voids and inclusions can be defined inside the
microstructure matrix, where different elastic properties and constitutive models can be assumed for each phase.
The RVE is modelled considering the sub-regions technique, where the dissipative forces are approximated over
the domain using cells. Besides, the in-plane displacements have also to be approximated over the domain if
different Poisson’s ratios are considered for the RVE phases. Initially, the macro-continuum strain is imposed to the
microstructure (or RVE) boundary and the elastic forces computed. From these forces a strain field can be obtained
and the microstructure equilibrium problem solved what requires an iterative procedure to find the displacement
fluctuations field that auto-equilibrates the microstructure stress field, according to the constitutive models assumed
for the phases and to the boundary conditions in terms of displacements fluctuations.The multi-scale modelling is
based on the framework presented in the paper “Peric D., de Souza Neto E. A., Feijóo R., Partovi M., Molina A.C.,
On Micro-to-Macro Transitions for Multiscale Analysis of Heterogeneous Materials: Unified Variational Basis and
Finite Element Implementation, Int. J. Numer. Methods Engrg. (2011) 87: 149-170.” After solving the equilibrium
problem of the RVE, the micro-to-macro transition is made by applying the volume averaging hypothesis of strain
and stress tensors in order to obtain the material constitutive response and return to the macro-continuum problem.
The BEM formulation adopted to model the macro-continuum is detailed in the work “Fernandes GR and de Souza
Neto EA. Self-consistent linearization of non-linear BEM formulations with quadratic convergence. Computational
Mechanics v.52, p.1125 - 1139, 2013.” Some numerical examples are then analyzed to show that the proposed
formulation compares very well to the finite element model, being a suitable tool for the analysis of stretched of
plates composed of heterogeneous materials.
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ABSTRACT

In the present work, we consider an isogeometric method for solving rigid-deformable frictional contact problems in
small and large deformations. The contact constraints are treated with a mortar like approach combined with a
interpolation of gap (to see [1] on a second order elliptic equations and [3] using a augmented Lagrangian method).
These constraints are satisfied with an augmented Lagrangian formulation to impose both the Signorini contact
conditions and the Coulomb’s conditions. An Active Set Strategy [4] ensures these conditions. For the
discretization, we used NURBS of degree p for the displacement and B-Splines of degree p ? 2 for the Lagrange
multiplier. Indeed, an inf ? sup stability and an optimal a priori error estimate without assumption on the unknown
contact set are proved for mixed formulation of frictionless contact to ensure a good property of the method using
these elements. Some numerical results will be presented showing the good convergence properties of our
algorithms on numerical tests in two and three dimensions in small and large deformation. [1] E. Brivadis, A. Buffa,
B. Wohlmuth, and L. Wunderlich, Isogeometric mortar methods. Comput. Methods in Appl. Mech. Eng.
284:292-319, 2015. [2]  T. J. R. Hughes, J. A. Cottrell and Y. Bazilevs, Isogeometric analysis: CAD, finite elements,
NURBS, exact geometry and mesh refinement. Comput. Methods in Appl. Mech. Eng. 194:4135- 4195, 2005. [3]  L.
DeLorenzis, P. Wriggers and G.Z avarise, A mortar formulation for 3d large deformation contact using nurbs-based
isogeometric analysis and the augmented Lagrangian method. Springer-Verlag 49:1-20, 2012. [4]  A. E. Maliki, M.
Fortin, J. Deteix, and A. Fortin, Preconditioned iteration for saddle-point systems with bound constraints arising in
contact problems. Comput. Methods in Appl. Mech. Eng. 254:114- 125, 2013.
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ABSTRACT

We propose a formulation based on discontinuous Galerkin (DG) methods in their generalization to polytopic grids
for the simulation of flows in fractured porous media. Our method is very flexible from the geometrical point of view,
being able to handle meshes made of arbitrarily shaped elements, with edges/faces that may be in arbitrary number
(potentially unlimited) and whose measure may be arbitrarily small [1], cf. also [3]. Our approach is very well suited
to tame the geometrical complexity featured by most of applications in the computational geoscience field. More
precisely, we adopt a model for single-phase flows that considers the case of a single fracture, treated as a (d
-1)-dimensional interface between two d-dimensional subdomains, d = 2, 3. In the model, the flow in the porous
medium (bulk) is assumed to be governed by Darcy&amp;apos;s law and a suitable reduced version of the law is
formulated on the surface modelling the fracture. The two problems are then coupled through physically consistent
conditions. We focus on the numerical approximation of the coupled bulk-fracture problem and present and analyze,
in the unified setting of [2], all the possible combinations of primal-primal, mixed-primal, primal-mixed and
mixed-mixed formulations for the bulk and fracture problems, respectively. In particular, the primal discretizations
are obtained using the Symmetric Interior Penalty DG method, and the mixed discretizations using the Local DG
method, both in their generalization to polytopic grids. We perform a unified analysis of all the derived combinations
of DG discretizations for the bulk-fracture problem. We prove their well-posedness and derive optimal a priori
hp-version error estimates in a suitable (mesh-dependent) energy norm. Finally, we present numerical experiments
assessing the validity of the theoretical error estimates. [1] P. F. Antonietti, C. Facciolà, A. Russo, and M. Verani.
Discontinuous Galerkin approximation of flows in fractured porous media on polytopic grids. Submitted, 2017. [2] D.
N. Arnold, F. Brezzi, B. Cockburn, and L. D. Marini. Unified analysis of discontinuous Galerkin methods for elliptic
problems. SIAM J. Numer. Anal., 39(5):1749--1779, 2001/02. [3] A. Cangiani, Z. Dong, and E. H. Georgoulis.
hp-version space-time discontinuous Galerkin methods for parabolic problems on prismatic meshes. SIAM J. Sci.
Comput., 39(4):A1251--A1279, 2017.
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ABSTRACT

Damage onset and evolution in composites made of a woven reinforcement embedded in a polymer matrix is
driven by the multi-scale nature of the material. It starts at the micro-scale with fiber-matrix debonding and plastic
stretching of the polymer matrix. The micro-damages then coalesce to form transverse yarn cracks, which are
coupled with decohesions between crossing yarns around the yarn crack tips. The meso-scale architecture of the
woven reinforcement has a strong influence on the local strain distributions and thus on yarn crack and decohesion
initiation and evolution. In order to take into account the influence of the fiber reinforcement architecture on the
mechanical behavior of the studied materials, a realistic description of the meso-scale geometry obtained by
modeling the preforming step of the dry fabric is necessary. In the proposed approach, the damage mechanisms
observed experimentally in a woven polymer matrix composite are modeled at the mesoscopic scale [1]. A realistic
geometry of the composite is obtained at the mesoscopic scale by taking into account the relative shifts between
the fabric layers and the preforming of the dry reinforcement before resin injection. The quality of the consistent
mesh of the Representative Unit Cell (RUC) is ensured using both geometry- and energy-based error indicators.
The effects of mesoscopic damage on the macroscopic mechanical properties, obtained by periodic
homogenization, are evaluated by inserting discrete cracks in the FE meshes. A criterion coupling stress and
energy conditions is used to determine intra yarn damage onset [2]. An algorithm for the simulation of damage
evolution is also presented [3]. The predicted damage locations as well as the evolution of the homogenized
properties are similar to the experimental observations. References [1] A. Doitrand et al. (2015) Experimental
characterization and numerical modeling of damage at the mesoscopic scale of woven polymer matrix composites
under quasi-static tensile. Composites Science and Technology, 119, 1-11 [2] A. Doitrand et al. (2017) Damage
onset modeling in woven composites based on a coupled stress and energy criterion. Engineering Fracture
Mechanics, 169, 189-200. [3] A. Doitrand et al. (2017) Mesoscale analysis of damage growth in woven composites.
Composites Part A: Applied Science and Manufacturing, 96, 77-88.
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ABSTRACT

The assessment of fracture risk in patients with femoral metastases is essential to find the best treatment to
prevent a pathological fracture. Mirel’s scoring was proposed for clinical fracture risk assessment, but it was
demonstrated as characterized by a low predictive power (specificity around 35%). As such, ascertaining the
fracture risk and identifying treatment requirements are still challenging issues. In this framework, patient-specific
computed tomography (CT)-based finite element (FE) models can be successfully used to characterize the
mechanical behavior of metastatic bones and thus they can be adopted for a more accurate assessment of fracture
risk. Computational studies, defined via CT-based FE modeling approaches, were validated against experimental
measurements of femur fracture load in the case of in-vitro metastatic lesions [1]. However, several limitations
exist: i) metastases were usually artificially created and modelled as voids; ii) available FE models overestimate
experimental fracture loads, and iii) the interaction between bone and metastasis, as well as changes in bone
material properties due to metastatic disease, were generally not accounted for [2]. It is well known that healthy
bone undergoes continuous adaptation and self-repair by resorption and formation (remodeling process) and it
tends to optimize its internal structure as a result of stimuli induced by loading processes. Accordingly, the
presence of the lesion can potentially lead to a local dysregulation of such a bone remodeling, thereby producing
deep changes in bone structure adjacent to the metastasis. As such, an altered mechanical response is expected
from the surrounding healthy bone, inducing a modification in ultimate strength features. This work aims to apply a
nonlinear CT-based FE modeling approach to clinical scenarios characterized by femoral metastases. In particular,
a novel coupling strategy is proposed with a description of the metastasis based on different material model
formulations [3]. Strain and stress fields are evaluated, and a novel stress/strain-based risk indicator is defined and
compared with available clinical scoring methods. Proposed computational approach highlights that a refined
description of the metastasis and of the bone constitutive response around the lesion allows improving the
assessment of the mechanical behavior of a metastatic femur. As such, this strategy opens to the possibility of
enhancing predictability power towards the definition of accurate fracture risk assessment. 1. Yosibash et al., Bone,
69:180-190, 2014 2. Goodheart et al., J Orthop Res, 33:1226-1234, 2015 3. Whyne et al., J Biomech,
34:1317-1324, 2001
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ABSTRACT

Atomistic simulation methods can provide some insight regarding the mechanisms of plastic deformation and
methods for quantitatively predicting strain localization, a limiting failure process in high-strength metallic glasses
and other amorphous materials. We utilize such atomistic calculations to parameterize the effective-temperature
shear transformation zone theory. We then directly cross-compare molecular dynamics simulations and continuum
representations of these same materials in order to test and validate our constitutive theories. The role of coarse
graining in the linkage of continuum and atomistic methods is crucial, and convergence only arises above a critical
length scale on the order of tens of angstroms. The investigation makes clear the need to separate out the relevant
fluctuations in material structure from the shorter wavelength fluctuations that serve to obscure them. It is, in the
end, the interactions between these larger-scale fluctuations via the material’s mechanical response that controls
the failure process during strain localization.
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ABSTRACT

A refinement in the Generalized Particle (GP) Multiscale Method has been made that captures dynamic wave
propagation in high meso-scopic particle scales. Through the use of interpolating the 3D displacement field to map
onto the implicit atoms that are lumped to form the particles, the atomic scale&apos;s interatomic pair potentials can
be used to calculate the appropriate forces on the generalized particles yielding an accurate material response with
a fraction of the degree of freedom required for molecular dynamics simulations.
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ABSTRACT

Laser-based additive manufacturing (AM) processes using metallic powders are important in aerospace and
biomedical applications on producing shape-complicated and functional parts. However, achieving superior quality
and liability of AM-produced parts remains a great challenge because the geometric accuracy and surface quality
are often inferior to conventionally machined parts due to the formation of voids or defects. The defects such as
voids, notches, or even cracks are often caused by incomplete melting of powders, lapping, gas entrapment or
precipitation during the process. As a result, although near-net-shape production is a significant advantage, the
as-manufactured parts or specimen usually have rough surface and are subjected to crack initiation and
propagation, which may lead to early fracture of the parts. Motivated by this challenge, a 3D phase field model is
developed to simulate the incomplete melting and fusion of triplet powders during laser heating. The conceptual
study focuses on the morphology change, phase transition dynamics and the void formation from triplet powders
with various shapes and arrangements in space. The void formation is quantified according to the packing density,
characteristic dimension of the spheroid powders, the symmetry of their arrangement, and laser beam parameters.
The fully coupled phase field, energy, and Navier-Stokes-Korteweg momentum equations are solved by Fourier
spectral method with periodic boundary conditions and pseudo-spectral approximation for the nonlinear effects.
Without the complication of evaporation and powder-substrate interaction, we present the essential interfacial
evolution dynamics, the interplay of multiple solid-liquid melting interfaces, and the deformable free surfaces
subjected to thermal capillary effect in a 3D space. Various arrangements of powders and laser control parameters
are applied to characterize the void formation between powders upon resolidification. The basic understanding and
quantitative information provided by this primitive model are relevant to remediation strategies on reducing or
possibly removal of the surface defects.
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Dynamic Impact Characteristics of Defective Functionally Graded
Honeycombs

Tao Fan*

*Harbin Engineering University

ABSTRACT

With the characteristics of light weight, good shock absorption capability and ease of fabrication, the honeycomb
structures have drawn a lot of attention [1-3]. In this paper, the in-plane impact properties of functional graded
honeycombs are studied with the consideration of defects. On the one hand, defects exist inevitably in the
production of honeycomb structures and the defects are introduced by missing some cell walls randomly. The
influences of the defect locations and the defect ratios on the dynamic crushing characteristics of the honeycombs
are discussed. The dependences of the deformation modes and the energy absorption abilities on the defects are
discussed of the honeycomb structures. On the other hand, the functionally graded properties are introduced by
changing the cell wall thicknesses, which leads to the varieties of density gradient. It should be noted that the
positive density gradient means the thickness of the cell wall decreases along the impact direction and the negative
density gradient denotes the thickness of the cell wall increases along that direction. Based on a given relative
density, the dynamic deformation modes and energy absorption of the honeycombs with different density gradients
are investigated. The results show that the energy absorption abilities for the honeycombs with the negative density
gradient are much stronger than those with the positive ones. In general, both density gradient and defect property
have significant influences on energy absorption ability. Furthermore, the influences of impact velocities are
analyzed. The dynamic crushing behaviors are not sensitive to the impact directions at the lower velocities. With
the increasing of the impact velocities, the energy absorption abilities of the honeycombs can be improved. At last,
the coupling effects of the defects and functionally graded properties are discussed, which should be considered in
the design and analysis of the mechanical characteristics of light-weight structures. This paper is helpful for the
design and analysis of the mechanical characteristics of the honeycomb materials and structures. References [1]
Fleck, N.A., Deshpande, V.S., Ashby, M.F., 2010. Micro-architectured materials: past, present and future.
Proceedings of the Royal Society A 466, 2495–2516. [2] Ajdari, A., Nayeb-Hashemi, H., Vaziri, A., 2011. Dynamic
crushing and energy absorption of regular, irregular and functionally graded cellular structures. International Journal
of Solids and Structures 48, 506–516. [3] Liu, Y., Zhang, X.C., 2009. The influence of cell micro-topology on the
in-plane dynamic crushing of honeycombs. International Journal of Impact Engineering 36, 98–109.
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ABSTRACT

Residual stress distribution in thermoplastic injection molding is largely determined by the varying pressure history,
coupled with the frozen layer growth. A realistic simulation of residual stress at different stages of the injection
molding process is critical to the accurate prediction of shrinkage and warpage [1,2,3,4,5]. As the injection molding
process involves highly complex multi-physics phenomena, such as a fast cooling rate, high pressure, phase
change, crystallization and morphology, fiber orientation, stress relaxation and time -varying boundary conditions,
many assumptions in mathematical modeling have to be used to make the simulation feasible. In this paper, a
range of commonly-used theoretical shrinkage models are discussed, including the generic shrinkage model,
anisotropic thermo-viscous-elastic residual stress model and anisotropic thermo-viscoelastic residual stress model.
It is shown that these theoretical models can generally provide acceptable results which help engineers to optimize
the processing condition and mold and part design. On the other hand, the lack of a complete set of
characterization data for materials in the range of process variables of interest for injection molding and
approximations in the assumptions of mathematical modeling influence the simulation accuracy more or less. An
effective way to improve accuracy further is to calibrate the theoretical models based on measured shrinkage data
which is collected from the real processing system in actual injection molding. The methodology and significance of
calibration and validation of the residual stress models are explored. The performance of calibrated models in
real-world industrial applications is evaluated. References [1] R. Zheng, R.I.Tanner and X.J.Fan, Injection Molding:
Integration of Theory and Modelling Methods, Springer,2011. [2] Z. Fan, B. Lin, F. Costa, X. Jin, R. Zheng and P.
Kennedy, Three-Dimensional Warpage Simulation for Injection Molding, Soc. Plastics. Eng. Proc. of Annual
Technical Conference (ANTEC), Chicago, USA, 2004. [3] P. Kennedy, R. Zheng, High accuracy shrinkage and
warpage prediction for injection molding. Soc. Plastics. Eng. Proc. of Annual Technical Conference (ANTEC), San
Francisco, 2002, [4] Z. Fan, H. Yu, Z. Zuo, R. Speight. Anisotropic Thermo-viscous-elastic Residual Stress Model
for Warpage Simulation of Injection Molded Parts, Soc. Plastics. Eng. Proc. of Annual Technical Conference
(ANTEC), Anaheim, 2017 [5] Z. Fan, R, Speight. Effect of Stress Relaxation on Shrinkage and Warpage of Injection
Molded Parts. Soc. Plastics. Eng. Proc. of Annual Technical Conference (ANTEC), Florida 2018
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Consideration of Manufacturing Tolerance and Boundary Layer Defects
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ABSTRACT

Additive manufacturing technologies have provided new opportunities for fabricating structure with high geometrical
complexity. However, thermal deformation, powder adhesion and nebulizing often occur in the printing process,
which will leads to uneven distribution of material in the outer boundary layer of the structure. Therefore, the
material of the boundary layer is weaker than the inner material, and the structural performance can’t reach the
expected target. In this paper, we present a new robust topology optimization method for additive manufacture
structures with consideration of the manufacturing tolerance and boundary layer defect. The boundary layer defect
is modeled as a lower stiffness coated layer, and is described based on the filter and projection of relative density
field and its gradient. The manufacturing tolerance and the thickness of the coated layer are assumed as uncertain
parameters, and determined by the filter radius and threshold of projection. We assume that the uncertainties are
small and the influence of uncertain variables on the system response is evaluated by the perturbation method. In
order to describe the robustness, we study the selection rules of weighted coefficients based on the weighted
objective function of compliance expectations and standard deviations. We propose a performance index named as
&quot;coefficient of variation for compliance&quot; which indicates the effects of the expectation and standard
deviation with appropriate weights. Thus, the robust topology optimization is formulated as minimizing coefficient of
variation. Numerical examples show the correctness of the proposed method, which can effectively reduce the
variation coefficient of compliance and improve the robustness of the structure.
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ABSTRACT

As the dawn of exascale computing approaches, unprecedented computing power is reshaping the ways
researchers cope with challenging engineering flow problems. Large-scale massively parallel simulations have now
become a complementary source of knowledge to experiments and provide unique opportunities to advance our
understanding of turbulent flows and better inform engineering designs. Successful experimental validation of
active flow control has been previously achieved at a Reynolds number of 3.5e5 matching a 1/19th scale vertical
tail/rudder assembly of a Boeing 767 model tested in the Rensselaer Polytechnic Institute wind tunnel at a speed of
20 m/s. In the current study, continued simulations are carried out for more sophisticated geometries and even
higher Reynolds numbers. A highly scalable implicit flow solver, PHASTA, which has demonstrated excellent
scalability on all 786,432 cores (over 3 M processes) of the Blue Gene/Q (Mira) at Argonne, has been employed in
our study. The superior scaling, coupled with anisotropic adaptive meshing procedures, has made PHASTA an
ideal tool for simulating challenging engineering flow problems involving flows at high Reynolds numbers with
complex anisotropic solution features, and complicated geometries. The simulations we perform are aimed at
matching the experimental conditions of the CalTech wind tunnel where a 1/9th scale vertical tail/rudder assembly
was tested with a zero side-slip angle applied to the main vertical tail and a 30º deflection angle applied to the
rudder. Two flow control devices are considered herein: the first one includes 24 synthetic jets, and the other 24
sweeping jets. The simulations adopt a hybrid delayed detached eddy simulation (DDES) turbulence model for both
geometry configurations. The DDES is particularly well suited for this application where flow separation occurs near
the junction between the stabilizer and the rudder. Specifically, the DDES model applies the RANS model on the
stabilizer where the flow is fully attached for the considered zero side-slip angle. Meanwhile, the LES model is
automatically triggered in the plume of jets and above most of the rudder, downstream of the hinge line where flow
separation occurs due to the high rudder deflection angle. With the access to state-of-the-art HPC, the intended
study will be the first DDES of sweeping jets compared to synthetic jets on a full aerodynamic configuration. It will
provide a complementary and detailed view of the flow interactions, and in turn produce the much-needed insight to
understand and exploit the underlying physical mechanisms related to active flow control.
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ABSTRACT

Transition radiation is emitted when a source moves along a straight line with constant velocity and acts on or near
an inhomogeneous medium [1,2]. Transition radiation occurs, for example, when a train crosses an inhomogeneity
in the railway track, such as a transition in foundation stiffness. As the velocity of the trains becomes closer to the
wave velocity in the subsoil, wave radiation is amplified and may cause plastic deformation in the transition zone.
Studies of transition radiation in finite one-dimensional systems with non-linear foundation behaviour are available
in the literature. However, studies that properly account for the infinite extent of the system are not. To this end, the
system composed of an infinite beam resting on a locally inhomogeneous and non-linear Winkler foundation, and
subjected to a constant moving load is analysed in this paper. The Winkler foundation is assumed to be piecewise
linear, and the system thus behaves linearly between non-linear events. Therefore, the solution can be obtained
using a mixed time-frequency method [3]. The use of the Finite Difference Method for the spatial discretization
combined with derived non-reflective boundary conditions enables us to simulate the behaviour of an infinite
system; the computational domain covers the area with the transition in foundation stiffness. Results show that the
plastic deformation in the transition zone is a consequence of constructive interference of the excited free waves
and the so-called eigenfield that moves with the load. Increasing the load velocity, decreasing the transition length
(i.e., smoothness) and/or increasing the foundation stiffness dissimilarity leads to amplified free wave excitation,
and consequently to stronger constructive interference and larger plastic deformation. The model and solution
method presented in this paper can be used for preliminary design of transition zones. Given the stiffness jump and
the maximum train velocity, the optimum length of the transition zone can be obtained such that minimum damage
results in the railway track. REFERENCES [1] A.I. Vesnitskii and A.V. Metrikin, Transition radiation in mechanics.
Physics-Uspekhi 39, pp. 983-1007, 1996. [2] K.N. van Dalen, A. Tsouvalas, A.V. Metrikine, and J.S. Hoving.
Transition radiation excited by a surface load that moves over the interface of two elastic layers. International
Journal of Solids and Structures 73-74, pp. 99–112, 2015. [3] J.S. Hoving and A.V. Metrikine. A mixed
time-frequency domain method to describe the dynamic behaviour of a discrete medium bounded by a linear
continuum. APM Proceedings, St. Petersburg, Russia, 2015.
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ABSTRACT

When a geometry is cyclically loaded under a mean stress or strain, ratcheting as well as mean stress relaxation
are observed. Classical macroscopic models produce both quantities in excess as opposed to experimental
findings [1]. Purely phenomenological solutions have been proposed in the framework of macroscopic plasticity
models, and studies have been devoted to the intragranular behaviour, but little attention has been paid to model
such phenomena using polycrystal aggregates especially going up to the regime of cyclic mechanical stability. It is
shown that the interaction between different grains is enough to cater for such complex phenomena using crystal
plasticity for FCC crystals. Light will be shed on how different grains accommodate each other and how the
classical definition of constant rate ratcheting is nearly impossible in a virtual polycrystal. More importantly, a
detailed study will allow us to show that, for a prescribed stress loading, the absence of ratcheting on a
macroscopic level does not mean that local steady state is achieved [2]. Analytic diagrams will also be built to give
an insight on how to stay in the ratcheting regime or to switch to elastic-plastic accommodation. With regards to
mean stress relaxation, a start will be taken from a single crystal model depicting different relaxed stable regimes.
Then a transition from a single to a representative polycrystal will be presented focusing on the capacity of the
polycrystal model to reproduce experimental behaviour. Different mean stress relaxed hysteresis regimes will be
depicted and attention will be paid to the local evolution of plasticity. To go up to asymptotic values, for a large
range of loading parameters, model reduction techniques as well as strictly rate-independent models will also be
incorporated [3]. References: [1] J. L. Chaboche, D. Nouailhas, Constitutive modeling of Ratchetting effects - Part I:
experimental facts and properties of the classical models, J. Eng. Mater. Technol. 111, 384 – 392, 1989 [2] Y.
Guilhem, S. Basseville, F. Curtit, J-M. Stephan, and G. Cailletaud. Investigation of the effect of grain clusters on
fatigue crack initiation in polycrystals. International Journal of Fatigue, 32(11):1748 – 1763, 2010 [3] D. Ryckelynck,
D. M. Benziane, A. Musienko, and G. Cailletaud. Toward “green” mechanical simulations in materials science.
European Journal of Computational Mechanics, 19(4):365–388, 2010.
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ABSTRACT

Algorithms for FEMDEM simulations started to be proposed from the 90s. Extensive developments and applications
of the FEMDEM method have been carried out after the release of the open source Y-code by Munjiza in 2004, and
different versions have been released, including the code developed from the collaboration between Queen Mary
University and Los Alamos National Laboratory, the Y-Geo and Y-GUI software that have been developed by the
Geomechanics Group led by Giovanni Grasselli at Toronto University, 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 &apos;Solidity&apos;. A commercial FEMDEM 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 at Imperial College
has greatly improved the code, implementing a range of constitutive models in 3D, thermal coupling, parallelisation
and a faster contact detection algorithm. Two applications of FEMDEM will be presented in this talk: One is that to
the simulation of fracture propagation in fibre-reinforced-sprayed-concrete (FRSC) lined tunnels, which has been
the object of recent research. Since this was the first attempt at using FEMDEM to simulate fracture in FRSC
structures, a new joint-element constitutive model for fibre-reinforced concrete has been implemented and validated
with three-point bending experimental data. The code has also been applied to a practical tunnel design case study
to better understand the post-crack behaviour of FRSC linings. The ultimate objective is to reach a better
understanding of the fracture mechanics and crack propagation behaviour of FRSC tunnels. The second application
is that to the simulation of packing and pellet fragmentation. Numerical simulations have been validated and used to
describe the pellet packing structure in fixed-bed reactors and the fragility of the pellets against applied loads. The
ultimate objective of this research is to provide a satisfactory description of how the shape of pellets influences their
packing density and the structural integrity of the pack.
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ABSTRACT

Atrial fibrillation (AF) is a supraventricular tachyarrhythmia characterized by uncoordinated atrial activation with
consequent deterioration of mechanical function and associated with increased morbidity and mortality. The
complex interactions between electrics and mechanics in combination with the underlying anatomy provide multiple
potential pathways through which an altered electromechanical environment adversely affects atrial physiology and
function. Personalized computational modeling provides a novel framework for integrating and interpreting the
combined role of atrial electrophysiology and biomechanics in AF development and sustenance. Personalized
computational models were generated from high-resolution coronary computed tomography angiography (CTA)
data and discretized into high-resolution tetrahedral finite element meshes. The complex left atrial myofiber
architecture was estimated using an automated approach informed by anatomical and morphological images and
based on local solutions of Laplace&amp;amp;amp;amp;amp;amp;apos;s equation. Cellular electrophysiology was
represented using a biophysically-based human atrial cell model, while the propagation of the electrical activity was
described by the monodomain model. Experimental biaxial mechanical tension test data of human atrial tissue were
reinterpreted using a microstructurally-based anisotropic strain-energy function and represented the mechanical
response of the left atrial myocardium. The coupling between electrophysiology and biomechanics was achieved
using a biophysically-based active contraction model adapted to human atrial cell measurements. The
hemodynamic response at the pulmonary veins and the mitral valve was governed by a phase-dependent
Windkessel model, while the effect of the ventricles was incorporated using displacement trajectories. Personalized
computational models generated from high-resolution coronary CTA data included the heterogeneous thickness
distribution of the left atrial myocardium and qualitatively reflected the complex left atrial myofiber architecture. The
specific impact of an altered electromechanical environment, i.e., changes in myocardial stiffness, blood pressure,
and ventricular deformation, on left atrial function over the individual phases of the cardiac cycle were quantified.
This allows the comparison between healthy controls and patients with different pathological conditions to
quantitatively investigate the link between electrophysiology and biomechanics and identify the capacity of the atria
to sustain AF.
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ABSTRACT

We discuss a series of improvements that we have made in ADCIRC in order to improve the quality of baroclinic
simulations for cross-scale ocean models. We show how each of these improvements provides more accurate
results for a series of test models. Next, we show how these improvements enhance the quality of simulation
results for a Gulf of Mexico model. ADCIRC utilizes an unstructured grid, which allows it to accurately capture
high-resolution bathymetry. Due to the unstructured nature of the grid, higher mesh resolution can be used in
regions of interest, or near the mouth of the rivers where fresh water gets mixed with saline water, or in areas
where solution gradient is large. Our improvements include systematic smoothing of bathymetry in regions where
the bathymetry is steep, but mesh resolution is not adequate. We also discuss a scheme for the accurate
computation of the baroclinic pressure gradients. Since our unstructured grid encompasses a wide range of spatial
scales, we use biharmonic horizontal diffusion and viscosity operators to avoid over-smoothing. We present an
adaptive filtering strategy, and show how it can be used to eliminate noise from the computed quantities when
needed. We will show simulation results of realistic situations and report encouraging results.
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ABSTRACT

The present contribution is first dedicated to the review of some industrial fluid-structure situations of interest
involving heavy fluids (i.e. water, liquid metals or oil for instance), classically imposing a fully coupled solution of the
FSI problem, and the associated modeling and solving techniques. Situations like flow in rod bundles, with potential
additional mechanical excitation, sloshing in tanks, explosion in pools with immersed structures, impact on pipes…
are considered, in an effort to categorize the phenomena and exhibit some relevant and general principles to deal
with their numerical representation with accuracy, robustness and efficiency. Many of the situations discussed
above shall be addressed in the course of the corresponding Mini-Symposium. The second part of the contribution
thus consists in a focus on the particular, yet common in the field of safety for industrial installations, case of fast
transient interaction between flows with interfaces and structures under large deformations potentially leading to
failure. The main goal of the proposed research is then to introduce a generic adaptive framework to provide
high-resolution solutions with an automatic tracking of wave fronts and physical interfaces through a set of fully
combinable mesh refinement indicators.
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ABSTRACT

The model reduction of mechanical problems involving contact remains an important issue in computational solid
mechanics. We propose an extension of the classical hyper-reduction method based on a reduced integration
domain [1] to frictionless contact problems written by a mixed formulation and numerically solved using Lagrange
multipliers that physically represent the contact forces. As the potential contact zone is naturally reduced through
the reduced mesh involved in hyper-reduced equations, the dual reduced basis is chosen as the restriction of the
dual full-order model basis. Indeed, only the contacts in the RID are treated but with a local high fidelity. We then
obtain a hybrid hyper-reduced model combining empirical modes for primal variables with finite element
approximation for dual variables. If necessary, the inf-sup condition of this hybrid saddle-point problem can be
enforced by extending the hybrid approximation to the primal variables. This leads to a hybrid
hyper-reduced/full-order model strategy. By this way, a better approximation on the potential contact zone is
furthermore obtained. As for the classical hyper-reduction method, the primal solution is obtained on the whole
domain thanks to the related reduced basis. The contact forces can be reconstructed, if needed, on the potential
contact zone by post-processing the HR predictions. In [2], the proposed hybrid hyper-reduction strategy has been
successfully applied to a one-dimensional static obstacle problem and also to a three-dimensional contact problem
between two linearly elastic bodies. The method gives a good approximation of the contact forces, especially
compared to other existing model order reduction approach [3]. The hybrid hyper-reduced method is currently
extended to deal with non-linear material behavior. The first results confirm the efficiency of the proposed approach
in terms of precision and speed-up. [1] D. Ryckelynck [2009]: &amp;quot;Hyper reduction of mechanical models
involving internal variables&amp;quot;. International Journal for Numerical Methods in Engineering, 77(1):75–89 [2]
J. Fauque, I. Ramière and D. Ryckelynck [2017]: &amp;quot;Hybrid hyper-reduced modeling for contact mechanics
problems&amp;quot;. Submitted [3] M. Balajewicz, D. Amsallem and C. Farhat [2015]: &amp;quot;Projection-based
model reduction for contact problems&amp;quot;. International Journal for Numerical Methods in Engineering,
106(8):644–663
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Abstract. Simulation of granular flows finds applications in many engineering, computational 

and industrial problems. One problem in particular is of special interest here: the simulation of 

sediment flows, like debris-flows, mudflows and landslides. These phenomena are among the 

most threatening to lives and property as the recent (2018) mudflow events in California 

highlight. In order to evaluate these phenomena quantitatively, we present a Lagrangian 

formulation for simulating the continuum hydrodynamics of granular flows. Our formulation is 

based on the multiplicative elasto-plasticity theory for finite deformations. We use the family 

of smoothed particle hydrodynamics (SPH) methods to implement our formulation, which has 

some advantages over the traditional Eulerian formulations usually applied within the SPH 

method. We also propose a variant of the conventional dynamic boundary conditions to 

simulate the solid boundary in our simulations. To validate our implementation, we perform a 

set of benchmark plane strain simulations of laboratory-scale collapse tests of dry sand columns. 

Results from these simulations suggest that the formulation is robust enough to model the 

continuum hydrodynamics of granular flows in a laboratory-scale setting. The boundary 

condition proposed is capable of imposing a non-penetration and (partial) no-slip boundary 

condition without resorting to complicated contact algorithms or determining boundary planes 

and their normal vectors. Furthermore, the finite deformation formulation does not require the 

time integration of strain or stress rates, bypassing the necessity of determining objective rates, 

and hence, satisfying objectivity naturally. Finally, since in our formulation the only variables 

updated at each time step are the velocities and positions, the computational implementation is 

simpler and more efficient. The potential of the technique for modeling more complex field-

scale scenarios characterized by complex geometries and multi-physical processes is evident 

and is the next goal for the research. 
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1 INTRODUCTION  

The recent events (2018) in Santa Barbara county, California, are a reminder of the serious 

treat mudslides and debris-flows pose to property and life. There has been significant progress 

on the numerical simulation of granular flows, as we moved on from rudimentary slope stability 

analysis, based on static equilibrium of homogeneous bodies, to complex physical models able 

to account for the coupled effects of heterogeneous sediment deformation and ground-water 

flow. Many such models for landslide triggering rely on a mesh discretization of the physical 

domain [3, 6-8, 13, 22, 25, 29] which is limited to small deformations due to mesh connectivity. More 

recently, the literature has seen the development of a class of continuum particle methods 

capable of handling the large deformations involved in granular flows. Examples of such 

methods are the Material Point Method [2,16], Peridynamics [23], Reproducing Kernel Particle 

Method [36], and the Smoothed Particle Hydrodynamics (SPH) method [18,31]. In particular, the 

SPH method (our method of choice) has been applied to investigate slope stability problems 

using plasticity theory [10,11,14,30] and solid-fluid interaction [9,12], as well as implementations 

considering hypoplastic model [20, 33] and granular inertia effects [32]. 

Common to all the works mentioned is the usage of kernel calculations based on the current 

position of particles (Eulerian kernel) and the tensorial quantities of interest are represented in 

their Eulerian form. Furthermore, they all apply the Jaumann [34] stress rate to try obtaining 

objectivity for finite deformation calculations. Apart from the lack of uniqueness of such stress 

rates, the use of Eulerian kernels is known to produce numerical issues for materials with tensile 

strength, the so-called tensile instability [19]. 

In this work, we adopt a different approach, and explore a Lagrangian finite deformation 

formulation. The constitutive model is a hyperelasto-plastic one, based on the multiplicative 

split of the deformation gradient tensor. The advantages of such an approach are manifold and 

include bypassing the issue of the rate form of constitutive models [35], and the absence of 

tensile instability and lower computational costs for the total Lagrangian scheme. On top of 

these advantages, since SPH accuracy and stability are directly related to the particle's 

arrangement (or disorder), an updated or total Lagrangian approach relies on a more stable 

configuration of particles which improves these characteristics of the method. The use of 

hyperelasticity and multiplicative plasticity enables the state of stress to be uniquely determined 

from the current state of elastic strain, which depends only on the update of the particles’ 

positions, hence reducing the integration error associated with an additional integration of strain 

and stress rate equations. Finally, all the standard constitutive update algorithms for 

infinitesimal deformation plasticity remain unchanged and can be applied directly [34]. 

The sequence of presentation is as follows: Section 2 presents a brief introduction to the 

finite deformation continuum formulation and constitutive framework; Section 3 presents the 

implementation aspects to the SPH method; Section 4 presents the results of our numerical 

simulations and their comparison with experimental data; and Section 5 presents the 

conclusions and ideas for further work. 
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2 CONTINUUM FORMULATION AND CONSTITUTIVE FRAMEWORK  

Following Lee’s theory [24], consider an elementary volume with reference position vector, 

X, that has moved to a new position in the current configuration 𝒙(𝑿, 𝑡)  =  𝑿 +  𝒖(𝑿, 𝑡), 

where 𝒖(𝑿, 𝑡) is the displacement vector relative to the reference configuration. We define the 

deformation gradient 𝑭 as: 

𝑭 =
𝜕𝒙

𝜕𝑿
= 1 +

𝜕𝒖

𝜕𝑿
  , (1) 

where 1 is the second order identity tensor. The deformation gradient tensor can be 

multiplicatively decomposed into an elastic, 𝑭𝑒, and a plastic, 𝑭𝑝, parts: 

𝑭 = 𝑭𝑒 ∙ 𝑭𝑝  . (2) 

We can now write the elastic left, and plastic right, Cauchy-Green tensors as follows: 

𝒃𝑒 = 𝑭𝑒 ∙ 𝑭𝑒T,    𝑪𝑝 = 𝑭𝑝T ∙ 𝑭𝑝 . (3) 

Furthermore, we can determine the stress state through a hyperelastic equation of the form: 

𝝉 = 𝐽𝝈 = 𝟐
𝜕Ψ

𝜕𝒃𝑒
∙ 𝒃𝑒 , (4) 

where 𝐽 = det (𝑭), 𝝈 is the Cauchy stress tensor, 𝝉 is the Kirchhoff stress tensor, and Ψ =
 Ψ(𝒃𝑒) is the elastic stored energy function. We only consider here elastically isotropic 

materials, which alongside material frame invariance suggests rewriting Equation (4) as a 

function of the principal values of 𝒃𝑒, 𝑏𝐴
𝑒 (𝐴 = 1,2,3). Following [34], we can write Ψ =

 Ψ(𝜀1
𝑒 , 𝜀2

𝑒 , 𝜀3
𝑒), where 𝜀𝐴

𝑒 are the principal elastic logarithmic stretches, 𝜀𝐴
𝑒 = ln (𝜆𝐴

𝑒 ), with 𝜆𝐴
𝑒 =

√𝑏𝐴
𝑒. Finally, the elastic constitutive equation (4) takes the form: 

𝜏𝐴 =
𝜕Ψ

𝜕𝜀𝐴
𝑒 , (5) 

where 𝜏𝐴 are the principal values of 𝝉. 

To complement our constitutive model, we consider a rate-independent plastic response 

characterized by a yield condition of the form: 

ℱ = ℱ(𝜏1, 𝜏2, 𝜏3, 𝑘) = 0 , (6) 

where 𝑘 is a plastic internal variable that determines the size of the elastic region. If the flow 

rule is non-associative, we have 𝒬 ≠ ℱ, where 𝒬 is a plastic potential. The flow rule is given 

by 

−
1

2
ℒ𝑣𝒃𝑒 = �̇�

𝜕𝒬

𝜕𝝉
∙ 𝒃𝑒 , (7) 
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where ℒ𝑣𝒃𝑒 is the Lie derivative of 𝒃𝑒, and �̇� is the consistency parameter rate. Without further 

detail (the reader is referred to [35] for the complete derivation), one can show that the standard 

form of the elastic strain update from infinitesimal formulation is recovered as follows in 

principal component space 

𝜀𝐴,𝑛+1
𝑒 = 𝜀𝐴,𝑛+1

𝑒,𝑡𝑟 − ∆𝛾𝑛+1

𝜕𝒬

𝜕𝜏𝐴,𝑛+1
 , (8) 

where the subscript 𝑛 + 1 refers to the values at the end of a typical time interval [𝑡𝑛, 𝑡𝑛+1]. 
Equation (8) is obtained through the usual elastic predictor-plastic corrector scheme, where if 

the updated state of stress lies within the yield surface, ℱ ≤ 0, the step is elastic, and the new 

state of stress is determined directly from Equation (5) and ∆𝛾𝑛+1 = 0.  

If the step is not elastic, Equation (8) is solved alongside the yield function (6) for the three 

elastic logarithmic stretches plus the consistency parameter ∆𝛾. This system is usually non-

linear and requires a local Newton-Raphson iteration [5,35]. In SPH, this is performed at each 

particle for both updated and total Lagrangian schemes. The next section presents the SPH basic 

formulation and some implementation aspects. 

3 SPH IMPLEMENTATION  

The SPH method is a continuum method applicable to boundary value problems. The 

dynamic equation of equilibrium in the reference configuration (Lagrangian form) has the 

strong form: 

𝒂 ∶=
d𝒗

dt
=

1

𝜌0
DIV(𝑷) +  𝒈 , (9) 

where 𝑷 is the first Piola-Kirchhoff stress tensor, 𝜌0 is the reference density, 𝒈 is the body force 

per unit of mass (gravity), and DIV(∙) is the divergence operator with respect to the reference 

coordinates. This dynamic balance is subject to boundary and initial conditions as well. The 

reader is directed to [17,26,28,38-40] for more information about the SPH method and 

implementation details. 

We adopt an updated Lagrangian scheme in this work [4,40] in which the reference 

configuration is updated at each time step, thus, the reference configuration is the one at time 

𝑡𝑛, and the current configuration is the one at time 𝑡𝑛+1. Deformation is driven by the relative 

displacement ∆𝒖𝒏+𝟏 =  𝒖𝑛+1 − 𝒖𝑛  and the relative deformation gradient, now denoted 𝒇𝒏+𝟏, 

which assumes the role of the deformation gradient 𝑭𝒏+𝟏. Given that at time 𝑡𝑛 all necessary 

variables are known for a given particle 𝑖, the only update equations we need to solve are for 

velocity and position,  

𝒗𝑖,𝑛+1 = 𝒗𝑖,𝑛 +  𝒂𝑖,𝑛∆𝑡 , (10) 

𝒙𝑖,𝑛+1 = 𝒙𝑖,𝑛 + 𝒗𝑖,𝑛+1∆𝑡. (11) 
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The time step ∆𝑡 must obey the Courant-Friedrich-Lewy (CFL) condition [26] for stability, 

which is given by 

∆𝑡 =  𝛼
ℎ

𝑐𝑣
 , (12) 

where 𝛼 ≤ 1 is a scalar, ℎ = 1.5∆ is the smoothing length, ∆ is the initial interparticle distance, 

and 𝑐𝑣 is a numerical sound speed for the material defined as 

  𝑐𝑣,𝑖 = max (√
𝐸0

𝜌𝑖,0
, √

𝐾0

𝜌𝑖,0
) , (13) 

where 𝐸0 and 𝐾0 are the initial tangent and bulk elastic modulus of the material. 

The relative deformation gradient is calculated with the Lagrangian kernel gradient, defined 

by the particle arrangement at time 𝑡𝑛 as follows 

〈𝑭𝑖〉𝑛+1 =  ∑
𝑚𝑗

𝜌𝑗,𝑛
(∆𝒖𝑗,𝑛+1 − ∆𝒖𝑖,𝑛+1)⨂∇𝑛𝑊𝑖𝑗

𝑁

𝑗=1

, (14) 

where 𝑊 is the kernel function, and ∇𝑛𝑊𝑖𝑗 = ∇𝑊(‖𝒙𝑖,𝑛 − 𝒙𝑗,𝑛‖, ℎ). The balance of linear 

momentum, Equation (9) in SPH has the form 

〈𝒂𝑖〉𝑛+1 ∶= ∑ 𝑚𝑗

(𝑷𝑖,𝑛+1 + 𝑷𝑗,𝑛+1)

𝜌𝑖,𝑛𝜌𝑗,𝑛

𝑁

𝑗=1

∙ ∇𝑛𝑊𝑖𝑗 +  𝒈𝑖 . (15) 

 Finally, the balance of mass in Lagrangian form is obtained by updating the mass density 

through the following kinematic relationship 

𝜌𝑛+1 =
𝜌𝑛

𝐽𝑛+1
 , (16) 

 where 𝐽𝑛+1 is the determinant of the relative deformation gradient tensor, Equation (14). In all 

our simulations, we used the Wendland C6 kernel [15].  

The last aspect of implementation is the imposition of solid wall boundaries, meaning that 

soil particles should not penetrate them, and an approximate no-slip condition should be 

attained. We adapt the formulation of Adami et al. [1]. In this approach, the stress of soil 

particles near a solid boundary are extrapolated to the boundary particles, which enter the 

calculation through Equation (15). The boundary particles are also accounted for when 

calculating the deformation gradient of soil particles. Given a boundary particle, 𝑏, the stress 

associated with it is given as: 

𝑷𝑏 = ∑
𝑚𝑠

𝜌𝑠

[𝑷𝑠 + 𝜌𝑠𝒈𝑠⨂(𝒙𝑠 − 𝒙𝑏)]�̃�𝑏𝑠

𝑁𝑠

𝑠=1

 , (17) 

where 𝑠 refers to neighboring soil particles, and �̃�𝑏𝑠 is the normalized kernel given by 



6 
 

Alomir H. Favero Neto and Ronaldo I. Borja 

�̃�𝑏𝑠 =
𝑊𝑏𝑠

∑
𝑚𝑠

𝜌𝑠
𝑊𝑏𝑠

𝑁𝑠
𝑠=1

 . (18) 

The use of the normalized kernel ensures that a homogeneous state of stress is represented 

exactly. Based on numerical evidence, this formulation yields better geostatic stresses and for 

the range of simulations performed here, and no boundary penetration was observed. 

Furthermore, a no-slip boundary condition can be approximately achieved.  

4 LABORATORY-SCALE TESTS 

We implemented this formulation into a Python/Cython-based SPH code. Usage of Cython 

written modules allows us to keep the dynamic testing capabilities and syntax friendliness of 

Python, while achieving nearly C-speed with our code. In all the simulations described herein, 

we adopted an updated Lagrangian scheme, with updates of the reference configuration 

performed at every time step. This avoids instability problems arising from total Lagrangian 

schemes [38]. The code structure is very simple, with one main loop that marshals the simulation 

in time, and one inner loop for the constitutive update, required in the Newton-Raphson solver.  

In terms of constitutive models, we specifically utilized a hyperelastic-perfectly plastic 

model with a Drucker-Prager (DP) yield criterion. The elastic stored energy function chosen is 

known as the Henky model, given by 

Ψ =  
1

2
𝐾 ln(𝐽𝑒)2 + 𝐺‖𝒆𝑒‖2 , (19) 

where 𝐾 and 𝐺 are the elastic bulk and shear modulus of the soil respectively, 𝐽𝑒 is the Jacobian 

of the elastic part of the deformation gradient, and 𝒆𝑒 is the deviatoric part of the principal 

elastic logarithmic stretches.  

The DP yield criterion is given by 

ℱ = √3𝐽2 + 𝛼𝜙𝑝 − 𝑘 ≤ 0 , (20) 

where 𝐽2 =
1

2
𝑺: 𝑺, and 𝑺 is the deviatoric part of the Kirchhoff stress tensor. 𝛼𝜙 and 𝑘 are 

material parameters related to the Mohr-Coulomb parameters, 𝜙 and 𝑐, and are given for the 

plane strain case by 

𝛼𝜙 =
3√3tan (𝜙)

√9 + 12tan2(𝜙)
 , (21) 

𝑘 =  
3√3𝑐

√9 + 12tan2(𝜙)
. (22) 

The plastic potential 𝒬 for the non-associative flow rule is similar to the yield function and 

is given by 
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𝒬 = √3𝐽2 + 𝛼𝜓𝑝 , (23) 

where 𝛼𝜓 is calculated the same way as Equation (21), substituting the internal friction angle 

𝜙, by the dilation angle of the soil, 𝜓. 

4.1 Plane strain collapse of dry sand columns  

In this set of simulations, our goal was to reproduce the experimental results of [27] to 

validate our proposed approach and implementation. The experiments consisted of laterally 

contained sand in a rectangular channel that is instantly allowed to flow laterally. Lube et al. 

[27] determined that the final runout distance, 𝑑∞, and final height, ℎ∞, of the samples were 

only functions of a characteristic initial geometric parameter 𝑎 =  
ℎ0

𝑑0
. Figure 1 shows a 

schematic setup of the samples, and the geometric variable of interest. 

 

Figure 1: Plane strain sand column collapse: shaded area represents the initial column, and dashed curve 

represents the final geometry. 

We varied the ratio 𝑎 in our simulations from 0.5 to 10, and used two values of friction 

angle, 𝜙 = 33°, and 𝜙 = 37°. These values are similar to the ones used in other works [14,32,37] 

and serve as a good basis for comparison. The sand was considered cohesionless and in the 

critical state, 𝜓 = 0, consistent with other authors [11,21,30,33]. For all simulations, the initial 

interparticle distance was chosen equal to 0.02 m, tangent elastic modulus 𝐸 = 20.16 MPa, 

Poison ratio 𝜈 = 0.3, and time step ∆𝑡 = 5 × 10−5 s. All simulations ran for about 1.5 s. Due 

to the absence of cohesion, no artificial stress was introduced into the formulation. We also did 

not use any artificial viscosity or damping term to treat stress oscillation. Figure 2 below shows 

the simulation results on top of the prediction curves determined experimentally by Lube et al. 

[27], and numerically obtained with the SPH method by Szewc [37]. 
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Figure 2: Non-dimensional runout distance versus initial geometric ratio a. 

Based on our scatterplot, a least squares curve was adjusted, yielding the following 

relationship between the runout distance and the geometric ratio, a, for 𝜙 = 37°: 

(
𝑑∞

𝑑0
) = {

1 + 1.2𝑎                (0 ≤ 𝑎 ≤ 2.3),

1 + 1.83𝑎0.69               (𝑎 > 2.3).
  (24) 

The results agree very well with those reported in [27]. The median error between curves is 

approximately 1.45%, with a standard deviation of 0.71%. Even for 𝜙 = 33°, and 𝑎 > 8.0, the 

maximum error is approximately 12%. Figure 3 shows the same plot for the final height of the 

column.  

Once again, a least squares curve was fit to the scattered data of 𝜙 = 37° as follows: 

(
ℎ∞

𝑑0
) = {

0.98𝑎                (0 ≤ 𝑎 ≤ 1.15),

1.03𝑎0.69                  (𝑎 > 1.15).
  (25) 

Similar to the runout distance, the results agree very well with the equations proposed in 

[27]. The error in the linear range is 2.0%, while for the non-linear range it’s less than 7.0%.  

4.2 Analysis of the results  

There is a discrepancy between the numerical and experimental results. While experimental 

data show an invariance of the kinematics of flow with respect to the internal friction angle, the 

same is not true for the numerical model. This result is also observed by other authors [21,27,33,37]. 

The continuum representation with constant material parameters is not capable of recovering 

discrete effects, like the so-called granular inertia, and more sophisticated constitutive models 

and new physics must be added to recover such effects (see [32] for example). 
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Figure 3: Non-dimensional final height versus initial geometric ratio a. Solid curve is the same as the dashed one 

for the non-linear part, multiplied by a factor of 1.10.  

It is worth mentioning another aspect not presented here due to page limitations; that is, the 

matter of stress oscillation, very common to the SPH method. In our simulations, we did not 

include the traditional artificial viscosity term, or any other damping term. We did observe the 

same type of stress oscillation presented elsewhere [20,21]. Despite this oscillation, it is known 

that SPH (fortunately) can predict the kinematics of the flow fairly accurately despite such 

numerical phenomenon. We are currently investigating the use of different damping terms and 

solution techniques that could reduce stress oscillation within the context of finite deformations. 

When we simply adopted the standard artificial viscosity, we were able to obtain smoother 

stress fields. However, the typical checkerboard pattern persisted in the highly strained areas. 

5 CONCLUSION 

We presented a Lagrangian, finite deformation implementation of the SPH method. At the 

formulation's core is the multiplicative split of the deformation gradient [24]. To the knowledge 

of the authors, this is the first time such a formulation has been applied to granular flows in the 

context of the SPH method. The advantages of this formulation are numerous, and include: (a) 

bypassing rate equations for stress and strain, and the choice of an objective stress rate; (b) 

elimination of the so-called tensile instability if a total Lagrangian scheme is applicable; and 

(c) reduction of computational costs associated with neighbor searching algorithms for the total 

Lagrangian or updated Lagrangian schemes (the latter if the update is not performed at every 

time step), since the neighbor search algorithm can be performed only every certain number of 

steps, or only once for the total Lagrangian approach.  
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A boundary formulation adapted from the work of [1] and cast into the finite deformation 

framework was also proposed. This formulation is extremely simple and straightforward to 

incorporate into any SPH code. In all our tests, no penetration was allowed by this formulation 

and an approximate no-slip condition was attained. 

The finite deformation and boundary formulations were tested with great success by 

simulating laboratory-scale experiments with dry sand. Our results agreed very well with 

experimental data and peer-related papers. We were able to capture the overall kinematic 

behavior of the sediment, like the runout distance, final height and geometry of the final deposit. 

These are promising results that encourage future use of such an approach to field-scale 

problems like mudflows and debris-flows. Moving forward we are exploring new constitutive 

models, and techniques to reduce stress oscillation, as well as simulations of field-scale 

problems. 
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ABSTRACT

Seismic imaging of fractures has important applications in geothermal and hydrocarbon exploration, nuclear waste
disposal and CO2 storage. However, direct imaging is generally not possible, because typical seismic wavelengths
are much larger than the fracture thickness. Conversely, indirect imaging might be possible, as seismic waves
undergo strong attenuation in fractured media due to Fluid Pressure Diffusion (FPD). To better understand FPD in
fractured media, we perform numerical upscaling experiments on realistic samples. We model fractures as highly
compliant and highly porous features, while the background material is much stiffer and much less porous. In the
case of P-waves, an undrained compressibility test is applied to a representative sample of the fractured region of
interest. The rectangular sample is compressed by applying a harmonically oscillating vertical displacement along
its upper boundary. At the other boundaries no normal displacements of the solid phase are allowed. By solving the
quasi-static poroelastic equations in the space-frequency domain, we obtain through numerical upscaling the
frequency-dependent and complex-valued stress-strain relations of the probed sample, which then allow for
inferring the P-wave velocity dispersion and attenuation. For S-waves, shear tests are used in a similar manner.
Due to numerical limitations, such studies were so far limited to simplistic models of fractured media. In this study,
we use a newly developed finite-element code to consider fracture networks of realistic complexity and to
investigate FPD in relation to fracture connectivity and effective storativity. Computationally efficient and fully
&amp;amp;quot;hands-off&amp;amp;quot; adaptive meshing independent of the fracture geometry makes it
feasible to run simulations on a large number of stochastically generated realistic fracture networks.
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ABSTRACT

One of the most important aims of micromechanical modeling is the determination of effective properties of
materials containing cracks. Cracks can reduce significantly stiffness and strength of materials. Therefore, it is very
important to know the influence of cracks on the overall material properties. Additionally, knowledge about the
effective properties can be used to estimate density of defects. Theoretical methods usually give accurate results
for low densities of cracks having simple geometry. More general cases can be considered using numerical
methods. The aim of the work is analysis of effective elastic properties (Young modulus and Poisson ratio) of plates
containing high-density cracks. Materials with branched and intersecting cracks regularly or randomly distributed
and oriented are considered. A possible contact of crack surfaces is taken into account. The effective properties are
calculated using representative volume elements (RVE) with a large number of cracks. The RVEs can contain
cracks in the interior or cracks intersecting boundaries. Many RVEs are analyzed in order to obtain statistically
representative results. The RVEs are modeled by using the boundary element method (BEM). The BEM allows
simple generation of RVEs with cracks and gives very accurate results [1]. Average strains and stresses in the
RVEs are computed using boundary displacements and tractions, which are directly obtained by the BEM. In order
to compute effective properties different boundary conditions are imposed on the RVEs: displacements, tractions
and mixed conditions. The effect of the size of RVEs on accuracy is studied. An influence of density and orientation
of cracks on effective properties are analyzed. Additionally stress intensity factors (SIF) are computed using the
path independent J-integral. The maximal and average SIFs in the RVEs are calculated. The computed overall
properties are compared with theoretical predictions and available numerical results presented in the literature.
Materials with high-density cracks have small Young moduli, however there is no direct quantitative correlation
between the stiffness and fracture. Local positions of cracks have strong influence on stress intensity factors while
the effective modulus, which is a volume average quantity, is less sensitive to such distributions. 1. Fedelinski P.,
Analysis of representative volume elements with random microcracks, Chapter 17, Computational Modelling and
Advanced Simulation, Eds Murin J. et al., Computational Methods in Applied Sciences 24, Springer
Science+Business Media B.V., pp. 333-341 (2011). Acknowledgement: The scientific research is financed by
National Science Centre, Poland in years 2016-2019, grant no. 2015/19/B/ST8/02629.
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ABSTRACT

Thermal buckling analysis of composite laminates with variable angle tows is presented in this study. Three order
shear deformation plate theory, in conjunction with Chebyshev-Ritz method, is employed in the current formulation.
It is assumed that fibre angle of each layer varies linearly along the length of composite laminate and the critical
thermal buckling loads of composite laminates with variable angle tows under different boundary conditions and
uniform temperature rise are solved. Numerical results are compared with those existed in references and the
accuracy of the solutions is validated. Moreover, the effect of different fibre paths and boundary conditions on the
critical thermal buckling loads is discussed in numerical examples. It is found that the critical thermal buckling loads
of laminate plates with variable angle tows can be improved by selecting proper fibre paths. The numerical results
show the critical thermal buckling loads of variable angle tows composite plates under boundary conditions
considered can be greatly improved compared with traditional laminates with linear fibers. The results obtained
here can provide a reference for the design of this new kind of variable stiffness structures.
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ABSTRACT

Ratcheting is defined as the accumulation of plastic strains during cyclic plastic loading. Simulating ratcheting is
extremely difficult because any small error in plastic strain during a single cycle will add to become a large error
after many cycles. Multiaxial ratcheting is particularly difficult to simulate, because not only must the amount of
plastic strain be predicted, but also the direction of the plastic strain. Most constitutive models for metals use the
associative flow rule which states that the plastic strain increment is in the direction normal to the yield surface.
With the associative flow rule, it is imperative to have the shape of the yield surface predicted accurately because
relatively small deviations in shape may result in significant deviations in the normal to the yield surface and thus
the plastic strain increment. These deviations in the normal the yield surface can accumulate over many cycles to
give large errors in the overall ratcheting strain. In order to improve predictions of multiaxial ratcheting, we use
constitutive models that include the evolution of the shape of the yield surface. In particular, we present several
recent models that include directional distortional hardening (DDH). Directional distortion is the change of shape of
the yield surface such that a region of high curvature develops approximately in the direction of loading and a
region of flattening develops approximately opposite to the direction of loading. DDH has been observed on a wide
variety of metals when a sensitive enough definition of yield is used. The models also include advanced kinematic
hardening (KH) rules that have been specifically developed to improve ratcheting predictions. In this work, we
compare the simulations using DDH models to those with KH alone and experimental data for multiaxial ratcheting
from the literature. Furthermore, we compare results using different step-sizes and numerical schemes to ensure
convergence of these models in the simulations. Results suggest that directional distortional hardening can improve
ratcheting predictions, however the addition of directional distortional hardening yields relatively small
improvements compared to kinematic hardening alone. This strongly suggests the need for additional modeling
developments in order accurately predict ratcheting strains under a wide variety of cyclic plastic loadings.
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ABSTRACT

Magnetic shape memory alloys (MSMAs) are interesting materials because they exhibit large recoverable strain (up
to 10%), in response to magnetic or mechanical loading, and fast response time (higher than 1 kilohertz). These
characteristics of the MSMAs make them potentially suitable for development of actuators, sensors, and power
harvesters. The macroscopic behavior of MSMAs is explained by the fact that the material’s martensitic phase
comprised of tetragonal unit cells at room-temperature. The different configurations of these tetragonal unit cells
are considered different variants of the micro-structure. When no external field is present, the short side of the
tetragonal unit cell is approximately parallel with the easy axis for the internal magnetization vector intrinsic to each
cell. To minimize magnetic energy, this internal magnetization vector tends to align with external fields. However, in
MSMAs, it is easier to achieve this alignment through variant reorientation that by rotating the internal
magnetization vectors away from the easy axis. Thus, in the presence of a magnetic field, variant reorientation
often occurs. The variants may also reorient in order to align the short side of the unit cell with an applied
compressive stress. Variant reorientation leads to mechanical strain and an overall change in the material’s
magnetization, which can be used for actuation and sensors and power harvesters, respectively. In this work, we
explore several constitutive models for the macro-scale behavior of MSMAs. All models are thermodynamics based
and ensure that dissipation is positive during any type of loading. However, the discussed models make different
assumptions relative to the relevant energy terms and/or the micro-mechanics of MSMAs. For example, we
consider models with and without demagnetization included in the Gibbs free energy, and models with and without
the rotation of the magnetization vector away from the easy axis. Comparison of these models’ predictions facilitate
the understanding of the features that are most important for the formulation of a robust constitutive model for
MSMAs. In addition to comparing all these models to each other, they are calibrated and validated with
experimental results. For calibration, only the material response under mechanical loading is considered, while for
validation, model predictions of material’s global strain under various magnetic and mechanical loadings is
considered. Care is taken to ensure that the model’s magnetic inputs correctly correlate to experimental conditions,
given the lack of clarity in the literature on the difference between applied and effective magnetic field.
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ABSTRACT

The high speed progressive failure of woven composites is investigated for automotive crash applications. The
material of interest is a 2x2 twill glass fabric embedded in a polyamide 6,6 matrix, designed specifically to address
the needs of this industry. A constitutive model is proposed to take into account the influence of strain rates
between 0.0001 and 100 /s, which are commonly observed in high speed automotive impacts. The originality of the
model lies in its modular formulation, where rate effects are introduced as a supplementary mechanism to an
otherwise rate-independent damage elastic-plastic model [1]. As well, a dedicated identification procedure allows all
rate effect parameters to be independently identified. Concerning the dynamic simulation of composite structures,
such a model may cause a loss of uniqueness of the response if softening regularization is not properly introduced.
In this work, a bounded rate damage model is used solely for regularization [2]. It is not used to take into account
any physical damage rate effects, related to the speed of Rayleigh waves, which occur at much smaller
characteristic times. Several key points related to the use of bounded rate models for regularization purposes are
presented. First, bounded rate models enforce a strict upper bound for damage rate. Effectively the damage flow
law is affected progressively and does become rate-dependent. We will see how a few precautions in the material
parameters and a strict separation of the rate effects – those of interest for the simulation and those used for
softening regularization – allow keeping the damage law rate-independent for the considered range. In a second
part, the identification of the remaining parameters of the bounded rate model and the effectiveness of the
regularization are examined. It will be shown how time and space convergence must be achieved, using time step
and mesh refinement respectively, in order for the bounded rate model to prevent loss of uniqueness. As long as
the physical rate effects of damage are not sought, an ideal relation between material parameters and time step
may also be prescribed in order to limit refinement to the strict necessary minimum, while ensuring regularization.
[1] Feld et al. A novel approach for the strain rate dependent modelling of woven composites. Composites
Structures, under review. [2] Allix. The bounded rate concept: A framework to deal with objective failure predictions
in dynamic within a local constitutive model, IJDM 22 (6), 2013.
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ABSTRACT

Structure model index (SMI) has been the de facto standard to measure the plate to rod transition during
progression of the bone disease osteoporosis (and its animal models) since the 1990s. Studies based on SMI
suggest that an initially more plate-like trabecular bone geometry becomes more rod-like during bone mass loss.
SMI, however, is seriously biased by bone mass [1]. It is therefore unclear whether reducing bone mass is
accompanied by an independent change in geometry. We implemented Ellipsoid Factor (EF) [2] to quantify plates
and rods within three-dimensional images in BoneJ2, a plugin collection for ImageJ2, and applied it to images of
trabecular bone from bone-loss series. EF relies on axis ratios of ellipsoids that are inscribed within the trabecular
bone, and is therefore necessarily unbiased by bone mass, measured as volume fraction (BV/TV). We performed
finite element simulations with FEniCS using a validated elastic-plastic constitutive law [3] on the same trabecular
bone volumes to explain how rod-plate changes, if they exist at all, influence the apparent modulus, apparent yield
strength and, ultimately, fracture risk. [1] Salmon, P. L. et al. (2015) ‘Structure Model Index Does Not Measure
Rods and Plates in Trabecular Bone’, Frontiers in Endocrinology, 6. doi: 0.3389/fendo.2015.00162. [2] Doube, M.
(2015) ‘The Ellipsoid Factor for Quantification of Rods, Plates, and Intermediate Forms in 3D Geometries’, Frontiers
in Endocrinology, 6. doi: 10.3389/fendo.2015.00015. [3] Schwiedrzik, J. et al. (2016) ‘Experimental validation of a
nonlinear ?FE model based on cohesive-frictional plasticity for trabecular bone’, International Journal for Numerical
Methods in Biomedical Engineering, 32(4), doi: 10.1002/cnm.2739.
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ABSTRACT

Geometrically noniinear structural FEM was introduced in 1960 in an article by Turner, Dill, Martin and Melosh. It
evolved rapidly over the next 25 years. The three Lagrangian kinematic descriptions (LKD) in used today: Total
Lagrangian (TL), Updated Lagrangian (UL) and Corotational (CR) appeared over the period 1965-1985, and
eventually found their way into production FEM codes. Yet none of the three can be viewed as universally
applicable because they display strengths and weaknesses that limit their application range. For example, TL finds
it hard to cope with very large rotations, whereas CR is hampered by truly large, flow-like deformations. To increase
the range, some commercial FEM codes are trying to implement two LKD. But this can be an expensive undertaking
since it involves recoding the entire FEM library, which may involve millions of code lines. Can be a unified
kinematic description be implemented in a single library? The idea is that the user would pick the one that best fits
the target problem, like flipping a three-way switch. The presentation describes research in progress that attacks
that problem. The basic tool is use of a finite strain measure originally proposed by Seth in 1964 for 1D and
extended to 3D tensorial form by Hill in 1981. The Seth-Hill (SH) family has a parameter m called the SH index that
varies from 2 to -2. It embodies several well known Lagrangian measures, e.g. Green-Lagrange for m=2, Biot for
m=1, and Almansi-Hamel for m=-2. Their Eulerian counterparts can be obtained by switching tensors in the polar
decomposition. While offering a nonlinear FEM course, the first author discovered that the nonlinear bar element in
3D could be universally formulated within the SH framework, with the TL, CR and UL forms of the residual and
stiffness equations emerging for three m values. Thus a bar element module equipped with the SH index as
argument, could produce the three standard descriptions, as well as an infinity of other ones, without need of
extensive recoding. E.g., settting m=0 would give the Hencky or logarithmic measure, which is preferred by many
workers for modeling finite strain elastoplasticity. Extension to the 3-node triangle in 3D is being investigated, using
``natural stretch gages&apos;&apos; -- an extension of the ``strain node&apos;&apos; concept developed by the
first author in his 1966 thesis, which later evolved into the assumed natural strain (ANS) formulation. Preliminary
results appear encouraging.
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ABSTRACT

Continuous discontinuous element method (CDEM) is an explicit numerical method, which is based on generalized
Lagrangian equation. According to combining the algorithms of continuous media and discontinuous media
together, and by way of element fracturing and edge fracturing, the progressive failure process of rock mass could
be simulated well. Rock blasting is a complicated process, involving explosive detonation, stress wave propagation,
detonation gas flowing, rock fragmentation, fragments flying and accumulation. To obtain a reasonable numerical
result, Landau firing explosive model is adopted to precisely calculate the blasting effect, gas flow model based on
crack channel is introduced to simulate rock fracturing under detonation gas, elastic-damage-fracture constitutive
law is used to describe the damage and fracture process of rock, and semi-spring &amp; semi-edge combined
contact model is introduced to efficiently calculate the flying, collision and accumulation process of large number of
fragments. The numerical simulation of explosion crater test is carried out. Flying velocity of fragments, size
distribution of fragments and crater volume obtained by numerical simulation are more or less the same as those
obtained by experiment, which demonstrates that CDEM and corresponding models is good at simulating rock
blasting process. Based on the blasting technology in south region in Anqian open-pit mine in China, a generalized
three-dimensional bench blasting model with 3 rows and 21 bore holes is set up, and the complete process from
explosive detonation to muckpile formation is carried out. Numerical results show that, except the tensile crack
behind the blasting area, the muckpile shape and heaving degree obtained by numerical simulation are accordant
with the ones obtained by field test to some extent, which demonstrates the feasibility to simulate the
three-dimensional bench blasting by CDEM.
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University of Petroleum

ABSTRACT

The smooth particle hydrodynamics (SPH) method is a Lagrangian method, which is widely used to solve the
problem of high velocity impact. Therefore, the study of abrasive water jet cutting with SPH method also has its
unique advantages. At present, when using the SPH method to study the problem of abrasive water jet, the
following methods are mainly used:?Basing on the volumetric flow rates of the two materials, the volume
percentages of water and abrasive can be achieved. Then the randomized algorithm is utilized to realize the
percentage of two kinds of SPH particle numbers and their distribution. This simplified model neglects the shape
parameters of abrasive particles. Therefore, it is impossible to study the effect of different shapes and sizes of
abrasive particles on the cutting performance. ?The model of coupled SPH-FEM is used to simulate the cutting
process of abrasive jet. With appropriate material models, it is capable to simulate the relevant damage
phenomena in AWJ impact process. However, abrasive particles usually have irregular shape with angularity.
Impacts of such particles can cause large plastic deformation or even material removal, which may result in the
heavily distorted elements leading to poor accuracy. It is known that most the element-based methods have the
similar difficulties. Based on the reasons above, a new calculation model is proposed to study the effect of abrasive
particle parameters on cutting performance in this paper. In the method, both fluid and solid are described by SPH,
in which water is modeled as viscous fluid with weak compressibility, and metallic target is modeled as
elastic-plastic material. Abrasive particles are explicitly included inside the water jet flow and modeled as rigid
bodies with specific shape. The interactions among fluid, solid, and abrasive, are modeled using suitable
techniques that are commonly used in SPH. With the help of this model, the following work has been completed:
The effects of different shapes of abrasive particles on the cutting performance during the cutting process are
simulated. The simulation results show that the efficiency of the angular abrasive particle cutting is higher than that
of the spherical abrasive particles, but in the process of removing the target material, the shape of the exfoliating
material is irregular, indicating that the tangent surface of the angular abrasive particles is worse than the spherical
particles. At the same time, the interaction between the abrasive particles can also be obtained.
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Multiscale Modeling of the Primary Cilium
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ABSTRACT

We develop a multiscale modeling method to predict the stress and mechanical behavior of a cell with a primary
cilium during the thermal fluctuation or deformation under fluid flow. The primary cilium is a microtubule-based
organelle that extends from the surface of most vertebrate cells. The cilium has been shown to play important roles
in both biophysical and biochemical changes in the extracellular environment. As a fluid sensor, the mechanical
and structural properties of the cilium and how these properties contribute to the mechanical sensing channels
opening are still incompletely known. Our model shows the response of different parts of the cilium cell in
mesoscale level. In our model, dissipative particle dynamics (DPD) method is used for both fluid flow and cell
particles. Microtubules, centrosome, membrane, nucleus and other important organelles are included and analyzed
in our whole cell model. During the thermal fluctuation and deformation in fluid flow, the rotational spring of the
centrosome and the bending stiffness of cilium compete with each other to control this process. In our simulation,
we study the effects of microtubules bending rigidity, bilayer bending stiffness and actin cortex shear stiffness in
this competition. We provide detailed deformation and stress of the cilium at the mesoscale level in fluid flow and
thermal fluctuations with or without the optical trap.
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ABSTRACT

Many researchers are exploring thermomechanical modeling of the laser powder bed fusion (PBF) process to gain
insights into residual stresses and distortions arising during this metal additive manufacturing process. This is a
challenging problem due to the range of scales: temporally from miliseconds for local material transformation to
hours and days for overall part fabrication; spatially from 100 microns for the local melt pool versus overall part
dimensions. Various approaches are being pursued to identify and implement abstractions rendering the problem
computationally tractable while still yielding results providing meaningful insights. We are adapting a general
purpose, nonlinear thermal-mechanical finite element code to model the PBF process. First touching upon some of
our earlier successes modeling PBF for a stainless steel [1], we then survey challenges we have encountered as
we attempt to model more general configurations and material systems. These difficulties have motivated
reexamination of our assumptions and approaches, pointing the way toward more general and robust 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. LLNL-ABS-744404.
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ABSTRACT

Many researchers are exploring thermomechanical modeling of the laser powder bed fusion (PBF) process to gain
insights into residual stresses and distortions arising during this metal additive manufacturing process. This is a
challenging problem due to the range of scales: temporally from miliseconds for local material transformation to
hours and days for overall part fabrication; spatially from 100 microns for the local melt pool versus overall part
dimensions. Various approaches are being pursued to identify and implement abstractions rendering the problem
computationally tractable while still yielding results providing meaningful insights. We are adapting a general
purpose, nonlinear thermal-mechanical finite element code to model the PBF process. First touching upon some of
our earlier successes modeling PBF for a stainless steel, we then survey challenges we have encountered as we
attempt to model more general configurations and material systems. These difficulties have motivated
reexamination of our assumptions and approaches, pointing the way toward more general and robust modeling. We
will conclude this talk with some reminiscences of fulfilling years spent studying under and working with Thomas
J.R. Hughes. 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-744404.
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ABSTRACT

Introduction: Computational and biomechanical modelling of cranial ballistic wounding can inform the forensic
process. One particular type of evidence from a cranial ballistic impact is called ‘backspatter’. Backspatter is fluid
and brain particle spatter originating from the entry site and travelling against the direction of the bullet, towards the
shooter. The reverse directionality of the backspatter has specific evidential value, as it may establish a link
between the victim and the shooter via transfer of biological matter as well as positions of the persons involved [1].
Currently, animal and physical models are used to model cranial ballistic wounding and backspatter. However,
these models are of high cost and require long manufacturing and setup time. More recently, high performance
computing has been used to overcome many ethical and practical costs associated with ballistic research. This
study presents an accurate computational model, representing highly complex human anatomy and material
properites, to be used as a surrogate cranial model to study gunshots, with specific interest to the ‘backspatter’
problem. Methods: A computational model of a human cranium geometry based on a live female MRI scan was
developed consisting of three layers of scalp-skull-brain geometry. The ballistic event was computationally
simulated using smooth particle hydrodynamics (SPH) [2], a meshless particle based method, for a projectile shot
from a distance of 1 m. The simulation result was validated against a ballistic experimental result of a matching
physical model which had equivalent geometry and simulant materials. A high speed video was sampled at the
same frame rate as the time steps of the SPH simulation. Results and Discussion: The computational model
qualitatively reproduced the forward and backspatter particle spray pattern observed in the experiment. Quantitative
evaluation of speed, timing and quantity of particles were also consistent. The blowout shape associated with the
ballistic event also compared well to the experiment. The tail splash and temporary cavitation mechanisms were
both observed and confirmed as major backspatter mechanisms when the subcutaneous gas pocket mechanism
was eliminated. The model can be used to evaluate simulant material selection, projectile type and speed impact as
well as reveal ‘backspatter’ patterns relative to the projectile conditions to support forensic evaluation. References:
1. Karger B et al, Forensic Pathology Reviews, Totowa, United States, p. 139-172, 2008. 2. Gingold RA and
Monaghan JJ, Monthly notices of the Royal Astronomical Society. 181:375-389, 1977.
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ABSTRACT

The simulation of industrial applications —- such as crashes, impacts, and explosions —- is a real challenge both
from a numerical and industrial point of view. Explicit time integrators are widely used in order to treat them, and
though they are conditionally stable, they do not require any iterations to deal with non-linearities. Another difficulty
is the generation of large meshes. In many industrial applications, such as nuclear safety simulations, it is
necessary to locally modify the geometry or physical properties of the model to allow for different settings to be
tested. In this paper we propose a multi-model approach for local changes in the geometry of a problem. A first
mesh, called the substrate, represents the main geometry, while a second one, called the ‘patch&amp;apos;, locally
improves the modeling of the problem. The patch is independently meshed and superimposed using the Arlequin
framework: the kinematic quantities are weakly set equal on a coupling zone and weight parameters are used to
represent the relative significance of each model. In this paper we treat the explicit integration (central difference
scheme) of the interaction between a fluid (ideal gas), modeled by the Euler equations, and an elastodynamic
structure. For both the fluid and structure the momentum equation is considered in non-conservative form and
treated using the FEM. The mass and energy conservation are considered in their conservative form and treated in
FV. The weight parameters are used to compute the mass matrix and the forces. Thus, they strongly impact the
stability of the system and the time step can drop to zero. We present diagonalizing techniques to circumvent this
issue. Also, for the momentum equations, the choice of weight parameters is critical. They need to be constant
within each element in the coupling zone, and are, therefore, discontinuous across models. In the equilibrium
equation for the fluid the pressure forces are weighted so that a force between two elements having the same
pressure but different weight arises. Our study quantifies the impact of these ghost forces and proposes to filter
them by enriching the coupling. For both the mass and energy conservation equations, either the Arlequin method
or a Chimera-like approach can be used. When using the Arlequin framework the use of continuous weight
parameters simplifies the computation of boundary conditions. Both approaches are tested and compared with a full
chimera approach for the fluid on relevant cases.



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

Numerical Methods for Fluid-structure Interaction with Immersed
Thin-walled Solids

Miguel A. Fernández*, Jean-Frédéric Gerbeau**, Ludovic Boilevin-Kayl***

*Inria Paris, **Inria Paris, ***Inria Paris

ABSTRACT

The numerical methods for the simulation of elastic thin-walled bodies immersed in an incompressible viscous fluid
typically fall into one of the following two categories: fitted mesh and unfitted mesh methods. Fitted mesh methods
are known to deliver optimal accuracy for moderate interface displacements, but they become cumbersome or lose
efficiency in presence of topological changes (e.g., due to contacting solids). Unfitted mesh methods, such as the
Immersed Boundary/Fictitious Domain methods, allow for arbitrary interface displacements. Nevertheless, this
flexibility comes at a price: the mismatch between the fluid and solid meshes complicates the interface coupling
(e.g., introduction of Lagrange multipliers). Among these unfitted mesh alternatives, we mention the Fictitious
Domain (FD) method [1] and the recently proposed Nitsche-XFEM method [2]. The FD method with Dirac Lagrange
multipliers [1] is relatively simple to implement (only interpolation between meshes are required). Nevertheless, it is
known to yield suboptimal accuracy in space and potential interfacial mass loss due to the continuous nature of the
pressure approximations across the interface. The Nitsche-XFEM method [3] combines an overlapping mesh
treatment of the discrete interfacial discontinuities with a fully consistent enforcement of the interface coupling
(Lagrange multipliers free) which guarantees optimal accuracy. However, this requires a specific track of the
interface intersections and the integration over cut elements which demands a much more involved implementation.
In this work, we provide a comparison of these two approaches on several FSI benchmarks involving moving
interfaces and topology changes, which illustrate their respective performances in terms of accuracy. This work has
been supported by the start-up companies Kephalios and Epygon through the MIVANA project. References: [1] N.
Diniz dos Santos, J.-F. Gerbeau, J.-F. Bourgat. A partitioned fluid–structure algorithm for elastic thin valves with
contact, Comput. Methods Appl. Mech. Engrg., 197, (2008), 1750-1761. [2] F. Alauzet, B. Fabrèges, M.A.
Fernández, M. Landajuela. Nitsche-XFEM for the coupling of an incompressible fluid with immersed thin-walled
structures, Comput. Methods Appl. Mech. Engrg., 301, (2016), 300–335.
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ABSTRACT

Analysis of lithium-ion battery performance and degradation presents many multi-physics challenges as we look to
understand the plethora of coupled mechanisms occurring within a single electrode. Electrochemical reactions in
the active material introduce mechanical stresses as cathode particles swell upon lithium intercalation. The
presence of a secondary conductive binder phase additionally complicates these mechanisms, altering ionic and
electronic conduction pathways, masking available surface area for reaction, and buffering mechanical contacts.
Furthermore, mechanical strain in this polymeric phase affects the material’s electrical conductivity. These
phenomena result in an inextricable electrochemical/mechanical coupling which must be carefully addressed in any
computational simulation. This talk will cover complications arising from these coupled physics as well as the mesh
characteristics required for accurate mesosctructure reconstruction and system convergence. The conformal
mesoscale meshes of particle, conductive binder, and electrolyte phases are generated by the Conformal
Decomposition Finite Element Method (CDFEM) algorithm, derived directly from 3D computed tomography data of
Li-ion cathodes. Here, we will discuss the effect of mesh resolution on key electrochemical properties and behavior
of the half-cell during discharge, the impact of dimensionality on convergence, and computational scalability from a
simple two-particle model to a full-thickness cathode reconstruction. 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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ABSTRACT

We evaluate the benefits of applying vectorization to the numerical routines of GeoClaw, a software designed for
simulation of depth-averaged geophysical flows. GeoClaw provides a framework for simulations with Finite Volume
Methods including Adaptive Mesh Refinement based on layered Cartesian patches and shared memory
parallelization (OpenMP). In this work, we considered two different numerical models currently implemented in
GeoClaw. The first one is based on plain Shallow Water Equations with a single layer, while the second one uses
Shallow Water Equations with two vertical layers, as described in [1]. Our prime focus was to vectorize the
Riemann solvers used in the simulations, because they represent the majority of the computational costs in both
numerical models. That was accomplished by reorganizing the application data structures such as to make them
suitable for vectorization and by adding compiler directives where necessary. Since we rely on auto-vectorization
by the compiler, our implementation is portable across various architectures with different SIMD instruction sets. As
experimental platform, we use two modern architectures with considerable SIMD vector width: Intel Xeon (Haswell
architecture) and Intel Xeon Phi (Knights Landing architecture - KNL). The Haswell processor uses the AVX2
instruction set (256-bit), which is supported by various recent processors; and the KNL uses the AVX-512
instruction set (512-bit), which is supported by the most modern Intel processors and is expected to be supported
by the next generations of Intel processors [2]. On the KNL processor, our performance experiments have shown
improvements ranging from 2.9 to 5.7 times in the efficiency of the solver subroutines. On the Haswell processor,
we have experienced more modest improvements, ranging from 1.5 to 2.1 times. References: [1] Mandli, K.T.,
2013. A numerical method for the two layer shallow water equations with dry states. Ocean Modelling, 72,
pp.80-91. [2] Intel, 2017. Instruction Set Extensions and Future Features - Programming Reference. Available at: ht
tps://software.intel.com/sites/default/files/managed/c5/15/architecture-instruction-set-extensions-programming-refer
ence.pdf
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ABSTRACT

ABSTRACT Multiaxial fatigue is a phenomenon responsible for the failure of several types of mechanical
components. Traditionally, models such as Smith-Watson-Topper and Fatemi-Socie, e.g., are successfully used in
predicting fatigue life in proportional multiaxial loads under constant amplitude. However, such models usually fail
to adequately predict failures in cases where variable amplitudes and/or non-proportional multiaxial loads are
employed. Thus, alternative approaches (continuous damage mechanics [1] and micromechanics of voids, e.g.)
have been used to predict fatigue life under complex loads. An improved Lemaitre’s model with the function of
damage denominator dependent from the level of triaxility, normalized third invariant and two calibrations points
(one axial and other torsional) was successfully used by Malcher and Mamiya [2] as a way of improving the results
obtained in monotonic loads under different levels of triaxiality. In the present work the improved Lemaitre’s model
[2] was used to predict lives in multiaxial fatigue for SAE 1045 stell specimens [3]. The kinematic hardening effect
was modeled according to Chaboche’s model with 3 backstress terms (2 non-linear and 1 linear). Additionally, an
interpolator function was used to determine the damage denominators under axial and torsional conditions. The
techniques adopted produced satisfactory results in the analyzed cases. REFERENCES [1] Lemaitre, J., Desmorat,
R., 2005. Engineering Damage Mechanics: Ductile, Creep, Fatigue and Brittle Failures. Berlin: Springer. [2]
Malcher, L., Mamiya, E.N., 2014. An improved damage evolution law based on continuum damage mechanics and
its dependence on both stress triaxiality and the third invariant. Int. J. Plast. 56, 232-261. [3] Leese, G.E., Socie, D.,
1989. Multiaxial Fatigue: Analysis and Experiments. Advances in Engineering, AE-14. Society of Automotive
Engineers.



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

Out-of-the-Box and Ready-to-Print Optimized Structures in Additive
Manufacturing Processes

Nicola Ferro*, Stefano Micheletti**, Simona Perotto***

*Politecnico di Milano, **Politecnico di Milano, ***Politecnico di Milano

ABSTRACT

The recent spread of Additive Manufacturing (AM) techniques has undoubtedly raised interest in a deeper
knowledge of production processes and of their potentialities. From an engineering point of view, there is a strong
concern in understanding the actual benefits brought by AM, with respect to traditional (subtractive) techniques, still
massively exploited. In particular, it is widely agreed that, to take advantage of the peculiar features of AM
processes, structures have to be conceived via new paradigms, free from the standard constraints of subtractive
procedures. In this respect, topology optimization (TO) provides a relevant mathematical tool for the design of
geometries characterized by completely new shapes and features. SIMP (Solid Isotropic Material with Penalization)
method represents one of the approaches to TO most frequently investigated in the literature [1]. In more detail,
SIMP identifies the optimal material distribution inside an assigned design domain and under certain constraints on
the final configuration. Nevertheless, variants of SIMP have been proposed in the literature to overcome some
issues arising from the basic procedure and to increase the quality of the resulting structures. In this presentation,
we focus on two distinct design objectives, namely, a) a ready-to-print and b) an out-of-the-box optimization. In the
first case, we aim at designing structures which are almost ready for the industrial production, containing any
post-processing (e.g., smoothing) technique as much as possible. For this purpose, we propose to enrich SIMP
algorithm with the employment of computational meshes strictly customized to the optimization procedure [2].
Objective b) is pursued by properly combining a shape [3] with a topology optimization procedure, with an additional
benefit on the objective functional to be minimized. For both goals a) and b), after introducing the background
mathematical setting, we provide the implemented algorithms assessed on benchmarks as well as on more
challenging structure configurations. [1] M. P. Bendsoe and O. Sigmund, Topology optimization: theory, methods,
and applications, Springer Science &amp;amp; Business Media, 2013. [2] S. Micheletti, S. Perotto, L. Soli,
Ottimizzazione topologica adattativa per la fabbricazione stratificata additiva, Italian patent application No.
102016000118131, filed on November 22, 2016 and International patent application PCT (No.
PCT/IB2017/057323), 2017. [3] G. Allaire, F. Jouve, and A. M. Toader, A level-set method for shape optimization,
Comptes Rendus Mathematique, Vol. 334, pp. 1125-1130, 2002.
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ABSTRACT

Automated and rigorous error estimation and mesh adaptation techniques have already dramatically improved the
robustness and reduced the cost of simulating complex steady and deterministic unsteady flows. Yet the
applicability of these methods to chaotic flows, such as large-eddy simulations (LES), remains a challenge due to:
(1) the non-deterministic nature of the physics, which stifles state-of-the art output-based error estimation methods;
(2) pollution of statistical outputs by sampling errors due to finite-time integration; and (3) the wide range of length
scales requiring resolution, which demands meshes that tax computational resources even on today&apos;s
high-performance machines. The present work addresses these challenges through output-based approaches,
which offer a mathematical framework for high accuracy and robustness by focusing discretization attention on only
those regions that are important for the prediction of a specified quantity of interest. We demonstrate the robustness
and efficiency of novel verification, adaptation, and optimization techniques for practical compressible
Navier-Stokes simulations of engineering interest. We show that existing output-based error estimation and
adaptation methods can be modified to simulate flow problems that exhibit small-scale unsteadiness, such as
small-amplitude vortex shedding off an airfoil at moderate Reynolds numbers. On the other hand, for more
challenging problems, in which unsteady, non-periodic flow features consume more of the computational domain,
traditional output-based verification methods fail due to adjoint instabilities. Formal adjoint regularization techniques,
such as least squares shadowing (LSS), address this problem but at a steep computational cost. We therefore
combine LSS with reduced-order modeling to improve efficiency of error estimates, which then drive mesh
adaptation. Results with prototypical chaotic systems and the compressible Navier-Stokes equations demonstrate
the applicability of these methods for verification of statistical outputs of engineering interest.
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Computational Methods for Subject-Specific Blood Flow Modeling
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ABSTRACT

Advances in computational methods and three-dimensional imaging techniques have enabled the quantification of
cardiovascular mechanics in subject-specific anatomic and physiologic models. Research efforts have been
focused mainly on the following key areas: i) pathogenesis of vascular disease, ii) development and optimization of
medical devices, iii) virtual surgical planning, and iv) non-invasive diagnostics. However, despite great initial
promise, the actual use of patient-specific computer modelling in the clinic has been very limited. Clinical diagnosis
still relies on traditional methods based on imaging and invasive measurements. Invasive trial-and-error paradigms
are often seen in vascular disease research, where animal models are used profusely to quantify simple metrics
that could be evaluated via non-invasive computer modelling techniques. Lastly, medical device manufacturers rely
mostly on in-vitro models to investigate the anatomic variations, arterial deformations, and biomechanical forces
needed for the design of medical devices. Our research team has been developing a set of tools for simulation of
image-based hemodynamics (CRIMSON) that aims to bridge the gap between the research world and the clinic.
The main features of the CRIMSON simulation environment are: i) A parallel blood flow solver with Fluid-Structure
Interaction capabilities and Multi-scale inflow and outflow boundary conditions. ii) A modern GUI for medical image
data segmentation based on the Medical Imaging Interaction Toolkit (MITK). iii) Libraries for automatic estimation of
parameters required for boundary and material parameter specification. These parameter estimation routines are
based on Kalman-filtering theory. iv) Routines to enable the automatic simulation of transitional cardiovascular
stages. These routines mimic the action of key cardiovascular functions such as the baroreflex, and local
auto-regulations such as those in the coronary and cerebral circulations. In this talk, we will provide an overview of
the most novel features for the software, specifically the functions for parameter estimation and simulation of
transitional stages, and highlight a series of future developments for the project.
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ABSTRACT

Coupling hemodynamics with growth and remodeling of pulmonary arterial vessels is crucial for understanding the
progress of incurable diseases such as pulmonary arterial hypertension. Progressive thickening and/or stiffening of
distal pulmonary vessels yield to an increase in pulmonary arterial pressure which can lead to fatal right heart
failure. In this work, we extend a fluid-solid growth formulation [ ] for modeling stress-mediated tissue growth and
remodeling in pulmonary arterial tree. Key components that must be incorporated in the modeling effort include: a
fractal tree model of blood flow in the distal pulmonary arterial tree; a high-resolution, image-based 3D
hemodynamic model; appropriate characterization of the model parameters; and, most importantly, growth and
remodeling formulations to describe the disease progression in proximal and distal vessels. The present work is the
first step, which focuses on developing a multiscale hemodynamic model of the cardiopulmonary circulation. This
model will enable defining homeostatic baseline states for the subsequent growth and remodeling studies. The
presented problem has both spatial and temporal multiscale phenomena. The spatial multiscale (multi-resolution)
represents the fluid dynamics problem in the distal vasculature tree via impedance boundary conditions assigned at
the outflows of the image-based 3D model. We use a coupled-momentum method [ ] for modeling fluid-solid
interactions, and a coupled multidomain approach for defining outflow impedance boundary conditions utilizing a
Dirichlet-to-Neumann framework. The impedance boundary condition is calculated from analytical solutions utilizing
Womersley’s theory of pulsatile flow in deformable vessels [ ]. The temporal multiscale phenomena must
characterize two separate time scales: a fast scale associated to the pulsatile flow and a slow scale associated to
the tissue growth and remodeling. Here we present a formal temporal multiscale analysis applied to this framework
to justify and enrich the formulation presented in [1]. References [1]. C. A. Figueroa et al., Comput. Methods Appl.
Mech. Engrg., 198 (2009), 3583-3602. [2]. C. A. Figueroa et al., Comput. Methods Appl. Mech. Engrg., 195 (2006),
5685-5706. [3]. M. S. Olufsen et al., Ann. Biomed. Eng., 28 (2000), 1281-1299.
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ABSTRACT

In this paper we show that deep convolutional neural networks (CNN) can massively outperform traditional densely
connected neural networks (both deep or shallow) in predicting eigenvalue problems in mechanics. In this sense,
we strike out in a novel direction in mechanics computations with strongly predictive neural networks whose
success depends not only in neural architectures being deep, but also in being fundamentally di?erent from
traditional neural architectures which have been used in mechanics until now. To show this, we consider a model
problem: predicting the eigenvalues of a 1-D phononic crystal. However, the general observations pertaining to the
predictive superiority of CNNs over fully-connected multi-layer perceptrons (MLP) should extend to other problems
in mechanics as well. In the present problem, the optimal CNN architecture reaches 98% accuracy level on unseen
data when optimized with just 40,000 training samples. Fully-connected MLPs - typically the network of choice in
mechanics research - on the other hand, does not improve beyond 85% accuracy even with 100,000 training
samples. We also show that even with a relatively small amount of training data, CNNs have the capability to
generalize well for our problems and that they automatically learn deep symmetry operations such as translation
invariance. Most importantly, however, we show how CNNs can naturally represent mechanical material tensors
and that the convolution operation of CNNs has the ability to serve as local receptive ?elds, which is a natural
representation of mechanical response. Strategies proposed here may be used for other problems of mechanics
and may, in the future, be used to completely sidestep certain cumbersome algorithms with a purely data driven
approach based upon deep architectures of modern neural networks such as deep CNNs.
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ABSTRACT

Concrete structures are affected by many external and internal influences during their lifetime. Thus deep
knowledge and subsequently mathematical modeling of the different coupled underlying mechanical, physical and
chemical processes is extremely important to predict the behavior of materials and structures. The presented
modeling concept is based on discrete-element methods. The heterogeneous structure of concrete is modeled by a
three-dimensional bonded contact model[1], derived from the model of CUNDALL [2] for granular assemblies. The
aim of the approach is to directly capture the significant processes taking place in the microstructure. Therefore a
given domain is discretized with rigid spherical particles, representing the aggregates according to a grading curve
regarding stress-deformation behavior. The cementitious contact zone is represented by a spring-damper system
between two particles. The micromechanical parameters can be adapted to fulfill the global
Young&amp;apos;s&amp;apos; s modulus and Poisson&amp;apos;s ratio at macro scale. The “empty” space
between the aggregates filled up with cement paste is exploited by a voronoi diagram. In addition the temperature
distribution is computed using a network of thermal links between the particle centers. Furthermore there are many
chemical reactions taking place inside during the whole lifetime of a concrete structure. The hydration process e.g.
determines strength and durability at a very early stage. Later on different chemical reactions can destroy or
strengthen the structure. There, the goal is to consider any arbitrary chemical reaction which has been defined
before. Therefore a process zone between two particles is introduced, where all the chemical processes are
evaluated. Needed information about water content e.g. is provided by a discrete pore network model using the
voronoi diagram. Changes in substrates concentration lead to variations in the contact stiffnesses due to coupling of
processes. This way a microstructure-related chemo-thermo-mechanical model is developed which may be applied
to macro scale constructions. [1] F. Ockelmann, D. Dinkler, A discrete element model for the investigation of the
geometrically nonlinear behaviour of solids, Computational Particle Mechanics, 2017 [2] P.A. Cundall, O.D. Strack,
A discrete numerical model for granular assemblies, Geotechnique 29(1), 47-65, (1979).



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

Semi-Automatic Computational Strategies for the Prediction of TPVR
Outcomes

Vittoria Flamini*, Hannah Tredway**, Doff Mcelhinney***, Puneet Bhatla****

*NYU Tandon School of Engineering, **NYU Langone Medical Center, ***Stanford University Medical Center,
****NYU Langone Medical Center

ABSTRACT

Transcatheter pulmonary valve replacement (TPVR) is an alternative to open-heart surgery and is frequently
considered in patients with RVOT conduit obstruction and/or regurgitation. In patients with a surgical RVOT conduit,
the conduit often passes over or is adjacent to a proximal coronary artery (CA) branch, carrying a risk of CA
compression with conduit stenting. In large multicenter trials, approximately 5% of TPVR candidates were excluded
by performing a pre-TPVR balloon angioplasty, but even when this dynamic CA compression testing is performed,
CA compromise with catastrophic outcome occurs occasionally. Therefore, the development of a noninvasive tool
to identify patients who are good candidates for TPVR would reduce the inadvertent risks and exposure to
unnecessary invasive procedures and hence improve the overall health and well-being of this patient population,
who is already burdened with multiple open heart surgeries. In this work, we developed a framework to generate
patient-specific, non-invasive, semi-automatic, biomechanical simulations of TPVR procedure on RVOT conduits
for CA compression prediction. This semi-automatic framework was created by analyzing retrospectively the routine
clinical images of patients who underwent this procedure at NYU Medical School. In all the analyses, the
implementation of the computer simulations was blinded, i.e. the investigator was unaware of the outcome of the
pre-TPVR interventions. For each patient medical images were collected and segmented, resulting in a
three-dimensional, personalized model of the RVOT conduit, aortic root and proximal coronary arteries. This model
was then imported into a finite element software and computational simulations of the TPVR procedure
implemented. The results of the semi-automatic framework, in which the orientation of the model, the placement of
the balloon, and the simulations parameters are defined automatically via numerical analyses based on differential
geometry, were compared against the results of the cath-lab. Simultaneously, the same patient geometries were
analyzed and pre-processed via a more traditional, manual approach and the results of these finite element
simulations used for further validation of the semi-automatic approach. Finally, the semi-automatic framework for
CA compression prediction was further tested by including patient data, imaging studies, and cath-lab outcomes
collected across several children hospitals. When compared with cath-lab outcomes, the simulations of pre-TPVR
angioplasty were successful in predicting adverse events. There was minimal difference in the outcomes predicted
by the two computational approaches considered. However, the semi-automatic approach reduced pre-processing
times in half, thus demonstrating feasibility for the translational application of this computational approach in the
clinical setting.



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

Imaging Nanoscale Elastic Strain-Wave Dynamics with Ultrafast Electron
Microscopy

David Flannigan*, Daniel Cremons**, Daniel Du***, Dayne Plemmons****, Spencer Reisbick*****

*Department of Chemical Engineering and Materials Science, University of Minnesota, 421 Washington Avenue
SE, Minneapolis, MN 55455, **Department of Chemical Engineering and Materials Science, University of

Minnesota, 421 Washington Avenue SE, Minneapolis, MN 55455, ***Department of Chemical Engineering and
Materials Science, University of Minnesota, 421 Washington Avenue SE, Minneapolis, MN 55455, ****Department

of Chemical Engineering and Materials Science, University of Minnesota, 421 Washington Avenue SE,
Minneapolis, MN 55455, *****Department of Chemical Engineering and Materials Science, University of Minnesota,

421 Washington Avenue SE, Minneapolis, MN 55455

ABSTRACT

Conventional transmission electron microscopy (TEM) has become an indispensable tool for comprehensive atomic
and nanoscale materials characterization. While TEM spatial and energy resolutions have reached half-angstrom
and few-meV levels, respectively, state-of-the-art detectors are able to resolve dynamics occurring only on the
order of milliseconds. Such temporal resolutions are insufficient for studying a wealth of charge-carrier, structural,
and magnetic dynamic behaviors. To overcome this, stroboscopic pump/probe approaches have been developed
by interfacing a conventional TEM with short-pulsed lasers. In this way, temporal resolutions can be improved by 10
orders of magnitude to sub-picosecond timescales. In this talk, I will describe our work on the development and the
application of this approach – ultrafast electron microscopy (UEM) [1]. I will begin by providing a brief overview of
the UEM methodology and technology specific to our lab. Following this, I will describe a selection of our results on
resolving the influence of nanoscale structural discontinuities (e.g., interfaces and crystal terraces) on coherent,
elastic strain-wave dynamics in thin crystalline materials [2,3]. Among other behaviors, we find that wave-train
emergence occurs at extended discontinuities, with propagation directions oriented normal to the interface,
independent of in-plane crystallographic direction. Properties of the wave trains (GHz frequencies, speed-of-sound
velocities, and single in-plane wave directions) suggest the generation of a single acoustic-phonon mode following
photoexcitation, with observable interference effects occurring at vacuum/crystal interfaces. For example, in thin
wedges of undoped germanium, we have directly imaged the formation and propagation of hypersonic
acoustic-phonon wavefronts along distinct in-plane directions of residual shear strain, independent of
crystallographic orientation. We also find that the nucleation period of the phonon wavetrains is well-matched by
Auger recombination times in highly photoexcited germanium, thus indicating a spatially-resolved link between
charge-carrier and lattice dynamics, likely via scattering processes. I will conclude by briefly describing a simple
time-dependent finite element model that captures the general experimentally-observed behaviors. [1] D. A.
Plemmons, P. K. Suri, and D. J. Flannigan, Chem. Mater. 27, 3178 (2015). [2] D. R. Cremons, D. A. Plemmons,
and D. J. Flannigan, Nature Commun. 7, 11230 (2016). [3] D. R. Cremons, D. X. Du, and D. J. Flannigan, Phys.
Rev. Materials 1, 073801 (2017).
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ABSTRACT

Hemodynamic cardiovascular models provide non-invasive estimates of important clinical indicators. Although the
use of hemodynamic models is increasing, difficulties in quantifying the effects of uncertainty stemming from
multiple sources hinders widespread adoption in the clinic. The desire for clinically relevant and useable results
motivates the transition to a stochastic framework for uncertainty quantification (UQ). However, in the
cardiovascular modeling context, standard approaches for UQ face significant challenges due to the large number
of uncertain inputs and the significant computational cost of realistic three-dimensional simulations. We propose a
stochastic framework that leverages three cardiovascular model fidelities, with varying temporal and spatial mesh
levels, to rigorously quantify the variability in hemodynamic outputs while, at the same time, keeping the
computational cost reasonable. Using the SimVascular open-source platform, 3D anatomic models are constructed
from medical image data, followed by the solution of incompressible Navier-Stokes equations governing blood flow
in elastically deformable vessels [1,2]. Simplifying assumptions generate lower-fidelity models. 1D models consist of
a simplified geometry automatically extracted from the 3D model, while 0D models are obtained from equivalent
circuit representations of blood flow in deformable vessels. Multi-level and multi-fidelity (MLMF) estimators [3]
implemented in Sandia&amp;amp;amp;apos;s DAKOTA toolkit are leveraged to reduce the variance in our output
quantities of interest (QoIs) while maintaining reasonable computational cost. We demonstrate this framework on
healthy and diseased models of aortic and coronary anatomies. We simulate both steady and pulsatile input flow
waveforms for all models. Uncertainties in the parameters defining the material properties of the vessels and fluid,
as well as the lumped parameter RCR (aortic model) and coronary (coronary model) outlet boundary conditions are
investigated after first tuning these parameters to produce realistic output hemodynamic values. The performance of
the MLMF estimators is measured by the computational cost to obtain a given accuracy of global and local
hemodynamic QoIs as compared to traditional UQ methods. We see significant, on the order of 10 to 100 times,
reduction in total computational cost. As expected, global quantities, including pressure and flow waveform
properties, show larger reductions with the MLMF estimators than local quantities, such as those relating to wall
shear stress, as the latter rely more heavily on the highest fidelity model evaluations. [1] Updegrove, A. et al., Ann.
Biomed. Eng, 2016. [2] Figueroa, A. et al., Comput. Methods in Appl. Mech. Eng., 2006. [3] Geraci, G. et al., 19th
AIAA Non-Deterministic Approaches Conference, 2017.
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ABSTRACT

This paper aims to analyse the post-cracking behaviour of real scale RC beams made of Fibre-Reinforced concrete
(FRC) and tested in four-point-bending. Specifically, it proposes a model based on combining an appropriate
fracture-based stress-crack opening relationship for the plain concrete matrix with proper constitutive laws aimed at
capturing the crack-bridging effect of macro-fibres. An original meso-scale approach is followed for reproducing the
complex influence of fibres on the overall response depending on the cracking onset and evolution. Particularly,
explicit mechanisms, such as pull-out and dowel actions [1], are explicitly modelled, taking into account fibre type,
geometry and spatial distribution: the presence of different types of fibres in FRC is also covered by the model.
Moreover, the mechanical contribution of steel reinforcing bars is also taken into consideration. Numerical analyses
demonstrate the accuracy of the proposed model, as their output are in very good agreement with a set of
experimental results on RC beams recently tested at the University of Buenos Aires. The theoretical modelling
activity presented in this paper stem out of the “SUPERCONCRETE” (H2020-MSCA-RISE-2014 n 645704) project,
funded by the European Union as part of the H2020 Framework Programme. REFERENCES [1] Caggiano, A.,
Etse, G., &amp;amp; Martinelli, E. (2012). Zero-thickness interface model formulation for failure behavior of
fiber-reinforced cementitious composites. Computers &amp;amp; Structures, 98, 23-32.
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ABSTRACT

Errors and uncertainties in finite element method (FEM) computing can come from the following eight sources, the
first four being FEM-method-specific, and the second four, model-specific: (1) Computing platform such as
ABAQUS, ANSYS, COMSOL, LS-DYNA, etc.; (2) choice of element types in designing a mesh; (3) choice of mean
element density or degrees of freedom (DOF) in the same mesh design; (4) choice of a relative percent error (RPE)
or the Rate of RPE per DOF on a log-log plot to assure solution convergence; (5) uncertainty in geometric
parameters of the model; (6) uncertainty in physical and material property parameters of the model; (7) uncertainty
in loading parameters of the model, and (8) uncertainty in the choice of the model. By considering every FEM
solution as the result of a numerical experiment for a fixed model, a purely mathematical problem, i.e., solution
verification, can be addressed by first quantifying the errors and uncertainties due to the first four of the eight
sources listed above, and then developing numerical algorithms and easy-to-use metrics to assess the solution
accuracy of all candidate solutions. In this paper, we present a new approach to FEM verification by applying three
mathematical methods and formulating three metrics for solution accuracy assessment. The three methods are: (1)
A 4-parameter logistic function to find an asymptotic solution of FEM simulations; (2) the nonlinear least squares
method in combination with the logistic function to find an estimate of the 95 % confidence bounds of the asymptotic
solution; and (3) the definition of the Jacobian of a single finite element in order to compute the Jacobians of all
elements in a FEM mesh. Using those three methods, we develop numerical tools to estimate (a) the uncertainty of
a FEM solution at one billion DOF, (b) the gain in the rate of RPE per DOE as the asymptotic solution approaches
very large DOE&amp;amp;amp;amp;apos;s, and (c) the standard deviation of the Jacobian distribution (sd-J) of a
given mesh design. Those three quantities are shown to be useful metrics to assess the accuracy of candidate
solutions in order to arrive at a so-called &amp;amp;amp;amp;quot;best&amp;amp;amp;amp;quot; estimate with
uncertainty quantification. Our results include calibration of those three metrics using problems of known analytical
solutions and the application of the metrics to sample prolems, of which no theoretical solution is known to exist. (*)
Contribution of National Institute of Standards and Technology. Not subject to copyright.
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ABSTRACT

Much has been written about brain damage to athletes who participate in contact sports in general and American
football in particular. Essentially, helmet equipment has not been historically designed with the metrics directly
related to the brain. By using brain damage as a performance metric, we are developing a goal-oriented, inverse
decision-based design method with the end performance goal of total energy absorption so as to mitigate the
possibility of brain damage to athletes. The helmet system is partitioned into three subassemblies, namely, the
helmet shell, the stress wave damper, and the helmet liner. In the shell subassembly, thickness of the paint and
outer/inner shells are treated as variables. The stress wave damper is fixed to the shell and specifications (for
example, base radius, length, volume, etc.) for the complex geometry are treated as variables. The liner
subassembly consists of Velcro, TPU foam wrap, and the foam material with thickness and area ratio being treated
as variables. Each of the subassemblies is linked via an information chain (consisting of variables and goals)
beginning with the paint and ending with the liner foam. Considering the end goal of zero energy at the head, we
define the forward process as an energy transfer from the external paint to the helmet liner. We solve for
subassembly specifications in an inverse manner beginning with the foam liner and working backwards towards the
paint. The mathematics underlying our proposed goal-oriented, inverse decision-based design method is embodied
in the Concept Exploration Framework (CEF). We plan to garner the data from finite element analysis using Abaqus
(explicit) in which an Internal State Variable (ISV) elastic-viscoplastic material model will be used to accurately
capture the constitutive behavior of the helmet shell, the stress wave damper, and the helmet liner. The boundary
conditions will include a normal load and a transverse load with velocities appropriated by the NOCSAE standard
for American Football Helmets. In keeping with the theme of the conference, namely, Computational Mechanics in
Complex Product Development, in our paper we plan to present the salient features a. of the partitioning of a
complex design problem (a football helmet); b. of the computational mechanics to support design decision making
(modeling the behavior of the helmet shell, the stress wave damper, and the helmet liner); c. of the Concept
Exploration Framework.
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ABSTRACT

In several applications related, for instance, to the exploitation of oil and geothermal reservoirs and CO2
sequestration activities, the injection or extraction of fluids can alter the stress field in the reservoir and induce
preexisting faults to reactivate. Simulation of this type of phenomena requires to couple the poroelastic equations
with a model of the hydraulic and mechanical behavior of the fault. In this context, the eXtended Finite Element
Method (XFEM) can be of interest to account for discontinuities in the flow and displacement fields. In this work, the
fault is defined by a one-codimensional interface and we have implemented the coupling conditions describing the
frictional contact by a Nitsche approach. This is an alternative to the augmented Lagrangian formulations more
commonly used for this type of problem. A fixed-stress splitting strategy, extended to this type of problem, has been
used to decouple the computation of pressure and displacement. Mixed formulation has been used for the flow
field, giving rise to a three field formulation. In this presentation we will illustrate some preliminary results of this
procedure.
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ABSTRACT

In the effort to create new technology to enhance our ability to retrieve usable hydrocarbons, the technique of
hydraulic fracturing has shown to be extremely beneficial. This involves pumping fluids at high pressures to induce
and propagate fractures near the wellbore to stimulate production in otherwise low permeability reservoirs. To
better understand the physical processes involved, several models have been proposed for numeric simulation.
This work expands on the nonlocal hydraulic fracturing model based on the theory of peridynamics, detailed in
Ouchi et al. (2015). As the model continues to develop complex capabilities, such as fully coupled poromechanics
and inelasticity, computational expense continues to be an ever-growing concern. In the work by Galvaentto et al.
(2016), a method is introduced for coupling nonlocal bond-based peridynamic grids with local finite element
meshes. This coupling method demonstrated applicability to static equilibrium problems, while introducing
negligible errors in displacements. In this work, the coupling method is implemented with the nonlocal hydraulic
fracturing model, using peridynamics near existent and propagating fractures, as well as a standard Galerkin finite
element formulation away from fractures. To increase computational efficiency, adaptive meshing techniques are
introduced with the capability of converting finite element nodes to meshfree peridynamic nodes. This presentation
will include a discussion of the model and techniques implemented, as well as their impact on simulation
capabilities and performance. References: Ouchi, H., Katiyar, A., York, J., Foster, J.T., and Sharma, M.M. (2015). A
fully coupled porous flow and geomechanics model for fluid driven cracks: a peridynamics approach. Computational
Mechanics, 55(3), 561-576. Galvanetto, U., Mudric, T., Shojaei, A., and Zaccariotto, M. (2016). An effective way to
couple FEM meshes and Peridynamics grids for the solution of static equilibrium problems. Mechanics Research
Communications, 76, 41-47.
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ABSTRACT

Abstract In this paper, we focus on the behavior of an innovative seismic rolling isolator in light to provide a passive
protection to light structures from earthquakes damages. The specific isolation system belongs to the class of
Rubber Layer Rolling Bearings (RLRB), and consists of steel cylinders interposed between steel plates padded with
viscoelastic layers (rubber). Due to the geometry of the RLRB system, a partial motion decoupling is introduced
between the ground and the superstructure. Moreover, the high-damping viscoelastic material employed in the
system partially dissipate the seismic energy, thus reducing the relative displacement between the base and the
building. In this work, we provide a deep insight into the viscoelastic behavior of such a isolation system. We
specifically address the contact problem between the rigid cylinders and the viscoelastic layers, exploiting specific
contact mechanics techniques to correctly model the effect of the layers finite thickness on the results. The
theoretical model provides useful guidelines for a design optimization aiming at producing high energy dissipation
with low force transmissibility. Further, in view of an extension to the case of multi-layer rubber system, we
investigate the effect of different boundary conditions on the viscoelastic layers involved in the RLRB isolator, such
as: (i) a rigid constraint; (ii) a uniformly distributed pressure. These, represent the two limiting cases of a layered
system in which the external layer stiffness is infinitely high and vanishing, respectively. References D. Foti, A.
Catalan Goni, S. Vacca. On the dynamic response of rolling base isolation systems. Structural Control and Health
Monitoring, 2013, 20(4), 639-648. ISSN: 1545-2255. DOI: 10.1002/stc.1538. Menga, N., Foti, D., &amp;amp;
Carbone, G. (2017). Viscoelastic frictional properties of rubber-layer roller bearings (RLRB) seismic isolators.
Meccanica, 52(11-12), 2807-2817. Menga, N., Afferrante, L., &amp;amp; Carbone, G. (2016). Effect of thickness
and boundary conditions on the behavior of viscoelastic layers in sliding contact with wavy profiles. Journal of the
Mechanics and Physics of Solids, 95, 517-529.
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ABSTRACT

Beam structures made of a Functionally Graded Materials (FGMs) show location dependent material parameters
throughout their arbitrarily shaped cross-section. The load case of torsion introduces warping of the cross-section
and a non-uniform theory of torsion has to be applied to achieve accurate solutions using one-dimensional finite
elements. Starting with a suitable kinematic assumption where the cross-section rotates rigidly in its projection plane
pivoting at the shear or drill center, the axial motion of a generic point is quantified based on an unknown warping
function (depending on the cross-section coordinates) multiplied with an axial field quantifying the amount of
warping. The well-known and frequently applied Vlasov&amp;apos;s theory of torsion uses the first derivative of
torsion angle phi to quantify warping axially. This leads to two independent stiffness quantities (torsion stiffness and
warping stiffness) which have to be identified using SAFE in connection with one fourth order ODE. Such a strategy
delivers shear stress distributions due to torsion only and not based on warping. The resultant torsional moment is
separated artificially into a primary part (due to torsion) and into a secondary part due to warping. Alternatively, if the
axial distribution of warping may be related to a yet unknown independent field rather than to the rate of twist,
resulting in two coupled second order ODEs and four stiffness quantities. Such a calculation strategy is similar to
the rarely applied Benscoter theory of torsion and does not require any artificial separation of section resultants
since the shear stress distributions are related to both torsion and warping. Additionally, it can be shown by example
that this theory of warping torsion leads to more accurate results in relation to three dimensional continuum
solutions compared to Vlasov&amp;apos;s theory especially for thick shafts. While analytical evaluations regarding
a set of two coupled ODEs are somewhat more involved very efficient finite beam elements can be derived based
on linear shape functions. The evaluations of the related stiffness quantities can be carried out using a reference
beam problem of arbitrary length in connection with three dimensional elasticity solutions where semi-analytical
finite elements (SAFE) are applied. Due to SAFE and a specialized load case for the reference problem a true
dimension reduction is achieved and stress distributions, relevant cross-section parameters and stiffness quantities
are accessible based on discretization of the cross-section only.
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ABSTRACT

The adoption of tetrahedral elements in solid mechanics hinges on field resolution under finite deformations,
inelasticity, contact, and transient dynamics. In this work, we present new developments in a recently reformulated,
10-node composite tetrahedral element [1]. We specifically illustrate a new integration scheme for the gradient
operator that accounts for curved or “kinked” edges in which the mid-edge node is not located at the midpoint of
adjacent, parent nodes. In addition, we also develop a new methodology for the stress projection and the rendering
of the forces. Examples of increasing complexity in both quasi-statics and explicit transient dynamics will attempt to
illustrate the benefits of the new formulation in the context of a larger workflow to reduce the time from design to
analysis. 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.  [1] Ostien, J.T.,
Foulk III, J.W., Mota, A., Veilleux, M. (2016) A 10-Node Composite Tetrahedral Finite Element for Solid Mechanics,
International Journal for Numerical Methods in Engineering 107: 1145-1170.
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ABSTRACT

Since the work of Fung (see reference 1) there has been a clear need of new generation models capable to bridge
together the scales at which multiphysics phenomena govern growth and remodeling of biological tissues. In this
work, the authors propose an experimentally informed multiscale methodology based on Structured Deformations
(see reference 2), delivering effective fields characterizing the geometrical changes of bodies at multiple scales.
Structured Deformations intrinsically can account for microstructural changes at various length scales, including
formation and coalescence of voids and rearrangements of the material. Unlike traditional, yet phenomenological,
local multiplicative decomposition of the deformation gradient widely used in growing media, the fields arising in
Structured Deformations allow for describing the kinematics of the whole body, including both growth and
remodeling. This arises through precise bottom-up characterizations, owing the submacroscopic structure of the
material to bear trace macroscopically. In order to extract effective constitutive properties of tissues undergoing
growth and remodeling, a novel multiscale targeted bottom-up approach is proposed to find the (Helmholtz)
energetics governing the multiphysics involved in such processes. The approach can be relevant to follow structural
and morphological reorganization of a number of biological tissues where growth and remodeling are crucial issues
and could be easily coupled with cells competition occurring at micro-scale level to include selected bio-chemical
dynamics (see reference 3). 1) Y.C. Fung, Biomechanics: Mechanical Properties of Living Tissues, Springer-Verlag
New York, 1993. 2) L. Deseri, D.R.Owen (2015). Stable Disarrangement Phases Arising from
Expansion/Contraction or from Simple Shearing of a Model Granular Medium, Int. J.Eng. Sciences 96 111-130 3)
M.Fraldi, A. R. Carotenuto (2018). Cells competition in tumor growth poroelasticity. J Mech. Physics Solids 112,
345-367.
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ABSTRACT

The aim of the talk is to present a purely Lagrangian method to simulate free-surface Bingham fluids and their
interaction with structures, also accounting for the 3D effects. The Particle Finite Element Method (PFEM) [1] is
used to deal with bodies that are suffering from huge deformations. A Papanastasiou model has been implemented
into a stabilized PFEM strategy [2] with the aim of modeling both Newtonian and Non-Newtonian fluid flows. The
possibility of coupling the PFEM model with a Discrete Element Method (DEM) formulation is also investigated. On
the other hand, to compute the solid objects and structures that interact with the fluid flow, the standard Finite
Element Method (FEM) and a hypoelastic constitutive model are used. The fluid-solid coupling is modeled via a
monolithic approach for fluid-structure interaction (FSI), called Unified formulation [3]. Several 2D and 3D numerical
examples are presented. The numerical tests include the simulation of fresh concrete slump tests, a mud flow over
an inclined plane receiving the impact of a solid object, and dam break of Bingham fluids against an elastic
membrane. The numerical simulations are validated against the results of laboratory tests or those available in the
literature. [1] S.R. Idelsohn, E. Oñate, and F. Del Pin. The particle finite element method: a powerful tool to solve
incompressible flows with free-surfaces and breaking waves. International Journal for Numerical Methods in
Engineering, 61, 964-989, 2004. [2] E. Oñate, A. Franci, and J.M. Carbonell. Lagrangian formulation for finite
element analysis of quasi-incompressible fluids with reduced mass losses. International Journal for Numerical
Methods in Fluids, 74 (10), 699-731, 2014. [3] A. Franci, E. Oñate, and J.M. Carbonell. Unified Lagrangian
formulation for solid and fluid mechanics and fsi problems. Computer Methods in Applied Mechanics and
Engineering, 298, 520-547, 2016.
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ABSTRACT

Modeling highly impulsive extreme loading events is of significant interest to government, industry, and academia.
Some areas of U.S. Army interest include the study of events like projectile penetration, shaped-charge
penetration, and close-in explosive detonation, which involve a spectrum of challenging material behaviors and
failure modes. Material behaviors resulting from the high-rate impulsive loading, large deformations and material
damage, fracture, and failure must be accurately represented; accurate representation of material geometry and
interfaces is also essential. Other key elements include capturing material compressibility in the high pressure
environment and the damping of different materials under explosive loading. Lagrangian hydrocodes are preferred
for simulation of structural response dominated events, but this presents additional challenges with computational
cost for some embedded detonation problems where the spatial and temporal domains can be very large. The
ability to accurately model these essential mechanisms of embedded detonation problems pose challenges from
the perspectives of 1) developing efficient and effective material models that go beyond basic phenomenological
formulations, and 2) experimental characterization to accurately quantify the material response and subsequently
enable model enhancement. The U.S. Army Engineer Research and Development Center (ERDC) has specific
interests in this class of problems and in tools for modeling embedded detonation effects. Accordingly, ERDC has
developed constitutive models to work towards developing improved capabilities that address these geomaterial
response modeling challenges [1,2]. These models are three-invariant plasticity models that simulate non-linear
elastic behavior, irreversible hydrostatic crushing, material yielding, plastic flow, and damage. They contain unique
features to simulate the rate-dependent response of geomaterials, including rate-dependent behavior in cohesive
strength, frictional strength, hydrostatic crushing, and material damage. Here we will provide an overview of the
models and include benchmark experiments used in model validation. Example simulations of embedded
detonations in layered geomaterials and the material failure mechanisms produced will also be discussed.
REFERENCES [1] A.O. Frank, An elastic-plastic material model for concrete under high rate impulsive loads:
modeling, implementation, and testing of the high rate brittle (HRB) concrete model. ERDC/GSL TR-12-10, 2012.
[2] M.D. Adley, K.T. Danielson and A.O. Frank, Virtual material laboratory (VML), Version 1.0: Applications to
Advanced Fundamental Concrete (AFC) model. ERDC/GSL TR-13-09, 2013.
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ABSTRACT

A new approach for the design of energy-momentum (EM) consistent time integrators for nonlinear coupled
problems is proposed. Polyconvexity inspired internal or Helmholtz free energy functionals are obtained by using
the rediscovered tensor cross product which is basically applied on the cofactor and the Jacobian of the right
Cauchy-Green strain tensor and greatly simplifies the algebra, see Betsch, Janz and Hesch (submitted to Comput.
Methods Appl. Mech. Engrg., 2017). On this basis multi-field problems concerning non-linear
thermo-elastodynamics, see Franke, Janz, Schiebl, Betsch (submitted to Int. J. Numer. Meth. Engng., 2017) and
electro-elastodynamics, see Ortigosa, Franke, Janz, Gil and Betsch (submitted to Comput. Methods Appl. Mech.
Engrg., 2017), are considered. For the former a temperature based weak form is employed which facilitates the
design of a structure-preserving time-stepping scheme for coupled thermo-elastic problems. For the latter a
three-field internal energy-based formulation is applied. In both cases, the polyconvexity-based framework
facilitates the design of EM consistent time integrators. In particular algorithmic stress formulas are employed which
show a remarkably simple structure when compared to traditional, elaborate projection-based formulas. The spatial
discretization relies on finite element interpolations for the unknown fields. Eventually, the superior performance of
the proposed formulations is shown in several numerical examples.
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ABSTRACT

Modeling of material behavior and consequently its simulation in the operating conditions is an important step in
understanding the consequences of the loading impact on various systems. This refers to the material behavior of
different conventional and synthetic materials with the application on the assembly constituents’ mechanical design,
but also on biomaterials modeling for the simulation of the biomechanical systems. The biomaterials behavior
modeling is based on the recorded stretch-stress response of the specimens isolated from the biomechanical test
subjects and experimented on, together with the chosen material model appropriate for description of the
phenomena that appear in material during loading. In order to make possible inverse modeling in the process of
material behavior simulation, the definition of physical interdependence among unknown variables, here known as
material parameters, and material response during loading, is necessary. The data sets acquired from the
experimental procedures represent the probing signal for the inverse setup in the material parameter identification
process. The inverse modeling here is coupled with the genetic algorithm procedure to make possible fast
convergence to as accurate as possible results in presented highly non-linear material behavior. Genetic algorithm
procedure has thus been developed here to identify parameters for the behavior modeling of ligaments of the
human cervical spine. The procedure consists of three main parts: system characterization where influential
parameters are defined, forward modeling where mechanical principles are proposed and inverse or backward
modeling where objective function for the problem is set. The material characterization based on coupling inverse
problem within the genetic algorithm procedure has so far proved to be applicable for parameters identification of
materials with different microstructure and mechanical properties. Since it exhibited flexibility and robustness,
besides for the modeling of the biomaterials, it might also be applicable to behavior characterization of other
non-conventional and innovative materials. This work has been supported by Croatian Science Foundation under
the project number IP-2014-09-4982 and also by the University of Rijeka under the projects number (13.09.1.2.09)
and(13.09.2.2.18).
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ABSTRACT

The additive friction stir (AFS) process is a new additive manufacturing (AM) approach where a consumable probe
is deposited onto a work piece using a friction stir tool. The probe is pushed through a hole in the tool, friction
between the tool/probe and the work piece causes heat to be generated. The deposited probe material forms a
solid-state bond with the work piece, leading to excellent mechanical properties of the AM part. Certainly, AFS
shows great promise as a high value AM process. However, significant efforts to understand better the process will
be needed in the near future. Various parameters such as tool rpm, advancing speed, and probe federate (to name
a few) need to be selected to have good quality AM parts. To facilitate this task, a meshfree coupled
thermo-mechanical simulation code, SPHriction-3D [1], can be used. The code is ideally suited for the simulation of
large plastic deformation processes such as AFS. An advanced parallelization scheme is employed on the GPU,
which permits robust and efficient calculations for complex multi-physics problems in a reasonable time frame. In
this work, a new meshfree joining contact algorithm is developed to take into account the intricate interaction of the
work piece and the consumable probe material. Initially, the meshfree material points used to discretize the probe
and the work piece are treated as two distinct and separate entities. At this point, their interactions are through a
penalty based thermo-mechanical contact algorithm. Once a material point at the work piece/probe interface attains
a threshold energy level, the material point is considered to be joined and interacts through the meshfree kernel.
The new contact algorithm allows the SPHriction-3D code to simulate aspects of the AFS process such as material
deposition, heat generation, work piece/probe mixing, as well as defect prediction. References [1] K. Fraser,
&amp;amp;amp;quot;Robust and efficient meshfree solid thermo-mechanics simulaiton of friction stir
welding,&amp;amp;amp;quot; Ph.D., Applied Sciences, University of Quebec at Chicoutimi, Sagueany, Quebec,
Canada, 2017.
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ABSTRACT

The lifetime oriented design of reinforced concrete (RC) structures requires to consider the expected service loads
and the long-term behavior of RC. The durability of RC structures is dominated by steel reinforcement corrosion,
which is driven by load induced cracking and the transport of corrosive substances into the structure. The crack
width at the reinforcement layers is manly influencing the lifetime of RC structures. In addition to a precise physical
modelling of the structural behavior, it is also important to consider uncertainties of the structural loading and the
material resistance within the design process. Here, finite element models are applied together with polymorphic
uncertainty models within an optimization approach to improve the design of RC structures with respect to
durability. In contrast to pure stochastic models, where all uncertain parameters are described by stochastic
distributions, polymorphic uncertainty models allow to consider both, aleatoric and epistemic sources of uncertainty
by combining stochastic and non-stochastic approaches such as intervals and fuzzy numbers. Within an
optimization problem, polymorphic uncertain parameters can either be a priori parameters or design parameters to
be optimized. In both cases, a surrogate problem has to be formulated to solve the optimization task, e.g.
minimizing mean values, variances or quantile values in case of stochastic a priori or design parameters and e.g.
worst case optimization in case of interval a priori or design parameters. To consider polymorphic uncertain design
and a priori parameters, existing optimization strategies, such as the particle swarm optimization approach, are
extended and modified in a way, that Monte-Carlo simulations are performed together with and interval analyses for
each realization of the design parameters. The new optimization strategies are applied to optimize the
reinforcement layout (number and diameter of reinforcement bars and the corresponding concrete cover) of an RC
bridge structure. Whereas the number and diameter of the reinforcement bars are discrete deterministic design
parameters, the concrete covers are modeled as interval design parameters, with midpoints to be optimized and
given radiuses taking construction imprecisions into account. The service load and the most sensitive concrete
material parameters are considered as stochastic a priori parameters within the optimization. The mean value and
variance of the crack width at the reinforcement layer are used as optimization objective to be minimized and the
structural reliability is treated as a constraint in terms of the accepted failure probability with respect to the load
bearing capacity.
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ABSTRACT

Decision-making applications in computational science and engineering typically require repeated evaluations of a
parameterized model. Often, these models consist of nonlinear partial differential equations that are cast
algebraically. For large-scale models, the computational cost associated with this many-query setting is prohibitive;
therefore, solutions approximations must be employed for tractability. Examples of solutions approximations include
those that arise from reduced-order models, coarse-mesh solutions, and unconverged iterations. While such
approximations reduce the computational burden, often by orders of magnitude, they incur error with respect to the
high-fidelity model that should be accounted for in the ultimate decision-making application. We present an
approach to quantify the error introduced by these solution approximations. This is accomplished by (1) engineering
features that are informative of the error, and (2) applying machine learning regression techniques (e.g., artificial
neural networks, random forests, support vector machines) to construct a statistical model of the error from these
features. We consider both (signed) errors in quantities of interest, as well as global state-space error norms. We
present several examples to demonstrate the effectiveness of the proposed approach compared to more
conventional feature and regression choices. In each of the examples, including a problem characterized by more
than a quarter million degrees of freedom, the predicted errors have a coefficient of determination (R squared)
value of at least 0.998.
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ABSTRACT

We address the moving contact line problem for two-phase incompressible flows by a kinematic (or geometrical)
approach. The key idea is to derive an evolution equation for the contact angle if the transporting velocity field is
given. It turns out that the resulting equation has a simple structure and expresses the time derivative of the contact
angle in terms of the gradient of the velocity field at the solid wall. This result can be used to test the ability of a
numerical method to correctly transport the contact angle. The imposed boundary conditions provide some
information about the velocity gradient. Using this information, the kinematic evolution equation is a tool to analyze
the contact angle evolution. In this paper we consider the Navier slip boundary condition, which is frequently used
for the modeling of moving contact lines. Exploiting the interfacial transmission condition for the viscous stress, we
derive an explicit form of the contact angle evolution for a large class of models which only involves the contact line
velocity and the slip length from the Navier condition. From this equation we can read off the qualitative behavior of
the contact angle evolution for smooth solutions to this class of models, which turns out to be unphysical. In
particular, if the contact angle is directly related to the contact line velocity, the contact angle is a monotonically
increasing or decreasing function. We discuss consequences from this observation, possible generalizations of the
model as well as implications for numerical methods. ACKNOWLEDGEMENTS We kindly acknowledge the
financial support by the German Research Foundation (DFG) within the Collaborative Research Centre 1194
“Interaction of Transport and Wetting Processes”, Project B01.
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Abstract. A mixed, stabilized, higher-order accurate surface finite element method is consid-
ered for stationary and instationary Stokes and Navier-Stokes flows on curved, two-dimensional
manifolds. Individual element orders are employed for the velocities, pressure, and Lagrange
multiplier to enforce tangential velocities. Stream-line upwind stabilization is used for flows at
high Reynolds numbers. Numerical test cases are proposed and higher-order convergence rates
confirmed.

1 INTRODUCTION

Flows on curved surfaces in three dimensions are important in transport processes on in-
terfaces, e.g., in foams, biomembranes and bubble surfaces. Models for incompressible flows
on two-dimensional manifolds are found, e.g., in1–4. Herein, the surface FEM5–7 is employed
for the approximation of stationary and instationary (Navier-)Stokes flows on general, yet fix
surfaces. The involved fields are approximated using different orders of the shape functions,
namely for the velocities, pressure, and Lagrange multiplier to enforce tangential velocities.
The well-known Babuška-Brezzi condition applies for the resulting mixed FEM8,9. Streamline-
upwind Petrov-Galerkin (SUPG) stabilization is recommended for Navier-Stokes flows at large
Reynolds numbers10,11. For the case of the instationary Navier-Stokes equations, the Crank-
Nicolson time stepping scheme is employed for the semi-discrete sytem of equations resulting
from using the surface FEM in space. This work is a revision of12,13 proposing new test cases.
The numerical results show that higher-order convergence rates are achieved provided that the
finite element spaces are properly chosen.

The paper is organized as follows: In Section 2, the governing equations for (i) Stokes
flow, (ii) stationary, and (iii) instationary Navier-Stokes flows on two-dimensional manifolds
are given in strong form and weak form according to the surface FEM. Numerical results are

1
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(a) (b) (c) (d)

Figure 1: (a) Generic surface with normal and tangential vectors, (b) compact surface, (c) and (d) surface meshes.

presented in Section 3 and confirm higher-order accuracy. Finally, conclusions are given in
Section 4.

2 GOVERNING EQUATIONS

A curved, smooth, orientable, connected surface Γ which is fixed in space over time and
features a finite area is considered. There is a unit normal vector nΓ ∈ R3 on Γ. The sur-
face may feature a boundary ∂Γ with tangential vector t∂Γ pointing in direction of ∂Γ and a
co-normal vector n∂Γ = nΓ × t∂Γ, see Fig. 1(a). The surface may also be compact, then,
∂Γ = ∅, see Fig. 1(b) and it may be given in parametrized form or implied, e.g., based on the
level-set method. For the equivalence of these two cases and more mathematical details, see,
e.g.,7. The manifold is discretized by suitable meshes of different orders and types (triangular
or quadrilateral elements), see Figs. 1(c) and (d).

2.1 Surface gradients and divergence

On the manifold Γ, the tangential projector P (x) ∈ R3×3 is defined by the normal vector as

P (x) = I− nΓ (x)⊗ nΓ (x) .

with P · nΓ = 0, P = PT, and P ·P = P.
The tangential gradient operator ∇Γ of a differentiable scalar function u : Γ → R on the

manifold is given by

∇Γu (x) = P (x) · ∇ũ (x) , x ∈ Γ, (1)

where∇ is the standard gradient operator, and ũ is a smooth extension of u in a neighborhood U
of the manifold Γ. For parametrized surfaces defined by the map x (r) : R2 → R3, and a given
scalar function u (r) : R2 → R, the tangential gradient may be determined without explicitly
computing an extension ũ using

∇Γu (x (r)) = J (r) ·G−1 (r) · ∇ru (r) , (2)

2
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with J = ∂x/∂r being the (3 × 2)-Jacobi matrix and G = JT · J being the metric tensor (first
fundamental form). This is relevant in the context of the surface FEM, where u (r) are the
shape functions in the reference element and tangential gradients are to be determined in the
physical surface elements. It is noteworthy that ∇Γu is in the tangent space of Γ and, thus,
P · ∇Γu = ∇Γu and ∇Γu · nΓ = 0. It is straightforward to determine second order derivatives
of scalar functions, see, e.g.,14. This is important here in the context of stabilization terms in
the governing equations.

When surface gradients of vector functions u (x) : Γ → R3 are considered, it is important
to distinguish directional and covariant gradients:

∇dir
Γ u (x) = ∇dir

Γ

 u (x)
v (x)
w (x)

 =


(
∇dir

Γ u
)T(

∇dir
Γ v

)T(
∇dir

Γ w
)T

 = ∇ũ ·P,

∇cov
Γ u (x) = P · ∇dir

Γ u (x) = P · ∇ũ ·P.

Concerning the surface divergence of vector functions u (x) : Γ→ R3 and tensor functions
A (x) : Γ→ R3×3, there holds

divΓu (x) = tr
(
∇dir

Γ u
)

= tr (∇cov
Γ u) =: ∇Γ · u,

divΓA (x) =

 divΓ (A11, A12, A13)
divΓ (A21, A22, A23)
divΓ (A31, A32, A33)

 =: ∇Γ ·A.

To derive the weak form of the governing equations, the following divergence theorem on man-
ifolds is needed14,15,∫

Γ
u · divΓA dA = −

∫
Γ
∇dir

Γ u : A dA+
∫

Γ
κ · u ·A · nΓ dA+

∫
∂Γ
u ·A · n∂Γ ds, (3)

where ∇dir
Γ u : A = tr

(
∇dir

Γ u ·AT
)
. For tangential tensor functions with A = P ·A · P, the

term involving the curvature κ vanishes and one finds∇dir
Γ u : A = ∇cov

Γ u : A.

2.2 Flow models in strong forms

The governing equations for incompressible flows on manifolds are found, e.g., in1–3 among
others. The outline here closely follows12.

2.2.1 Stationary Stokes flow

Stationary Stokes flow on a manifold is considered first. Let u (x) ∈ C2 (Γ) be the three-
dimensional velocity field on the surface Γ, p (x) ∈ C1 (Γ) a pressure field, and ft (x) a tan-

3
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gential body force. The governing field equations to be fulfilled ∀x ∈ Γ are

−P · divΓ σ (u, p) = ft, (4)
divΓ u = 0, (5)
u · nΓ = 0. (6)

Equation (4) expands to three momentum equations, equation (5) is the incompressibility con-
straint and equation (6) represents the tangential velocity constraint that restricts the velocities
to the tangent space of Γ. Two different strain tensors are introduced,

εdir (u) = 1
2 ·
(
∇dir

Γ u+
(
∇dir

Γ u
)T
)
, εcov (u) = 1

2 ·
(
∇cov

Γ u+ (∇cov
Γ u)T

)
,

which are related to each other as εcov (u) = P · εdir (u) · P. The stress tensor is then defined
as

σ (u, p) = −p ·P + 2µ · εcov (u)

where µ ∈ R+ is the (constant) dynamic viscosity. Dirichlet and Neumann boundary conditions
on ∂ΓD and ∂ΓN, respectively, are a straightforward extension from the flat case and are omitted
here for brevity.

2.2.2 Stationary Navier-Stokes flow

For stationary Navier-Stokes flow, a non-linear advection term is added to equation (4) re-
sulting into

% · (u · ∇cov
Γ )u−P · divΓ σ (x) = ft (x) , (7)

where % ∈ R+ is the (constant) fluid density and (u · ∇cov
Γ )u := (∇cov

Γ u) · u. One may also
write the body force as ft (x) = % · gt (x) where gt may, e.g., consider gravity. The remaining
equations (5) and (6) and the boundary conditions remain unchanged.

2.2.3 Instationary Navier-Stokes flow

For instationary Navier-Stokes flow, the momentum equation (4) changes to

% · (∂tu (x, t) + (u · ∇cov
Γ )u− gt (x, t))−P · divΓ σ (x, t) = 0. (8)

The functions representing the physical fields live in space (on Γ) and time, i.e., in the time
interval τ = [0, T ]. Therefore, Eqs. (8), (5), and (6) have to be solved in the space-time domain
Γ × τ . Herein, we restrict ourselves to spatially fixed manifolds Γ. The boundary conditions
also extend in time dimension. Furthermore, an initial condition u0 (x) = u (x, 0) is needed,
which fulfills divΓ u0 = 0 and u0 · nΓ = 0.
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2.3 Flow models in weak forms

The standard procedure to obtain weak forms of the governing equations from above is
applied: Suitable test and trial function spaces are introduced, the equations in strong form are
multiplied by test functions and the divergence theorem on manifolds is applied. It is noted
that the surface FEM is used for the discretization of the weak forms. A mixed FEM is used
where individual orders for the geometry, kgeom, the velocities, ku, the pressure, kp, and the
Lagrange multiplier for enforcing the tangential velocity constraint, kλ, are employed. All
shape functions are mapped to the same geometry mesh defining the discrete manifold Γh. All
quantities introduced above such as the normal vector, projector, and surface operators now
refer to Γh rather than Γ.

Assume the following suitable discrete test and trial function spaces, resp.,

Shu =
{
uh ∈

[
Qhku

]3
, uh = ûh on ∂ΓhD

}
, (9)

Vhu =
{
wh
u ∈

[
Qhku

]3
, wh

u = 0 on ∂ΓhD
}
, (10)

Shp = Vhp = Qhkp , (11)

Shλ = Vhλ = Qhkλ . (12)

Qhk is a general finite element space of order k, i.e., the set of k-th order shape functions
mapped to the geometry mesh.

2.3.1 Stationary Stokes flow

The discrete weak form of the Stokes problem reads: Given viscosity µ ∈ R+, body
force fh (x) in Γh, and traction t̂

h (x) on ∂ΓhN, find the velocity field uh (x) ∈ Shu, pressure
field ph (x) ∈ Shp , and Lagrange multiplier field λh (x) ∈ Shλ such that for all test functions(
wh
u, w

h
p , w

h
λ

)
∈ Vhu × Vhp × Vhλ , there holds in Γh

∫
Γ
∇dir

Γ w
h
u : σ

(
uh, ph

)
dA+

∫
Γ
λh ·

(
wh
u · nhΓ

)
dA =

∫
Γ
wh
u · fhdA+

∫
∂ΓN
wh
u · t̂h ds,(13)∫

Γ
whp · divΓ u

h dA = 0, (14)∫
Γ
whλ ·

(
uh · nhΓ

)
dA = 0. (15)

The usual element assembly yields a linear system of equations with a saddle point structure as
expected in the context of Lagrange multipliers. The well-known Babuška-Brezzi condition8,9

must be fulfilled to obtain useful solutions for all involved fields. This indicates that all involved
element orders must be chosen carefully to meet these requirements.
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2.3.2 Stationary Navier-Stokes flow

The discrete weak form of the stationary Navier-Stokes problem reads: Given density % ∈
R+, viscosity µ ∈ R+, body force % · gh (x) in Γh, and traction t̂

h (x) on ∂ΓhN, find the velocity
field uh (x) ∈ Shu, pressure field ph (x) ∈ Shp , and Lagrange multiplier field λh (x) ∈ Shλ such
that for all test functions

(
wh
u, w

h
p , w

h
λ

)
∈ Vhu × Vhp × Vhλ , there holds in Γh

% ·
∫

Γ
wh
u ·
((
uh · ∇cov

Γ

)
uh − gh

)
dA+

∫
Γ
∇dir

Γ w
h
u : σ

(
uh, ph

)
dA+

∫
Γ
λh ·

(
wh
u · nhΓ

)
dA

−
∫
∂ΓN
wh
u · t̂

h ds+
∫

Γ
whp · divΓ u

h dA+
∫

Γ
whλ ·

(
uh · nhΓ

)
dA

+
nel∑
e=1

∫
Γe
τSUPG

((
uh · ∇cov

Γ

)
wh
u

)
·
[
% ·
((
uh · ∇cov

Γ

)
uh − gh

)
− divΓ σ

(
uh, ph

)]
= 0.

The equations related to the different field equations were added up for brevity. The last row
adds a stabilization term which is needed to obtain stable solutions for flows at high Reynolds
numbers16,17. In particular, the streamline upwind Petrov-Galerkin (SUPG) method is used for
the stabilization. Different definitions of the stabilization parameter τSUPG are found11,18 and
τSUPG = 0 is used when no stabilization is needed. In the stabilization term, second-order
derivatives appear in the element interiors.

2.3.3 Instationary Navier-Stokes flow

The discrete weak form of the instationary Navier-Stokes problem is: Given density % ∈ R+,
viscosity µ ∈ R+, body force % · gh (x, t) in Γh × τ , traction t̂

h (x, t) on ∂ΓhN × τ , and initial
condition uh0 (x) on Γh at t = 0, find the velocity field uh (x, t) ∈ L2

(
τ ;Shu

)
, pressure field

ph (x, t) ∈ L2
(
τ ;Shp

)
, and Lagrange multiplier field λh (x, t) ∈ L2

(
τ ;Shλ

)
such that for all

test functions
(
wh
u, w

h
p , w

h
λ

)
∈ Vhu × Vhp × Vhλ , there holds in Γh × τ

% ·
∫

Γ
wh
u ·
(
∂tu

h +
(
uh · ∇cov

Γ

)
uh − gh

)
dA+

∫
Γ
∇dir

Γ w
h
u : σ

(
uh, ph

)
dA+

∫
Γ
λh ·

(
wh
u · nhΓ

)
dA

−
∫
∂ΓN
wh
u · t̂

h ds+
∫

Γ
whp · divΓ u

h dA+
∫

Γ
whλ ·

(
uh · nhΓ

)
dA

+
nel∑
e=1

∫
Γe
τSUPG

((
uh · ∇cov

Γ

)
wh
u

)
·
[
% ·
(
∂tu

h +
(
uh · ∇cov

Γ

)
uh − gh

)
− divΓ σ

(
uh, ph

)]
= 0.

This yields a system of non-linear semi-discrete equations with initial condition u (0). This
system may be advanced in time by using finite difference schemes and the Crank-Nicolson
method is employed herein.
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3 NUMERICAL RESULTS

A number of test cases have already been proposed in12. Herein, two more test cases are
suggested and even higher element orders are used for the approximations.

Because analytic solutions are hardly available in the context of flows on curved surfaces,
we find it useful to study the error in the strong form of the governing equations as given in
Section 2.2. Of course, due to the C0-continuity of the FE shape functions, those equations
involving second-order derivatives may only be integrated over element interiors (just as the
stabilization terms from above). For the example of stationary Stokes flow, the corresponding
residual errors are defined as

εmom =

√√√√ nel∑
e=1

∫
Γe

(
P · divΓ σ

(
uh, ph

)
+ fh

)2
dA (16)

and

εcont =
√∫

Γ

(
divΓ u

h
)2

dA, εtang =
√∫

Γ

(
uh · nhΓ

)2
dA. (17)

This can be easily extended to the case of Navier-Stokes flows where the advection term is
added to the integrand in (16).

3.1 Stationary flow on a deformed ring

A flow is considered on a deformed ring as shown in Fig. 2(a). The domain is generated
using an annulus with inner radius Rin = 0.5 and outer radius Rout = 1.0 as a starting point,
that is, Ωr = {r ∈ R2 : Rin ≤ ‖r‖ ≤ Rout} ⊂ R2. This annulus is associated with a third
dimension using the coordinate

t (r) = 1−
exp

(
−1/2

(
‖r‖−µ
σ

)2
)

√
2πσ

, with µ = 3/4 and σ = 1/4.

This yields a manifold Γr in the three-dimensional coordinate system (r, s, t) which is further
deformed with a map x (r) as

x (r) = r̃ + r̃2 + 1/10 · sin (r̃)− 3,
y (r) = s̃+ 1/2 · s̃2 + 1/10 · cos (s̃)− 2,
z (r) = t+ 1/5 · sin (x (r) · y (r)) ,

with r̃ = 1.2 + r and s̃ = 1.2 + s. A rigid body rotation by 30◦ around the z-axis yields the
manifold of interest Γ.

It is simple to generate meshes with the desired number of elements in radial and circum-
ferential direction. Examples for meshes composed of quadrilateral and triangular elements are
seen in Figs. 2(b) and (c).
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(a) domain (b) tri-mesh (c) quad-mesh

Figure 2: Ring test case: (a) domain, and meshes composed by (b) triangular and (c) quadrilateral elements.

(a) ‖f t (x)‖ (b) ‖u (x)‖ (c) p (x) (d) λ(x)

Figure 3: Ring test case from top view: (a) acceleration magnitude, (b) velocity magnitude, (c) pressure, and (d)
Lagrange multiplier field.

The density and viscosity are set to % = 1 and µ = 0.01, respectively. No-slip boundary
conditions are applied at all boundaries. This is because inflow and outflow boundary conditions
may render the generation of higher order accurate results difficult. The flow is driven by an
acceleration field

g (x) =

 gx
gy
gz

 =

 −yx
0

 ⇒ f t (x) = % ·P (x) · g (x) .

A graphical representation of the driving forces f t, and the resulting solutions for the velocity
magnitude, the pressure and the Lagrange multiplier are seen in Fig. 3 (when looking in z-
direction on the manifold).

For the convergence studies, finite element approximations are carried out on various meshes
composed by triangular or quadrilateral Lagrange elements of different orders. Meshes with
nR = {4, 6, 10, 14, 20, 30, 40, 60, 80, 100} elements in radial direction and nθ = 4 ·nR elements
in circumferential direction are used. The individual element orders used for the convergence
studies are indicated by a 4-tuple {kgeom, ku, kp, kλ}. To be precise, this tuple summarizes the
employed orders for the geometry, kgeom, the velocities, ku, the pressure, kp, and the Lagrange
multiplier for enforcing the tangential velocity constraint, kλ. For each tuple, meshes with dif-
ferent resolutions (given by nR and nθ) are considered and errors calculated, each time resulting
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Figure 4: Convergence results in εmom, εcont, and εtang for the ring test case, (a) to (c) for triangular elements, (d)
to (f) for quadrilateral elements. The legend in (g) decodes the orders {kgeom, ku, kp, kλ} of the meshes.

in one curve in the convergence plots as indicated in the legends. The preferred setting, as al-
ready suggested in12,13, is to choose kgeom = ku + 1 and kp = kλ = ku − 1 for some given
ku. With respect to the orders of the velocities compared to the pressure, this is a Taylor-Hood
element19.

Convergence results are seen in Fig. 4. Triangular elements are considered with 2 ≤ ku ≤ 5
and are seen in Figs. 4(a) to (c). Quadrilateral elements are investigated with 2 ≤ ku ≤ 7 and
results shown in Figs. 4(d) to (f). It is clearly seen that higher-order convergence rates in εmom,
εcont, and εtang are achieved. Because second order derivatives are involved in the computation
of εmom, the convergence rates are (up to) one order less than for εcont and εtang.

3.2 Instationary cylinder ring flow

The next example is an instationary Navier-Stokes flow on a ring-like surface with a cylindri-
cal hole, see Fig. 5(a). An example mesh is seen in Fig. 5(b) and elements are refined to resolve
the boundary layers. The density and viscosity are prescribed as % = 1.0 and µ = 0.001. The
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(a) domain (b) mesh

Figure 5: Cylinder test case: (a) domain and (b) mesh.

starting point to generate the curved manifold is the flat two-dimensional cylinder flow accord-
ing to20. The geometry is first described in 2D based on the coordinates (a, b), labelled Ωa, and
later on mapped to obtain the curved surface Γ in 3D. In 2D, the cylinder with a diameter of
0.1 is placed slightly unsymmetrically in y-direction of the channel in [0, 2.20]× [0, 0.41]. The
curved manifold is then obtained using the following map,

x (a) = cos (α) · (b+ 7/20) ,
y (a) = sin (α) · (b+ 7/20) ,
z (a) = 2 + 1/2 · d (x, y)− sin (3 · d (x, y)) ,

with α = 10/11 · π · a and d (x, y) =
√
x2 + y2.

The flow is driven by a rotational acceleration field,

g (x) =

 gx
gy
gz

 =

 −yx
0

 · g?,
scaled by the parameter g? = {0.15, 0.175., 0.2, 0.225}. The situation is observed in the time
interval t ∈ [0, 40]. For g? = 0.15 and at time t = 40, the resulting velocity magnitude,
pressure, and vorticity are shown in Fig. 6. It is clearly seen that periodic flow patterns known
as the Kármán vortex street are observed behind the cylinder.

Element orders of kgeom = 4, ku = 3, kp = 2 and kλ = 2 are chosen in the numerical
studies. 4000 time steps are employed in the Crank Nicolson method. Higher orders or more
time steps achieved virtually indistinguishable results for the quantities shown below. To make
the results more quantitative, the stresses at the cylinder wall are summed up to obtain a force
resultant F (t) = ‖F (t)‖ in 3D. This is the equivalent of the lift and drag coefficients for the
flat 2D case. Furthermore, the pressure difference between the front and back position of the
cylinder (in Ω2D, mapped to three dimensions) is computed, i.e., ∆p (t) = pfront (t)− pback (t).
Results are shown in Fig. 7 for the different values of g? scaling the acceleration field. Choosing
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(a) ‖aT (x)‖ (b) ‖u (x)‖ (c) p (x)
R

(d) ω(x)

Figure 6: Cylinder test case for g? = 0.15 at time t = 40: (a) acceleration magnitude, (b) velocity magnitude, (c)
pressure, and (d) vorticity.
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Figure 7: Force resultant F (t) and pressure difference ∆p(t) obtained for the cylinder flow test case.

higher values for g? may no longer lead to periodic but rather chaotic results. It is seen that the
acceleration field has to act for about 15 seconds until the flow field changes from steady to
periodic flow patterns. For t ≥ 35, the flow patterns are fully established for g? ≤ 2.

4 CONCLUSIONS

A mixed, stabilized, higher-order accurate surface finite element method is considered for
stationary and instationary Stokes and Navier-Stokes flows on curved surfaces in three dimen-
sions. It is found that when the orders of the involved fields are suitably chosen, higher-
order convergence rates are achieved. A particularly useful combination for a given ku is
kgeom = ku + 1 and kp = kλ = ku − 1. Future works shall investigate different stabiliza-
tion methods and approaches to enforce the tangential velocity constraint. It is found that flows
on manifolds have a strong potential for fundamental research in mathematics, physics, and
engineering.
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ABSTRACT

The objective of this work was to assess whether interstitial fluid flow, which is critical for bone’s mechanosensory
system, is compromised in osteoporotic bone. Using poroelastic finite element modeling, we investigated whether
changes in bone’s microporosity, including the vascular and lacunar-canalicular porosities, can affect interstitial fluid
flow. Two pre-clinical models were assessed: a rat ovariectomy model of postmenopausal osteoporosis, and a rat
muscle-paralysis model of disuse osteoporosis. Animal-specific finite element models were created from
high-resolution micro-CT scans of rat tibiae for estrogen-deficient (n=12) and disuse (n=16) experiments. The
results demonstrate that increased vascular porosity due to either estrogen deficiency or disuse decreases
interstitial fluid flow around osteocytes embedded in the bone cortex. By comparing the results of the two modeling
studies we conclude that changes in the lacunar-canalicular fluid velocity are proportional to the increase in vascular
porosity (or decrease in vascular pore separation). While vascular porosity negatively influenced bone fluid flow, it
was more difficult to elucidate potential effects of changes in the lacunar-canalicular porosity for both the estrogen
deficiency and disuse conditions. In the disuse study, we were able to improve the animal-specific modeling
approach by representing the osteocytic lacunar network within the micro-CT derived finite element models. The
rats subjected to muscle paralysis demonstrated a reduced lacunar density, but the results of the numerical analysis
revealed no correlation of the reduced lacunar density with the average fluid velocity near the lacunae. An important
improvement of the finite element modeling approach with the disuse project was the possibility of predicting fluid
flow around a large number of osteocyte lacunae. Advancement in the imaging and computational methods allowed
the quantification of the fluid flow around 500-1000 osteocyte lacunae, contained in relatively large volumes of bone
cortex. This method can provide a significant advantage in describing bone&amp;amp;amp;apos;s
mechanosensory system at a multiscale level: from the single osteocyte response to the macroscopic whole-bone
changes, including a mesoscale level, where a group of osteocytes (100-1000) can locally respond in a concerted
way. Our modeling approach led to the important observation that fluid velocity around osteocytes depends largely
on their specific position in the cortex. This could explain the variability of the morphology and function of the
osteocytic network. In future studies, we can use this modeling approach to compare fluid flow around osteocytes
with their specific biological activity, helping to bridge the gap between different scales of functional adaptation
mechanisms.
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ABSTRACT

The tsunami reported after the strong Mw7.2 1995 Nuweiba earthquake, together with prehistoric tsunamites found
along the head of the Gulf of Elat-Aqaba (GOA) and the adjacent Red Sea, emphasize the natural hazard there.
The Gulf is located along the southern part of the Dead Sea Transform, which is an active system that generates
frequent strong and destructive earthquakes. The presence of a water body inside the Gulf produces potential for a
tsunami by submarine earthquakes and landslides. Here we investigate the 1995 Nuweiba tsunami and validate our
numerical model, as part of the preliminary evaluation of tsunami hazard along the Head of the Gulf. First, we
constructed the bathymetry and topography grid of the Gulf. Next, we adopted the GeoClaw tsunami modeling
program, which can solve 2D depth-averaged shallow water equations, simulate wave propagation and compute
tsunami wave heights and inundation. We then simulated the 1995 Nuweiba tsunami and produced time series of
the expected wave height in several artificial gauges along the northern part of the Gulf. Based on various models
of the source parameters of the 1995 Nuweiba earthquake, four different scenarios were simulated. The results
were then compared with field evidence, eyewitness reports and the recorded mareogram, as well as with the
numerical model proposed by Abril et al. (2017). Overall, the results show relatively small waves, in the order of
and in accordance with the field observations, the recorded mareogram and the numerical model of Abril et al. The
findings provide profound validation of the GeoClaw model. The methodology and outcomes of this work lay down
the foundation for a thorough and systematic evaluation of the tsunami hazard in this area.
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ABSTRACT

Common actuation principles in soft material robotics require rigid components in their chain of energy conversion
devices, for example fluid pumps or tendon winding motors. In a strict sense, their embodiment in a robot, can
hardly be called structurally “soft”. There are other actuation principles that use elastic or pseudo-elastic materials
to transform electrical power into motion in “soft” structures directly, for example shape memory alloys and
electro-active polymers. Nevertheless, power limits or travel range limits, performance quality, short material life
time, electrical hazards or further practical difficulties may inhibit their deployment. This need for soft actuation
principles with high power density, large travel ranges, manufacturable design, robustness, and simple systems
integration is the motivation for this approach. In order to establish all-soft actuators, this approach strives for direct
conversion of electrical power into motion by electro-magnetism. It is the objective to elaborate the fundamentals of
electro-magnetic actuators which consist of highly elastic materials so that, ultimately, such devices can be
embedded into soft robot structures without disturbing the robot’s structural softness. Among the electro-magnetic
motor principles, the switched reluctance motor is identified as the research subject of highest priority, because the
realization of effective elastic magnetic flux guidance therein is a preliminary technology for the other, more
complex electromagnetic motor principles. In order to yield the actuation force, such an actuator requires a set of
coil-driven magnetic circuits, which change their inductances when the mover travels. It is proposed to realize the
magnetic circuit, which has to guide the magnetic flux through the coil and the mover, by an elastic material filled
with ferro-magnetic particles. Hereby, the main technical target is to maximize the amplitude change of the magnet
circuit’s inductance. The key to an effective actuator design addressed by this approach lies hence in a combination
of particle embedding technology in complex shapes for effective magnetic flux geometries and model-based
systems engineering that considers the cross-domain complexity of such actuators. Both are supported by function-
and manufacturing-oriented simulations, such as a coupled DEM simulation for particle-filled flux guidance
geometries.
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Superconvergence HDG Methods on Polygonal Meshes

Guosheng Fu*, Bernardo Cockburn**

*Brown University, **University of Minnesota

ABSTRACT

We present a new technique called M-decompositions to construct superconvergent HDG methods for diffusion
problem on polygonal meshes. With the help of M-decompositions, new high-order H1 and H(div) conforming finite
elements are discovered.
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Two Scale Topology Optimization of Shell-infill Structures Using Level Set
Method

Junjian Fu*, Liang Gao**, Hao Li***, Mi Xiao****

*State Key Lab of Digital Manufacturing Equipment and Technology, Huazhong University of Science and
Technology, China, **State Key Lab of Digital Manufacturing Equipment and Technology, Huazhong University of
Science and Technology, China, ***State Key Lab of Digital Manufacturing Equipment and Technology, Huazhong

University of Science and Technology, China, ****State Key Lab of Digital Manufacturing Equipment and
Technology, Huazhong University of Science and Technology, China

ABSTRACT

This paper proposed a two scale topology optimization method for shell-infill structures based on level set method.
Two level set functions are utilized to represent the structural boundaries of macro shell and the micro infill,
respectively. In the macroscopic, the design of the shell structure is defined as a compliance minimization problem.
The macro shell is captured by the contour area between the zero and the k level set. The value of k is equal to the
thickness of the shell. A reinitialization scheme is imposed on the macro level set function to guarantee a uniform
thickness of the shell. In the microscopic, the infill is designed by periodic microstructures with the same
configuration. Viewing the compliance of macro structure as the objective function, these microstructures are
optimized based on level set method. The numerical homogenization method is applied to evaluate the effective
elasticity tensor of the microstructure, which bridges the connection between the microstructure and the macro
material property. Both 2D and 3D numerical examples are investigated to demonstrate the effectiveness of the
proposed method. Results indicate that this method is of great potential in the design of bio-inspired and additive
manufacturing oriented structures. Keywords: Topology optimization, Shell-infill structures, Level set method
References [1] Clausen A, Aage N, Sigmund O. Topology optimization of coated structures and material interface
problems[J]. Computer Methods in Applied Mechanics and Engineering, 2015, 290: 524-541. [2] Wu J, Clausen A,
Sigmund O. Minimum compliance topology optimization of shell-infill composites for additive manufacturing[J].
Computer Methods in Applied Mechanics and Engineering, 2017, 326. [3] Wang Y, Kang Z. A level set method for
shape and topology optimization of coated structures[J]. Computer Methods in Applied Mechanics &amp;amp;amp;
Engineering, 2018, 329:553-574.
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High-order Targeted ENO Scheme for Turbulence Simulations

Lin Fu*, Nikolaus A. Adams**

*Center for Turbulence Research, Stanford University, **Chair of Aerodynamics and Fluid mechanics, Technical
University of Munich

ABSTRACT

In this paper, we present a high-order targeted ENO scheme, which shows exceptional performance in
conventional compressible gas dynamics, extreme simulations (Mach number of 2000), incompressible and
compressible turbulence reproduction. For conventional compressible gas dynamics, the TENO scheme is robust,
and shows low numerical dissipation in resolving high-wavenumber physical fluctuations while capturing the
discontinuities sharply. For the extreme simulations, the proposed scheme is numerically stable and preserves the
ENO property. In terms of turbulence simulations, it can faithfully predict the energy transfer for incompressible
flows, resolve the vorticity, entropy and acoustic models for compressible flows. A set of benchmark simulations will
be computed to validate the performance of proposed scheme.
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Variational Approach of Coarse-grained Lipid Dynamics Based on Potential
for Amphiphilic Molecules

Szu-Pei Fu*, Rolf Ryham**, Yuan-Nan Young***

*Fordham University, **Fordham University, ***New Jersey Institute of Technology

ABSTRACT

In macroscopic models, the well-known Helfrich Hamiltonian membrane model has been extensively used to
capture macroscopic physical properties of a lipid bilayer membrane. Some phenomena such as membrane fusion
and micelle formation are, however, challenging to described using a macroscopic framework, and including all the
molecular details has its challenges, from a numerical simulation perspective. Therefore, in order to include the
salient molecular details in a coarse-grained manner, we study the dynamics of lipid bilayer membrane using
Janus-type particle configurations to represent collections of lipids. These coarse-grained lipid molecules interact
through an action field that measures water activity due to the presence of nearby hydrophobic surfaces, leading to
specific boundary conditions on each Janus particle. We adopt two numerical frameworks to investigate the particle
dynamics: (1) the finite element method (FEM); (2) the quadrature by expansion method. We also examine the
numerical accuracy and qualitative comparisons for large system simulations, and compare with other
potential-theoretic methods.
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3D Numerical Simulation on the Interaction between Hydraulic Fractures and
Natural Fractures with Spatially-Varied Properties

Wei Fu*, Alexei Savitski**, Branko Damjanac***, Andrew P. Bunger****

*University of Pittsburgh, **Shell, ***Itasca Consulting, ****University of Pittsburgh

ABSTRACT

The estimation of hydraulic fracture (HF) propagation in fractured unconventional reservoirs is important for the
reservoir stimulation design. Previous studies typically assume that natural fractures (NFs) have uniform properties
and persist through the full height of the reservoir/HF, which lead to 2D views. Recent field and experimental
observations, on the other hand, demonstrate that the spatial variation of NF properties can strongly influence the
HF propagation patterns. In this study, a lattice model that fully couples fluid flow with rock matrix represented by
quasi-randomly distributed nodes (discrete masses) and springs is employed to simulate the 3D interaction
between HFs and NFs with non-uniform properties. The numerical simulations capture the strong dependence of
HF propagation patterns on the NF heterogeneities, characterized by different cementation strength, cemented
proportions and/or height. In a parametric study of NF properties, the simulations are observed to match an
experimentally verified 3D analytical criterion well for cases with varying mechanical and/or geometrical NF
properties. The simulation results also reveal that 3D interactions between HFs and NFs are not only related to
localized interaction behaviors determined by local interface conditions as considered in 2D crossing criteria, but
also global interaction behaviors that are influenced by the overall properties of encountered NFs.
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Art of Balancing and Conforming in Discrete Elements of Continuum

XiangRong Fu*, Pu Chen**, MingWu Yuan***

*Department of Civil Engineering?China Agricultural University, **Department of Mechanics and Engineering
Science, PeKing University, ***Department of Mechanics and Engineering Science, PeKing University

ABSTRACT

A review on the basic theories of the finite element method or the associated computational method are presented
in the paper. Some classic theories of discrete elements are studied, and some novel models of discrete elements
are presented. In the view of balancing, the analytical trial functions which satisfy equilibrium equations are used to
construct the stress field in the novel discrete elements. In the view of conforming, the isoparametric elements, the
non-conforming elements and the super conforming elements are compared with each other in two-dimension
problems . Following different theories of balancing or conforming, every kind of discrete elements forms the basic
theory of the finite element method or the associated computational method. The benchmark tests show that the
discrete elements combining two characters who can satisfy the equilibrium equation in the element and take into
the conforming boundary condition around the element can give better perform.
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Phase-field Modeling of Microstructure Evolution in Selective Laser Melting
Process through a Multiscale Scheme

Yao Fu*

*University of Cincinnati

ABSTRACT

Designing novel structural materials with complex shape and geometry is enabled with the advancement of additive
manufacturing processes, to meet specific performance requirements that are not imaginable with traditional
subtractive manufacturing techniques. The microstructure evolution during the repeated heating/cooling process
determines the various properties of manufactured products. Modeling and simulation can advance our
fundamental understanding of the underlying physical processes and capability to quantify the influence of process
variables on resulting component properties. Therefore, it plays an increasingly crucial role for the design and
optimization of components and materials. In this study, the prediction of microstructural evolution during the
additive manufacturing process is realized through the phase field modeling at the meso and micro length scale.
Coupled with heat conduction equation where the latent heat of fusion is considered, the temporal and spatial
evolution of the melting pool is simulated at the mesoscale with the Kim-Kim-Suzuki (KKS) model. The temperature
history provides input for the microscale model, where the microstructural evolution such as dendritic growth can be
predicted during the laser-materials interaction via the multiphase KKS model.
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Parallelization of Microscopic Traffic Simulator and Its Load Balancing

Hideki Fujii*, Yuta Ushimaru**, Tomonori Yamada***, Shinobu Yoshimura****

*The University of Tokyo, **The University of Tokyo, ***The University of Tokyo, ****The University of Tokyo

ABSTRACT

In order to evaluate transportation policies quantitatively, virtual social experiments using traffic simulators are
adequate. It is because experiments in the real road environment are impracticable for predicting traffic phenomena
as complex systems, and even small changes in conditions can affect to wide area significantly. In particular,
simulators with features of both precision and scalability are preferable for applications to real-world traffic issues. In
this research, we tried to parallelize a multi-agent-based traffic simulator [1, 2] using a graph partitioning approach.
Cars are modeled as autonomous agents in the simulator. A car agent acquires information from its circumference
(other cars, traffic signals, etc.), makes a decision autonomously, and acts accordingly. The precision is
accomplished by employing a multi-agent system and realistic car behavior models, and the scalability is advanced
by parallelization in this approach. Since the perceptions of the determinants for decision making of a car agent
being driven are limited locally, it is reasonable to decompose road network to subnetworks. We utilized METIS [3]
as a graph-partitioning tool to minimize edge cuts. The computational cost of a subnetwork in the simulation
depends on the number of agents on the subnetwork and the numbers are not constant among each subnetwork.
That causes load imbalance. We tested to give weights to edges to improve the imbalance. We show the result of
graph partitioning approach and its parallelization performance in the presentation. Our approach contributes to
import the methods that have been discussed in the field of computational mechanics to the new field of social
simulation. [1] S. Yoshimura, &amp;amp;quot;MATES: Multi-Agent Based Traffic and Environment Simulator -
Theory, Implementation and Practical Application&amp;amp;quot;, CMES: Computer Modeling in Engineering and
Sciences, vol. 11, no. 1, pp. 17--25, 2006. [2] H. Fujii, H. Uchida, S. Yoshimura: &amp;amp;quot;Agent-based
Simulation Framework for Mixed Traffic of Cars, Pedestrians and Trams&amp;amp;quot;, Transportation Research
Part C: Emerging Technologies, vol. 85, pp. 234-248, 2017. [3] G. Karypis, V. Kumar: &amp;amp;quot;A Fast and
Highly Quality Multilevel Scheme for Partitioning Irregular Graphs&amp;amp;quot;, SIAM Journal on Scientific
Computing, vol. 20, no. 1, pp. 359--392, 1999.
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Detailed Finite Element Analysis of Concrete-filled-tube Column under
Cyclic Loading

Jun Fujiwara*, Makoto Ohsaki**, Hiroyuki Tagawa***, Takuzo Yamashita****, Tomoshi
Miyamura*****

*National Research Institute for Earth Science and Disaster Resilience, **Kyoto University, ***Mukogawa Women's
University, ****National Research Institute for Earth Science and Disaster Resilience, *****Nihon University

ABSTRACT

Concrete-filled-tubes (CFTs) are used as columns of architectural and civil engineering structures. CFTs usually
have large deformation capacity due to lateral constraints from steel tubes providing ductility. In some of existing
studies on numerical analysis of CFTs, constraint effect such as lateral pressure between steel and concrete is
obtained from experiments and considered in analysis as additional forces, etc. However, to the best of authors’
knowledge, no numerical analysis method, which can simulate behaviors of CFTs under cycling loading, has been
proposed. The authors have been developing a detailed finite element analysis system called E-Simulator[1,2]. In
this research project, we simulate structural behavior only by combining detailed solid finite element model and
material constitutive laws, which can represent damages and fractures of materials. By using E-Simulator, we can
consider interaction between filled concrete and steel tube without any additional constraint effects. In this study, a
detailed finite element analysis of a CFT column is conducted to simulate collapse behavior under lateral cyclic
loading. In our analysis, concrete is modeled as an elastoplastic material with extended Drucker-Prager yield
condition that has a smooth yield surface in tension. Softening behavior in compression is formulated based on
simple damage criteria. A piecewise linear isotropic-kinematic hardening model[3] is applied to steel. We simulate a
cyclic shear-bending loading experiment of a CFT column. The height is 1440 mm and the section is a 240?240
mm square tube. A pseudo-static cyclic lateral displacement with increasing amplitude is given at the top of the
column under vertical load. According to the comparison of load-deformation relations obtained from the
experimental and numerical results, analysis result corresponds fairly well to the experimental one. The progress of
damage in the filled concrete and the steel-concrete interaction is visually illustrated in the numerical result, while it
is difficult to quantify in experiments. References [1] M. Ohsaki, T. Miyamura, M. Kohiyama, M. Hori, H. Noguchi, H.
Akiba, K. Kajiwara and T. Ine, High-precision finite element analysis of elastoplastic dynamic responses of
super-high-rise steel frames, Earthquake Eng. Struct. Dyn., Vol. 38, pp. 635-654, 2009. [2] T. Yamashita, M. Hori
and K. Kajiwara, Petascale computation for earthquake engineering, Computing in Science and Engineering,
Vol.13(4), pp. 44-49, 2011. [3] M. Ohsaki, T. Miyamura and J. Y. Zhang, A piecewise linear isotropic-kinematic
hardening model with semi-implicit rules for cyclic loading and its parameter identification, Computer Modeling and
Engineering, Vol. 111(4), pp. 303-333, 2016.
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Simulation-based Assessment of Railway Dynamic Gauge for the
Conception of New Trains

Christine Funfschilling*, Guillaume Perrin**

*SNCF, **CEA/DAM/DIF

ABSTRACT

In order to ensure the safety of a railway circulation, it is necessary to estimate the railway gauge to verify that the
rolling stock will not run too close to the infrastructure or to another train running on an adjacent track. Currently, in
France, the railway gauge is assessed thanks to an empirical deterministic approach stemming from extended
experimental work. The vehicle-track system is however complex and contains several sources of uncertainties: the
track irregularities, the wheel-rail contact shape and the friction coefficient, the mechanical suspension properties,
the wind gusts and so on. The use of multi body simulation coupled with a probabilistic approach could thus present
several advantages ; for a given train and a given railway network, we will focus here on the assessment of the risk
that the dynamic gauge may not be in accordance with the certification rules. In this work, we thus propose a
method to evaluate the envelope of the position of the train. To take into account the uncertainties that are inherent
to the system, a probabilistic approach is developed, leading to a random envelope of the train. A three step
method is adopted to evaluate the probability that the certification criteria may not be fulfilled. The first step consists
in sampling a set of realistic track irregularities with a stochastic generator. This latter is based on a high
dimensional non-Gaussian random field that has been identified on a large set of measurements. A Monte Carlo
algorithm is used for the sampling. Railway dynamic simulations are then achieved in parallel with the commercial
software Vampire. Finally the obtained displacements are processed to estimate the desired random envelope.
Since very low probabilities are of interest, dedicated methods are needed for the evaluation of the final probability.
A Moving Particle algorithm coupled with a Markov Chain Monte Carlo procedure is considered here, which is a
particularly efficient subset method for the estimation of the probability of rare events. This is particularly important
here, as the computational cost of each evaluation of the railway software is relatively high.
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Materials Genomics and the Future of Structural Alloy Design and
Application

David Furrer*

*Pratt & Whitney

ABSTRACT

Computational materials engineering has evolved through parallel advancement of materials characterization,
physics-based understanding of materials behavior, computational modeling methods, informatics and
computational methods. These linked advancements have been significant steps toward to the application of
Integrated Computational Materials Science and Engineering (ICMSE). Formalized materials genomics activities
are increasing the rate of new material development for future, unique requirements. Materials genomics and
computational materials methods have been advanced to a point where they are being substantially accepted by
industry and the larger interdisciplinary engineering community. This talk will review major enabling materials
genomics technologies relative to industrial applications for the design and development of next generation
materials.
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Numerical Simulation of Antiplane Wave Scattering by a Hydrate Inclusion
Using a BEM

Akira Furukawa*, Takahiro Saitoh**, Sohichi Hirose***

*Tokyo Institute of Technology, **Gunma University, ***Tokyo Institute of Technology

ABSTRACT

Frozen porous media consist of solid skeleton, pore fluid, and ice matrix. This mechanical model has been
proposed by Leclaire et al [1] and well known as an extended model based on the fluid-saturated porous media
proposed by Biot [2]. Recently, the frozen porous media attract a great deal of attention from researchers in the field
of the geophysical exploration because this model is adequate to describe the dynamic behavior of seabed layer
involving methane hydrate. Body waves in the frozen porous media propagate with dispersion and dissipation in the
same manner as waves in the fluid-saturated porous media. In addition, antiplane shear wave has two propagation
modes, i.e. S1- and S2-modes [3]. Therefore, it is important to consider the interaction among three phases for the
evaluation of wave scattering properties of the frozen porous media. However, there are few reports with regard to
the development of numerical computation methods for wave scattering by an inclusion which involves highly
concentrated hydrate. This study presents a numerical simulation to understand the characteristics of wave
scattering by a hydrate inclusion in the seabed layer. The problem is formulated by a boundary element method
(BEM) which can deal with the antiplane shear waves in the frozen porous media. Several numerical examples are
shown to provide the validity of our proposed method and scattering properties resulting from the numerical
simulation. [1] Ph. Leclaire, F. Cohen-Tenoudji and J. Aguirre-Puente, Extention of Biot&amp;apos;s theory of wave
propagation to frozen porous media, J. Acoust. Soc. Am., Vol. 96, No. 6, pp. 3753-3768, 1994. [2] M. A. Biot,
Theory of propagation of elastic waves in a fluid-saturated porous solid. I. Low-frequency range, J. Acoust. Soc.
Am., Vol. 28, No. 2, pp. 168-178, 1956. [3] J. M. Carcione, J. E. Santos, C. L. Ravazzoli and H. B. Helle, Wave
simulation in partially frozen porous media with fractal freezing conditions, J. Appl. Phys., Vol. 94, No. 12, pp.
7839-7847, 2003.
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Structural Optimization of Thermoelectric Nanomaterials Using the Level Set
Method

Kozo Furuta*, Ayami Sato**, Kazuhiro Izui***, Takayuki Yamada****, Mitsuhiro Matsumoto*****,
Shinji Nishiwaki******

*Kyoto University, **Kyoto University, ***Kyoto University, ****Kyoto University, *****Kyoto University, ******Kyoto
University

ABSTRACT

Thermoelectric devices are unique in that they can convert thermal energy to electric energy and vice versa. When
a temperature gradient between two different points exists on a thermoelectric device, a voltage is generated.
Conversely, when a voltage is applied between two different points on a thermoelectric device, a thermal gradient is
produced. The former effect is called the Seebeck effect and is exploited in power generation systems. The latter is
called the Peltier effect and is employed in cooling devices and temperature-control systems. The advantages of
thermoelectric devices are compactness, lack of moving parts, maintenance-free operation, longevity, and ability to
be precisely controlled, properties that have led to their broad use in various fields. Despite their utility, however,
thermoelectric devices are typically deployed only in niche applications due to their comparatively low the efficiency
of energy conversion, only 5% in conventional commercial modules. In recent years, dramatic improvements in
nano-fabrication techniques have enabled the design of materials and devices that take nanoscale phenomena into
account. Manipulating such nanostructures can enable only decrease the thermal conductivity by utilizing the
phonon reflections in material interfaces, and provide novel material properties for thermoelectric materials [1].
However, little research has focused on design methods for nanoscale thermoelectric devices, since this requires
consideration of properties that are discontinuous on material interfaces. Here, we propose a structural optimization
method for nanoscale heat conduction problems based on a level-set method. First, we define the optimization
problem using the phonon Boltzmann transport equation that can model temperature discontinuities on material
interfaces when dealing with heat conduction at the nanoscale. The shape sensitivity is then computed with an
adjoint method that considers discontinuous properties on material interfaces [2]. A Hamilton-Jacobi equation is
applied when updating the level-set function that represents the structure [3]. Finally, numerical examples confirm
the validity of our proposed structural optimization method. [1] J. Yu, S. Mitrovic, D. Tham, J. Varghese and J.
Heath, ``Reduction of thermal conductivity in phononic nanomesh
structures.&amp;amp;amp;amp;apos;&amp;amp;amp;amp;apos; Nature nanotechnology, Vol.5, No.10 (2010) pp.
718 - 721. [2] K. Fururta, A. Sato, K. Izui, M. Matsumoto, T. Yamada and S. Nishiwaki, ``Shape sensitivity for a
two-phase heat conduction problem considering nanoscale
effects.&amp;amp;amp;amp;apos;&amp;amp;amp;amp;apos; Journal of Advanced Mechanical Design, Systems,
and Manufacturing, (Accepted). [3] G. Allaire and F. Jouve, ``Structural optimization using sensitivity analysis and a
level-set method.&amp;amp;amp;amp;apos;&amp;amp;amp;amp;apos; Journal of Computational Physics, Vol.194
(2004) pp. 363–393.
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On the DPG Method for Signorini Problems

Thomas Führer*, Norbert Heuer**, Ernst P. Stephan***

*Pontificia Universidad Católica de Chile, Santiago, Chile, **Pontificia Universidad Católica de Chile, Santiago,
Chile, ***Leibniz Universität Hannover, Hannover, Germany

ABSTRACT

We present results of our recent work [1], where we derive and analyse discontinuous Petrov–Galerkin methods
with optimal test functions for Signorini-type problems as a prototype of a variational inequality of the first kind. We
present different symmetric and nonsymmetric formulations, where optimal test functions are used only for the
partial differential equation part of the problem, not the boundary conditions. For the symmetric case and
lowest-order approximations, we provide a simple a posteriori error estimate. Moreover, we apply our technique to
the singularly perturbed case of reaction-dominated diffusion. Numerical results show the performance of our
method and, in particular, its robustness in the singularly perturbed case. References: [1] T. Führer, N. Heuer, E.P.
Stephan, On the DPG method for Signorini problems, IMA J. Numer. Anal. (2017), in print.
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Bipenalty Stabilized Explicit Finite Element Algorithm for Contact-impact
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Jiri Plesek******

*Czech Academy of Sciences, Institute of Thermomechanics, Czech Republic, **Czech Academy of Sciences,
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ABSTRACT

In dynamic transient analysis, recent comprehensive studies have shown that using mass penalty together with
standard stiffness penalty, the so-called bipenalty technique, preserves the critical time step in conditionally stable
time integration schemes. In Reference [1] the stability and reflection-transmission analysis of the bipenalty method
has been studied for one-dimensional contact-impact problems. The main attention has been paid on an upper
bound estimation of the stable Courant number for the bipenalty method with respect to stiffness penalty and mass
penalty parameters. This analysis has been carried out for several basic one-dimensional contact problems. In this
work, the bipenalty technique is applied for the solution of two-dimensional contact-impact problems. The bipenalty
method is implemented to an explicit contact algorithm based on the symmetry preserving penalty formulation [2].
The attention is focused on the stability properties of this algorithm using the derived upper bound of the stable
Courant number. Next, the estimation of the stiffness and mass penalty parameters ensuring non-oscillating
behavior is investigated. Several numerical examples are presented including the longitudinal impact of two thick
plates/cylindrical rods, for which an analytical solutions are available. In all the cases the superiority of the bipenalty
method over the standard stiffness penalty method is demonstrated. Acknowledgements to projects: MEYS
CZ.02.1.01/0.0/0.0/15_003/0000493 (Gabriel, Kolman), CSF 16-03823S (Kopacka) and CSF 17-12925S (Plesek)
under AV0Z20760514. The work was also supported by the Projekt-ID 57219898 funded via DAAD from Federal
Ministry of Education and Research. References [1] Kopacka J., Tkachuk A., Gabriel D., Kolman R., Bischoff M.,
Plesek J. (2017) On stability and reflection-transmission analysis of the bipenalty method in contact-impact
problems: a one-dimensional, homogeneous case study. Int. J. Numer. Meth. Engng., 1–23.
https://doi.org/10.1002/nme.5712 [2] Gabriel, D., Plesek, J. and Ulbin, M. (2004), Symmetry preserving algorithm
for large displacement frictionless contact by the pre-discretization penalty method. Int. J. Numer. Meth. Engng., 61:
2615–2638. https://doi.org/10.1002/nme.1173
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A Novel Framework for Joint Task and Manufacturing Optimization of
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of Machine Tools and Production Technology, Germany, ***TU Braunschweig, Institute of Machine Tools and

Production Technology, Germany

ABSTRACT

Research on soft material robotic systems has recently increased, since soft robots offer a rich potential for
application in human-robot collaboration, surgical applications or search-and-rescue operations. In contrast to rigid
robots, the task-specific design of soft robots highly depends on the available materials, actuation control and
manufacturability. There is a significant body of work about mathematical representations of the robot motion and
control, in order to determine task-optimized designs. The manufacturing of such designs is mostly considered in a
subsequent stage, so that a sequential methodology evolves. This sequential procedure causes that function is
prioritized over manufacturability. It is the intention to equalize this asymmetry in order to access previously
unconsidered yet competitive design structures. This challenge is approached by the aggregation of a joint
task-oriented and manufacturing-oriented design methodology. In such an aggregated methodology, it is
straightforward to include monolithic material, gradient material and multi-material manufacturing processes. The
multi-material concept is particularly attractive if the manufacturing sequence comprises the incremental application
of pre-produced elements. This significantly reduces the manufacturing effort, even if the functional structure is
complex. In order to elaborate a generic solution, this concept schedules finite element modeling such
multi-material manufacturing processes and contributes methods to transform these models into function-oriented
models for a joint development methodology. The proposed framework comprises the elaboration of two distinct
methodology aggregations and their competitive comparison. Both methodologies are parameterized by a
user-defined task specification towards which their function and manufacturing optimization algorithms iterate the
robot design and its manufacturing plan. The goal is to implement a fully automated development framework, which
connects evolutionary optimization algorithms to finite element simulations that represents both material and
geometry as well as applied manufacturing procedures. In further research, a case study is intended to be carried
out, where robots for a feeding task in a production scenario are developed, manufactured and characterized
experimentally. For this case study, a novel design and binary actuation concept for soft robot is proposed, which is
distinguished by separation of an actuated internal structure and a passive outer shell. The findings of this case
study are then fed back to refine the joint development methodologies. This case study is used for the methodology
comparison and to derive practical implications. Ultimately, this supports a decision about the superior methodology
to be deployed further in the future.
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ABSTRACT

Osteoporotic changes lead to future low-energy fractures. The early detection of them may allow to introduce the
treatment preventing many potential patients from fractures. The development of new diagnostic methods for
osteoporotic changes, providing supplementary information to the routine screening tests like densitometry, would
improve the accuracy of a diagnosis by more effective prediction of bone strength properties. Osteoporosis caused
destruction of the trabeculae in the cancellous part of the vertebra body. Numerous researches shown the strong
relation between the trabeculae architecture and the bone strength [1-2]. These reports explain the cause of a bone
destruction in osteoporotic fractures, but due to a low spatial resolution of the clinical computed tomography (CT), it
is not possible to implement the trabecula quantitative description as a method of a diagnosis for the osteoporotic
changes. Presented study attempted to evaluate the impact of a shape of a vertebra body and the thickness of a
cortical wall of the vertebra body on its stiffness. The cortical well visible on clinical CT images that may be used for
the analysis by physicians thus it is considered as a potential complementary feature for the diagnostic purpose.
The performed study was based on the image of a three-dimensional human vertebra obtained from a X-ray
computed microtomographic (?CT) study, clinical CT and the compression test of the vertebra. Histomorphological
features of the trabeculae structure were calculated from the ?CT. Clinical CT images of vertebrae were used to
design simplified geometrical model for a simulation of the compressive test employing the final elements method
(FEM). The simulation of the compression test with different materials characteristic and properties, using the
material characteristic of healthy bone, osteoporotic bone, and compare the result to the experimental data were
performed. Obtained results of simulation were compared to the results from the real experimental compression
tests of vertebrae. Finally, statistical analysis were performed, to identify the impact of all considered parameters on
the stiffness. References 1. Hahn M, Vogel M, Pompesius-Kempa M, Delling G.: Trabecular bone pattern factor – a
new parameter for simple quantification of bone microarchitecture. Bone, 13, 327-330 (1992). 2. Odgaard A,
Gundersen HJG.: Quantification of Connectivity in Cancellous Bone, with Special Emphasis on 3-D
Reconstructions. Bone, 14, 173-182, (1993)
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ABSTRACT

The mechanical response of concrete is complex and as other composite materials, multiscale modelling has the
potential for modeling its macroscopic behavior. This paper presents an upscaling methodology for the model-ling
of the concrete mechanical properties. The suggested formulation starts from a known chemical and me-chanical
set of parameters of the cement paste, which are used to evaluate the mechanical properties of the LDPM (Lattice
Discrete Particle Model) concrete mechanical parameters. The parameters are divided to groups, which are related
to different damage modes such as: pore collapse and material compaction, cohesive behavior, and shear
behavior. For each group of parameters a set of microscopic simulations are performed to complete the up-scaling
methodology.
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Abstract. Recently, the Adsorbed Natural Gas (ANG) has been identified as the most promising 

low-pressure alternative for storing natural gas. The ANG not attaining the capacity found in 

liquefied natural gas (LNG), but this technology provides a method of storing gas at 

substantially higher concentration than can be achieved with simple compression (CNG) and 

dismiss the use of refrigeration.Due to the physics of the process, the temperature of the gas 

increases during the adsorption, hence it decreases the adhesion of molecules in the adsorbent. 

The same occurs on desorption process when the temperature of the gas decreases turning it 

more difficult the release of the gas. Under such circumstances, it seems substantially 

advantageous to investigate optimum solutions to those systems, but to find them, it is necessary 

to evaluate sensitives of the control parameters. In particular, on making use of so-called 

Adjoint Method, it combines shape and parametric optimization capabilities; one could 

potentially tackle the full breadth of the problem. Over the years, this method has proven to be 

a powerful tool for find sensitives in complex systems, where a high fidelity representation of 

the physics is essential. It has shown to be particularly suitable to tackle problems with large 

numbers of control parameters, and several possibilities of optimum criteria. To explore the 

method´s potential, numerical transient 2D axi-symmetric simulations will be carried out by 

using a finite-element platform FreeFEM++ considering that the flow is governed by Navier-

Stokes equations ruled by Darcy’s law. The Adjoint equations, which were derived from the 

flow physics, were also implemented in the same platform. The presentation of the article will 

consist in a description of Adjoint Method, followed by the mathematical model and validation 

tests, showing the reduction of the computation cost to evaluate sensitivities; Then, the 

conclusion of the work and the next steps of the research. 

mailto:bchieregatti@usp.br
http://www.rcgi.poli.usp.br/


 
 

BRUNO G. CHIEREGATTI, JOÃO S. BRASIL. LIMA, ERNANI V. VOLPE, MARCELO T. HAYASHI 

 

2 
 

1 INTRODUCTION  

Worldwide, the energy market is going through a phase of intense research and development 

efforts. In several countries, the energy matrices are undergoing progressive changes, so as to 

adapt to more stringent environmental laws and to the global economy instabilities. In this 

scenario, the Natural Gas appears as a source of energy of growing relevance, owing to both its 

direct uses and to the possibilities, it offers regarding the process of gas reform, for hydrogen 

production and carbon capture. The growth of its share of the energy market prompts the need 

to optimize the chain of production, processing and storage of Natural Gas. The search for 

optimal solutions should allow significant savings. 

Amongst the most relevant approaches to optimization, the Adjoint Method stands out as it 

allows an exceptional reduction in the computational costs of design sensitivity derivatives, 

requirement to optimization methods. The method is also attractive for its high fidelity to the 

flow physics, and for the great diversity of its applications. This article presents the use the 

Adjoint Method to find non-geometric sensitivities in Natural Gas Adsorption Systems for 

storage, known by the abbreviation ANG. 

 

2 PROBLEM DESCRIPTION 

2.1 Adsorption 

The Adsorption is defined as the adhesion of molecules in an extremely thin layer (as of 

gases, solutes or liquids) to the surfaces of solid bodies or liquids with which they are in contact. 

It can be classified either as physical adsorption or as chemical adsorption depending on the 

occurrence of reactions. In this work, we are only interested in the physical adsorption 

phenomenon, particularly in a gas-solid interaction. Physical adsorption is caused mainly by 

the van der Waals force and electrostatic forces between adsorbate (gas) molecules and the 

atoms which compose the adsorbent (solid) surface [1,2].  

2.2 ANG Technology 

The ANG systems consists in a simple tank (cylindrical or not), filled by an adsorbent 

(activated carbon, for example). A basic scheme of the ANG tank is presented below: 

 
 

Figure 2. Left: Scheme of ANG Tank. Right: Density comparison between CNG and ANG systems at 300 K 
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Observing the fig.2 on the left, during the filling process, the gas can be stored in two places: 

i) In the spaces between the adsorbent particles and in the pores spaces, that they are considered 

in mathematical model only as “voids” and ii) Close to the adsorbent surfaces, that it considered 

as “adsorbed gas”. 

As mentioned in the Introduction, the method provides a means of storing gas at substantially 

higher concentration than can be achieved with CNG at the same pressure [3]. Using a 

quantitative example, the fig. 2 on the right presents a simple comparison between the gas 

density (using a standard activated carbon as adsorbent) for different pressures. Also in this 

figure, it is clear that for a certain range of pressures, the ANG systems could store more gas 

than CNG at the same pressure, considering the isothermal process. In this example, using a 

particular adsorbent, the differences achieve 44% at 3.5MPa and exceed 100% at low pressures, 

close to 1.5 MPa. However, above to 6.5 MPa, the density in CNG system overtakes that ANG 

with standard activated carbon adsorbent. 

 

3 FLOW PHYSICS 

The governing equations are presented below, where the main assumptions are: Pure NG 

(100% Methane as ideal gas); properties of the adsorbent bed are constant and the bed is 

considered isotropic with spherical particles and homogenous pores distribution [4]. The 

equations were nondimensionalized, to avoid bad conditioning of matrices that are used to solve 

the flow equations numerically. The nondimension state equation 𝑝 = 𝜌𝑔. 𝑇 were plug in the 

equations and the result is presented as follows: 

𝜖𝑡 (
1

𝑇
.

𝜕𝑝

𝜕𝑡
+

𝑝

𝑇2 .
𝜕𝑇

𝜕𝑡
) +  𝜌𝑏

𝜕𝑞

𝜕𝑡
+ ∇. �⃗� = 0        

(1) 

�⃗� + 𝑁𝑝𝜌𝑔∇𝑝 = 0  (2) 

𝐶𝑒𝑓𝑓
𝜕𝑇

𝜕𝑡
− 𝜖𝑡 (

𝛾−1

𝛾
)

𝜕𝑝

𝜕𝑡
+ ∇. (�⃗�. 𝑇) −

1

𝑃𝑒
∇2𝑇 −

ρbΔ𝐻

𝑀𝑔
.

𝜕𝑞

𝜕𝑡
= 0  (3) 

𝑞 = 𝜌𝑎𝑑𝑠. 𝑊0. 𝑒𝑥𝑝 [− (
𝐴

βE0
)

𝑛
]  (4) 

Eq.(1) is the continuity equation where 𝜖𝑡 is the total porosity of adsorbent bed (no-

dimensional); 𝜌𝑏 is the density of adsorbent bed; 𝑞 is defined as the density of adsorption, eq. 

(4),  �⃗� = 𝜌𝑔 �⃗⃗� is the specific mass flux vector, where 𝜌𝑔 is the free gas density (located in the 

voids between particles and in the respective pores) [5]. 

Eq.(2) are the momentum equation with Darcy law simplifications, where ∇𝑝 is the pressure 

gradient; 𝑁𝑝 =
𝐾𝜌∞

𝜇𝑙𝑟𝑒𝑓𝑣∞
 is the pressure number, defined in terms of 𝜇 (gas viscosity), 𝐾 

(permeability of the adsorbent bed, [4]), and the reference values of adimensionalization, 

𝜌∞, 𝑙𝑟𝑒𝑓 𝑎𝑛𝑑 𝑣∞. 

Eq. (3) is the Energy equation, where 𝐶𝑒𝑓𝑓 = (𝜖𝑡𝜌𝑔 + 𝜌𝑏𝑞)𝐶𝑝𝑔 + 𝜌𝑏𝐶𝑝𝑠, which 𝐶𝑝𝑔 and 𝐶𝑝𝑠 

represents the specifics heat of gas and adsorbent respectively; 𝑃𝑒 =
𝜌∞𝐶𝑝𝑔𝑣∞𝑙𝑟𝑒𝑓

𝜆𝑟𝑒𝑓
 is the Péclet 

number; 𝜆𝑒𝑓𝑓 = 𝜖𝑡. 𝜆𝑔 + (1 − 𝜖𝑡)𝜆𝑠 is the effective thermal conductivity in terms of porosity 

and thermal conductivity of gas(𝜆𝑔) and adsorbent (𝜆𝑠), Δ𝐻 is the heat of adsorption which is 

assumed constant and 𝑀𝑔 is the molar mass of the gas. 
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Finally, eq. (4) is the Dubinin-Astakov (DA) model [4,5], where 𝜌𝑎𝑑𝑠 is the adsorbed gas 

density, defined by: 𝜌𝑎𝑑𝑠 =
𝜌𝑎𝑑𝑠̅̅ ̅̅ ̅̅ ̅

exp [𝛼𝑒(𝑇−𝑇𝑏)]
, where 𝜌𝑎𝑑𝑠̅̅ ̅̅ ̅̅  is the density of liquid phase of the 

adsorbed fluid in the saturation region, 𝑇𝑏 is the gas boiler temperature and 𝛼𝑒 is the mean value 

of the thermal expansion of the liquefied gas. 𝑊0 is the microporous volume per unit mass of 

adsorbent, β is the coefficient related to the gas-solid interaction, E0 is the characteristic 

adsorption energy, and n is the DA exponent which is related to the pore size dispersion. 𝐴 =

𝑅𝑇𝑙𝑛 (
𝑃𝑠

𝑃
) is the so-called as Polany adsorption potential: where 𝑃𝑠 = 𝑃𝑐𝑟 (

𝑇

𝑇𝑐𝑟
)

2
. 

 

4 NUMERICAL IMPLEMENTATION 

The equations were implemented in FreeFEM++ platform [7]. This software is a high level 

integrated development environment for numerically solving partial differential equations in 2 

and 3 dimensions. To simulate the previous equations, it is necessary to define geometry, mesh 

and a set of boundary conditions: 

 
Figure 3. Left: Schematic of a 2D axi-symmetric ANG Storage System – The point “o” represents the origin of 

coordinate system. Right: Mesh implemented by FREEFEM++ platform 

Boundary Conditions 
Inflow (1): Parabolic mass flux in the axial direction. 

𝑡𝑎𝑐 is the time when the nominal mass flux is 

achieved. 
𝐺𝑧 = {

2ρ0uin (1 −
𝑟2

𝑟𝑖
2) (

𝑡

𝑡𝑎𝑐
) , 𝑖𝑓 𝑡 < 𝑡𝑎𝑐

2ρ0uin (1 −
𝑟2

𝑟𝑖
2) , 𝑖𝑓 𝑡 ≥ 𝑡𝑎𝑐

, 

𝐺𝑟 = 0 , 𝑇 = 𝑇𝑖𝑛 
Wall (2 - 6): No slip boundary condition with heat 

transfer 
𝐺𝑧 = 0 , 𝐺𝑟 = 0  ,  

−𝑛. ∇𝑇 = 𝑁𝑢(𝑇 − 𝑇𝑒𝑥𝑡) 

Symmetry (7): Since the symmetry axis is parallel to 

z axis, the condition, �⃗�. �⃗⃗� = 0 reduces to  𝐺𝑟 = 0 . 

𝐺𝑟 = 0 

𝑛. ∇𝑇 = 0 

Table 1 – Set of Boundary Conditions 

Where 𝜌0 is the gas density in the inlet; 𝑢𝑖𝑛 is the velocity based on volumetric flow rate at 

STP; 𝑇𝑒𝑥𝑡 is the ambient temperature and 𝑁𝑢 is the Nusselt number defined as 𝑁𝑢 =
ℎ.𝑙𝑟𝑒𝑓

𝜆𝑒𝑓𝑓
. The 

studies of mesh sensitivity, validation tests and exploratory simulations were published in 

previous works [7,8] and the following figures shows some results as example. This test verified 

the influence of the heat transfer coefficient at the tank walls. The Nusselt number affected 

directly the density of gas adsorbed and the understanding the sensitivity of this parameter could 

be essential to increase the tank capacity. The Adjoint method presented in the next section 

were implemented to find the sensitivity of this parameter. 
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Figure 4. Temperature distribution in the end of filling process. Left: Natural Convection in tank walls. Right: 

Forced Convection in the tank walls [7,8]. 

 

Figure 5. Left: Maximum Temperature inside the tank during the filling process. Right: Evolution of Density of 

Adsorption (q) during the filling process. Black: Isorthermal process (ideal); Blue: Natural Convection in tank 

walls; Red: Forced Convection in the tank walls [7,8]. 

5 INTRODUCTION TO THE ADJOINT METHOD 

Historically, the Adjoint Method has evolved into two distinct approaches: discrete and 

continuous. In the former, a discrete Adjoint operator is obtained on the basis of already 

discretized flow governing equations. Whereas in the latter case, the Adjoint equations are 

derived analytically from the equations that govern the physics, and only then, they are 

discretized [9]. Comparisons between the two approaches have also been drawn in the literature 

[10,11,12], and they do not indicate any sizable differences between them. 

This article adopted the so–called continuous formulation of the Adjoint method as it is more 

directly in line with our approach to the Adjoint boundary problem. As an additional result of 

this choice, the numerical methods that were used to integrate the primal problem (flow physics) 

are independent of those that are applied to the dual (Adjoint), thereby making the flow and 

Adjoint solvers fully independent, as well. 

In essence, the Adjoint method is a powerful tool to compute the sensitivity of a given 

measure of merit, with respect to any number of parameters that control the boundary conditions 

of a physical system. That system is assumed to be governed by a set of Partial Differential 

Equations, and the measure of merit is taken to be an objective functional.  In any case, the 

integration boundaries, and the boundary conditions, themselves, are controlled by a set of 

design parameters. Under these circumstances, a natural means of estimating the sensitivity of 
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a functional to changes in flow parameters, would be to perturb each one of them individually, 

and then to compute the sensitivity gradient by central finite differences. 

The procedure clearly requires two converged flow solution for each parameter variation. 

As the number of design parameters increases, the computational cost is bound to become 

prohibitive. Alternatively, by imposing the flow equations as constraints to the optimization of 

objective function, one precludes unrealizable solutions. That, in turn, eliminates the need for 

additional simulations. That is the essence of the Adjoint Method which sensitivity gradient 

need only 2 solutions, independently of the number of design parameters.  

 

6 THE ADJOINT METHOD APPLIED IN FLOWS THOUGH POROUS MEDIA 

This section is dedicated to the Adjoint problem, as it applies to the particular class of flows 

that is the interest in this work. It discusses the derivation of the Adjoint equations, along with 

their boundary and time conditions. Throughout the deduction, the references which guided the 

results were mentioned and it is recommended to read to deepen the theoretical basis of the 

method. We start by considering a measure of merit of a given physical system: 

𝑅[𝑋, 𝛼] =
1

𝑇
∫ ∫ 𝐹[𝑋, 𝛼]𝑑𝑉

𝐷

𝑇

0
𝑑𝑡   (5) 

Where F could be any function of the state vector X =  (ρ, u⃗⃗, T) and the project parameters 

α =  (α1, α2, … , αn).  The first Gateaux variation [16] of the functional yields the expression: 

δR = 〈Fx
´ , δX〉 + 〈Fα

´ , δα〉   (6)      

Where 〈a(ν), b(ν)〉 =
1

T
∫ ∫ a(ν). b(ν)dV

D

T

0
dt represents the inner product defined in the phase 

space and on the appropriate boundaries of the domain.  In general, the term 〈Fα
´ , δα〉 is known 

in closed form and, thus, the variation can be evaluated analytically. The greatest difficulty in 

estimating δR lies in δX in the first term, 〈Fx
´ , δX〉, instead. To eliminate the necessity of 

additional converged solutions to estimate 〈Fx
´ , δX〉, the governed equations were imposed as 

constrains, using Lagrange multipliers, defining, the augmented functional: 

𝐺[𝑋, 𝛼] = 𝑅[𝑋, 𝛼] − 〈Φ, L〉 − 〈β, B〉𝑠 − 〈a, α − α0〉𝑠  (7)      

Where Φ = (𝜔, Ψ⃗⃗⃗⃗, 𝜃) are the Lagrange multipliers. L represents a operator vector which 

components are the eqs. (1-3). β is the multiplier for the set of the Boundary conditions and a 

is the constraint that ensures that the control parameters take on a given set of prescribed values 

𝛼 = 𝛼0, which corresponds to a baseline configuration. Computing the variations and make a 

suitable combination, the first variation of augmented functional 𝛿𝐺 is [8]: 

𝛿𝐺[𝑋, 𝛼] = −〈𝛿Φ, 𝐿〉 − 〈𝛿𝛽, 𝐵〉𝑠 − 〈𝛿𝑎, 𝛼 − 𝛼0〉𝑠 + 〈𝐿∗Φ + 𝐹𝑥
′, 𝛿𝑋〉−〈𝛽, 𝐵´𝑥𝛿𝑋〉𝑠 −

〈𝑃1(Φ), 𝐵𝑥
′ 𝛿𝑋〉𝑠 − 〈𝐵∗(Φ), 𝐴𝛿𝑋〉𝑠 + 〈𝐹𝛼

´ , 𝛿𝛼〉 − 〈a, 𝛿𝛼〉 − 〈β, 𝐵´𝛼𝛿𝛼〉   
(8)      

Where the eq.(6) has been replaced in eq.(8). The Gauss´s theorem is used to transfer 

differential operators from the state vector X to the Lagrange multipliers: 

〈Φ, 𝐿𝛿𝑋〉 = 𝑃[Φ, 𝛿𝑋]𝑠 − 〈L∗Φ, 𝛿𝑋〉   (9)      

Where the term 𝑃[Φ, 𝛿𝑋]𝑠 = [〈𝑃1(Φ), 𝐵´𝑥𝛿𝑋〉𝑠 + 〈𝐵∗(Φ), 𝐴𝛿𝑋〉𝑠] is the bilinear concomitant 

[14]. The augmented functional G realizes extrema upon the condition that eq. (8) vanishes for 

arbitrary, albeit realizable, variations of its parameters: 
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𝛿𝐺 = 0 ∀ {𝛿𝑋, 𝛿𝛼, 𝛿Φ, 𝛿𝛽, 𝛿𝑎} 𝜖 {𝑙𝑜𝑐𝑢𝑠 𝑜𝑓 𝑟𝑒𝑎𝑙𝑖𝑧𝑎𝑏𝑖𝑙𝑖𝑡𝑦} 

That, in turn, requires that the following conditions be met [14]: 

a) The equations that govern the physics (1-4) and their respective boundary conditions 

(table 1) are satisfied. In addition, the control parameters should take on the prescribed 

baseline values (𝛼 = 𝛼0). These requirements imply that first three terms of eq. (12) are 

identically zero. 

b) On imposing the condition: 𝛽 = −𝑃1(Φ), one drives to zero the sum of the fifth and sixth 

terms of eq. (8). 

c) The vector Φ must satisfy the Adjoint equation, 𝐿∗Φ + 𝐹´𝑥𝛿𝑋 = 0, as it appears in the 

fourth term of eq.(8). The corresponding boundary conditions are given by the operator: 

𝐵∗(Φ) = 0, which comes from the seventh term in that equation. This equation should 

determine the Φ at the boundaries, along with 𝛽 thereof. 

d) The vector a is specified by the following condition: 〈a, 𝛿𝛼〉 = 〈𝐹𝛼
´ , 𝛿𝛼〉 + 〈Φ, S𝛿𝛼〉 −

〈β, 𝐵´𝛼𝛿𝛼〉 = 〈𝐹𝛼
´ , 𝛿𝛼〉 + 〈𝑃1(Φ), 𝐵´𝛼𝛿𝛼〉, which collects all the remaining terms when 

𝛿𝐺 = 0. In fact, this is the realizable part of the gradient, 𝛿𝑅 [8]: 

𝛿𝑅 = 〈𝐹𝛼
´ , 𝛿𝛼〉 + 〈𝑃1(Φ), 𝐵´𝛼𝛿𝛼〉  (10)      

8 ADJOINT EQUATIONS 

This section is dedicated to applying the flow governing equations in the fourth term of eq. 

(8). Using the independence between the primal and dual problem, we make of the simplest 

form of the governing equations. It yields: 

〈Φ, 𝐿𝑋〉 = 〈ω, 𝜖𝑡 ∂0ρ +  𝜌𝑏 ∂0𝑞 + ∇ρ�⃗⃗�〉 + 〈Ψ ⃗⃗⃗⃗⃗, �⃗⃗� + 𝑁𝑝∇𝑝〉

+ 〈θ, ∂0 [𝐶𝑒𝑓𝑓𝑇 − 𝜖𝑡 (
𝛾 − 1

𝛾
) 𝑃] + ∇ρ�⃗⃗�𝑇 −

1

𝑃𝑒
∇2𝑇 −

𝜌𝑏Δ𝐻

𝑀
𝜕0𝑞〉 

(11)      

Where ∂0 =
𝜕

𝜕𝑡
. Computing the Gateaux variations: 

〈Φ, 𝐿𝛿𝑋〉 = 〈ω, 𝜖𝑡 ∂0δρ +  𝜌𝑏 ∂0𝛿𝑞 + ∇(δρ�⃗⃗� + ρδ�⃗⃗�)〉 + 〈Ψ ⃗⃗⃗⃗⃗, δ�⃗⃗� + 𝑁𝑝∇δ𝑝〉

+ 〈θ, ∂0 [δ𝐶𝑒𝑓𝑓𝑇 + 𝐶𝑒𝑓𝑓δ𝑇 − 𝜖𝑡 (
𝛾 − 1

𝛾
) 𝛿𝑃] + ∇(δρ�⃗⃗�𝑇 + ρδ�⃗⃗�𝑇 + ρ�⃗⃗�𝛿𝑇)

−
1

𝑃𝑒
∇2𝛿𝑇 −

𝜌𝑏Δ𝐻

𝑀
𝜕0𝛿𝑞〉 

(12)      

Now, it is necessary to transfer the time and differential operators. To the first, we make use 

of the rule for differentiating a product. The terms of mass and energy equations become: 

〈ω, 𝜖𝑡 ∂0δρ +  𝜌𝑏 ∂0𝛿𝑞〉 = [
1

𝑇
∮ ω(𝜖𝑡δρ +  𝜌𝑏𝛿𝑞)𝑑𝑉]

0

𝑇
− 〈∂0ω, 𝜖𝑡δρ + 𝜌𝑏𝛿𝑞〉  (13)      

〈θ, ∂0 [δ𝐶𝑒𝑓𝑓𝑇 + 𝐶𝑒𝑓𝑓δ𝑇 − 𝜖𝑡 (
𝛾−1

𝛾
) 𝛿𝑃 −

𝜌𝑏Δ𝐻

𝑀
𝛿𝑞]〉 = [

1

𝑇
∮ θ (δ𝐶𝑒𝑓𝑓𝑇 + 𝐶𝑒𝑓𝑓δ𝑇 −

𝜖𝑡 (
𝛾−1

𝛾
) 𝛿𝑃 −

𝜌𝑏Δ𝐻

𝑀
𝛿𝑞) 𝑑𝑉]

0

𝑇
− 〈∂0θ, [δ𝐶𝑒𝑓𝑓𝑇 + 𝐶𝑒𝑓𝑓δ𝑇 − 𝜖𝑡 (

𝛾−1

𝛾
) 𝛿𝑃 −

𝜌𝑏Δ𝐻

𝑀
𝛿𝑞]〉  

(14) 

The terms [
1

𝑇
∮(… )]

0

𝑇

 were driven to zero because at 𝑡 = 0, the flow solution is known and 

its variations 𝛿𝑋 are zero. Additionally, we impose a final condition of the Adjoint problem, by 

imposing that they vanish (𝜔 = 𝜃 = 0 and Ψ ⃗⃗⃗⃗⃗ = 0⃗⃗) at 𝑡 = 𝑇 [14]. To transfer the differential 
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operators, the Gauss´s theorem was applied in convective terms, gradient pressure and diffusive 

term of the energy equation as follows: 
〈ω, ∇(δρ�⃗⃗� + ρδ�⃗⃗�)〉 = 〈ω, (δρ�⃗⃗� + ρδ�⃗⃗�). �⃗⃗�〉𝑠 − 〈∇ω, (δρ�⃗⃗� + ρδ�⃗⃗�)〉  (15)      

〈θ, ∇(δρ�⃗⃗�𝑇 + ρδ�⃗⃗�𝑇 + ρ�⃗⃗�𝛿𝑇)〉 = 〈θ, (δρ�⃗⃗�𝑇 + ρδ�⃗⃗�𝑇 + ρ�⃗⃗�𝛿𝑇). �⃗⃗�〉𝑠 − 〈∇θ, ∇(δρ�⃗⃗�𝑇 +
ρδ�⃗⃗�𝑇 + ρ�⃗⃗�𝛿𝑇)〉   

(16) 

〈Ψ ⃗⃗⃗⃗⃗, 𝑁𝑝∇δ𝑝〉 = 〈Ψ ⃗⃗⃗⃗⃗. �⃗⃗�, 𝑁𝑝δ𝑝〉𝑠 − 〈∇. ψi, 𝑁𝑝δ𝑝〉  (17) 

〈θ, −
1

𝑃𝑒
∇2𝛿𝑇〉 = 〈θ, −

1

𝑃𝑒
∇𝛿𝑇. �⃗⃗�〉𝑠 − 〈∇θ, −

1

𝑃𝑒
∇𝛿𝑇〉 = 〈θ, −

1

𝑃𝑒
∇𝛿𝑇. �⃗⃗�〉𝑠 −

〈∇θ. �⃗⃗�, −
1

𝑃𝑒
𝛿𝑇〉 + 〈∇2θ, −

1

𝑃𝑒
𝛿𝑇〉  

(18) 

The four terms with subscript “s” form the bilinear concomitant. Using the relations: δ𝑝 =

𝛿𝜌𝑇 + 𝜌𝛿𝑇, δ𝑞 = 𝐴𝜌𝛿𝜌 + 𝐴𝑇𝛿𝑇, δ𝐶𝑒𝑓𝑓 = (𝜖𝑡 + 𝜌𝑏𝐴𝜌)𝛿𝜌 + (𝜌𝑏𝐴𝑇)𝛿𝑇, 𝜎 = 𝜔 − 𝜃𝑇 and combine 

the terms, the Adjoint equations yield: 

〈δρ, Γ11𝜕0𝜎 + Γ12𝜕0𝜃 + Γ13∇𝜎 + Γ14∇. Ψ⃗⃗⃗⃗ + Γ15𝜃〉 = 〈𝐹´𝜌𝛿𝜌〉  (19)      

〈δ�⃗⃗�, Γ21Ψ ⃗⃗⃗⃗⃗ + Γ22∇𝜎 + Γ23𝜃〉 = 〈𝐹´�⃗⃗⃗�, 𝛿�⃗⃗�〉  (20) 

〈δT, Γ31𝜕0𝜎 + Γ32𝜕0𝜃 + Γ33∇𝜃 + Γ34∇. Ψ⃗⃗⃗⃗ + Γ35𝜃 + Γ36∇2𝜃〉 = 〈𝐹´𝑇𝛿𝑇〉  (21) 

Where: 

Γ11 = (ϵt + 𝜌𝑏𝐴𝜌) Γ12 = [−𝜖𝑡 (
𝛾 − 1

𝛾
) 𝑇 −

Δ𝐻

𝑀
𝜌𝑏𝐴𝜌] Γ13 = �⃗⃗� 

Γ14 = 𝑁𝑝𝑇 Γ15 = −[(𝜖𝑡 + 𝜌𝑏𝐴𝜌)𝜕𝑜𝑇 + �⃗⃗�∇𝑇]  

Γ21 = −1 Γ22 = 𝜌 Γ23 = −𝜌∇𝑇 

Γ31 = 𝜌𝑏𝐴𝑇 Γ32 = [𝐶𝑒𝑓𝑓 − 𝜖𝑡 (
𝛾 − 1

𝛾
) 𝜌 −

Δ𝐻

𝑀
𝜌𝑏𝐴𝑇] Γ33 = 𝜌�⃗⃗� 

Γ34 = 𝑁𝑝𝜌 Γ35 = −(𝜌𝑏𝐴𝑇)𝜕𝑜𝑇 Γ36 = −
1

𝑃𝑒
 

𝐴𝜌 = −
𝑞𝐷1𝑇

𝜌
 𝐴𝑇 = 𝑞[𝐷1(𝐷2 + 1) − 𝛼𝑒] 𝐷1 = 𝐶2𝑛(𝑇𝐷2)𝑛−1 

𝐷2 = [𝑙𝑛 (
𝐶3𝑇2

𝑝
)] 𝐶2 = − (

𝑅

𝛽𝐸0
)

𝑛

  𝐶3 =
𝑝𝑐𝑟

𝑇𝑐𝑟
2  

Table 2 – Coefficients of Adjoint Equations 
The bilinear concomitant becomes: 

𝑃[Φ, 𝛿𝑋]𝑠 = 〈σ, (δρ�⃗⃗� + ρδ�⃗⃗�). �⃗⃗�〉𝑠 + 〈Ψ⃗⃗⃗⃗. �⃗⃗�, (δρT + ρδT)〉𝑠 + 〈θ, (ρδTu⃗⃗. �⃗⃗� −
∇𝛿𝑇.�⃗⃗�

𝑃𝑒
)〉𝑠 +

〈∇θ. �⃗⃗�,
𝛿𝑇

𝑃𝑒
〉𝑠  

(22)      

Where the terms were divided into 2 parts, where 𝑃1(Φ) are related to linearized boundary 

conditions, 𝐵𝑥
′ 𝛿𝑋 and 𝐵∗(Φ) which represents the Adjoint Boundary conditions: 

BC Flow Flow Linearized Adjoint  

Inlet 𝜌�⃗⃗� − 𝑓(𝑋, 𝑡, 𝐺𝑚) = 0  

𝑇 − 𝑇𝑖𝑛 = 0  
(δρ�⃗⃗� + ρδ�⃗⃗�) −

𝜕𝑓

𝜕𝐺𝑚
𝛿𝐺𝑚 −

𝜕𝑓

𝜕𝑡𝑎𝑐
𝛿𝑡𝑎𝑐 = 0 

𝛿𝑇 − 𝛿𝑇𝑖𝑛 = 0 

Ψ⃗⃗⃗⃗. �⃗⃗� = 0 

θ = 0 

Outflow 𝑃 − 𝑃𝑜𝑢𝑡 = 0  (δρT + ρδT) − 𝛿𝑃𝑜𝑢𝑡 = 0 σ = 0 
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 ∇θ. �⃗⃗�
= −(𝑃𝑒𝜌𝑢.⃗⃗⃗ ⃗ �⃗⃗�)𝜃 

Wall 𝜌�⃗⃗� = 0  

−∇𝑇. �⃗⃗� = Nu(𝑇 −
𝑇𝑒𝑥𝑡)  

(δρ�⃗⃗� + ρδ�⃗⃗�) = 0  

−∇δ𝑇. �⃗⃗� = δNu(𝑇 − 𝑇𝑒𝑥𝑡) + 𝑁𝑢𝛿𝑇 −
𝑁𝑢𝛿𝑇𝑒𝑥𝑡 = 0  

Ψ⃗⃗⃗⃗. �⃗⃗� = 0 

∇θ. �⃗⃗� = Nuθ 

Sym. 𝜌𝑢.⃗⃗⃗ ⃗ �⃗⃗� = 0  

∇𝑇. �⃗⃗� = 0  

(δρ�⃗⃗� + ρδ�⃗⃗�)�⃗⃗� = 0  

∇δ𝑇. �⃗⃗� = 0  
Ψ⃗⃗⃗⃗. �⃗⃗� = 0 

∇θ. �⃗⃗� = 0 
Table 3 – Flow and Adjoint Boundary Conditions 

Where 𝐺𝑚 = ρ0uin, 𝑇𝑖𝑛, Ν𝑢 and 𝑇𝑒𝑥𝑡 represents the average mass flux vector, inlet 

temperature, Nusselt number and ambient temperature respectively. These terms can be used 

as design parameters in the validation tests. The outflow pressure, 𝑃𝑜𝑢𝑡 was not tested because 

the status of the research archived only the process of the filling in ANG tanks. 

9 VALIDATION TESTS 

The objective of the validation tests was to prove the reduction of the computational cost if 

the Adjoint Method is used to estimate the sensibility gradient. As previously mentioned, the 

centered finite differences was used as reference, considering it as the simplest method to 

evaluate sensitives. The expression of this method is presented below: 

𝜕𝑅

𝜕𝛼𝑝
 =

𝑅(𝛼1,𝛼2,… ,𝛼𝑝+𝛿𝛼𝑝,…,𝛼𝑛)− 𝑅(𝛼1,𝛼2,… ,𝛼𝑝−𝛿𝛼𝑝,…,𝛼𝑛)

2𝛿𝛼𝑝
  (23)      

Where 𝑅(𝛼1, 𝛼2, … , 𝛼𝑝 + 𝛿𝛼𝑝, … , 𝛼𝑛) and 𝑅(𝛼1, 𝛼2, … , 𝛼𝑝 − 𝛿𝛼𝑝, … , 𝛼𝑛) are the measure 

of merit (objective function) evaluated for a positive (+𝛿𝛼𝑝) and negative (−𝛿𝛼𝑝) perturbation 

of design parameter 𝛼𝑝. These terms were evaluated using a respective numeric solution of the 

flow governing equations (1-4). The tests were done using two objective functions: Volumetric 

Average Pressure and Volumetric Average Temperature.  The design parameters were four 𝐺𝑚, 

𝑡𝑎𝑐, Ν𝑢 and 𝑇𝑒𝑥𝑡. 

9.1 Volumetric Average Pressure 

Using this variable as objective function, the eqs (5-6) were determined. Using the non 

dimensional ideal gas state equation (𝑝 = 𝜌𝑇): 

𝑅[(𝜌, �⃗⃗�, 𝑇), (𝐺𝑚, 𝑁𝑢, 𝑇𝑒𝑥𝑡)] =
1

𝑇
∫ ∫

𝑝

𝑉𝑡
 𝑑𝑉

𝐷

𝑇

0
𝑑𝑡   (24) 

δR[(𝜌, �⃗⃗�, 𝑇), (𝐺𝑚, 𝑁𝑢, 𝑇𝑒𝑥𝑡)] = 〈
T

Vt
, δρ〉 + 〈

ρ

Vt
, δT〉   (25)      

Where 𝑉𝑡 is the geometric volume of the tank, 〈𝐹´𝜌𝛿𝜌〉 = 〈
T

Vt
, δρ〉, 〈𝐹´�⃗⃗⃗�𝛿�⃗⃗�〉 = 0, 〈𝐹´𝑇𝛿𝑇〉 =

〈
ρ

Vt
, δT〉 and 〈𝐹𝛼

´ , 𝛿𝐺𝑚〉 = 〈𝐹𝛼
´ , 𝛿𝑁𝑢〉 = 〈𝐹𝛼

´ , 𝛿𝑇𝑒𝑥𝑡〉 = 0. With the solutions of the Flow and 

Adjoint equations and collecting the remaining terms of the bilinear concomitant, the sensitivity 

gradient yields: 
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𝛿𝑅 = 〈{
2σ (1 −

𝑟2

𝑟𝑖
2) (

𝑡

𝑡𝑎𝑐
) . �⃗⃗�, 𝑖𝑓 𝑡 < 𝑡𝑎𝑐

2σ (1 −
𝑟2

𝑟𝑖
2) . �⃗⃗�         , 𝑖𝑓 𝑡 ≥ 𝑡𝑎𝑐

, 𝛿𝐺𝑚〉 +

〈{
2σρ0𝑢𝑖𝑛 (1 −

𝑟2

𝑟𝑖
2) (−

𝑡

𝑡𝑎𝑐
2 ) . �⃗⃗�   , 𝑖𝑓 𝑡 < 𝑡𝑎𝑐

0                                                   , 𝑖𝑓 𝑡 ≥ 𝑡𝑎𝑐
, 𝛿𝑡𝑎𝑐〉 + 〈

θ(T−Text)

𝑃𝑒
, 𝛿𝑁𝑢〉 + 〈−

θNu

𝑃𝑒
, 𝛿𝑇𝑒𝑥𝑡〉  

(26)      

The four terms of 𝛿𝑅 represent the components of the sensitivity gradient, each one in terms 

of the respective control parameter. The tests were performed simulating a filling process, with 

volumetric flow of 15 LPM at STP. The geometric and adsorbent parameters were the same of 

the presented in [4]. The total physical time was 210s and the sensitivity gradient were estimated 

in three points (90, 150 and 210s). The results are presented as follows:  

𝝏𝑹

𝝏𝑮𝒎
 

Adjoint Finite 

Difference 

Dif. (%) 𝝏𝑹

𝝏𝒕𝒂𝒄
 

Adjoint Finite 

Difference 

Dif. (%) 

90s 9.561e-02 9.737e-02 -1.81% 90s -9.019e-03 -9.134e-03 -1.25% 

150s 2.892e-01 2.916e-01 -0.81% 150s -1.482e-02 -1.481e-02 +0.09% 

210s 6.056e-01 6.058e-01 -0.05% 210s -2.107e-02 -2.080e-02 +1.34% 

Table 4 – Results for two sensitivity gradient components for average pressure, 𝐺𝑚 and 𝑡𝑎𝑐 

𝝏𝑹

𝝏𝑵𝒖
 

Adjoint Finite 

Difference 

Dif. 

(%) 

𝝏𝑹

𝝏𝑻𝒆𝒙𝒕
 

Adjoint Finite 

Difference 

Dif. 

(%) 

90s -1.967e-04 -1.962e-04 0.28% 90s 2.097e-01 2.091e-01 0.28% 

150s -9.103e-04 -9.061e-04 0.47% 150s 6.329e-01 6.300e-01 0.45% 

210s -2.510e-03 -2.495e-03 0.58% 210s 1.324e+00 1.317e+00 0.59% 

Table 5 – Results for two sensitivity gradient components for average pressure, 𝑁𝑢 and 𝑇𝑒𝑥𝑡 

The differences between Adjoint and Finite Differences were very low, corroborating the 

consistency of the Adjoint equations, boundary conditions and gradient expressions. The 

components in terms of Adjoint variable 𝜃 (𝑁𝑢, 𝑇𝑒𝑥𝑡), obtained small differences than 

components in terms of 𝜎 (𝐺𝑚, 𝑡𝑎𝑐).  

Moreover, the computational cost reduced dramatically using the Adjoint Method. 

Considering a comparison using the results at 𝑡 = 210𝑠, the cost of one numeric flow 

simulation, using an ordinary computer was approximately 45 minutes. For each component of 

gradient estimated by Finite Difference Method, the cost was 2 flow simulations, or 1,5h. Then, 

for estimated the values (
∂R

∂Gm
,

∂R

∂tac
,

∂R

∂Nu
,

∂R

∂Text
) = (6.058. 𝑒 − 01, −2.080𝑒 − 02, −2.495𝑒 − 03, 1.317𝑒 +

00) which represents the values extracted from the tables 4 and 5, the computational cost was 

4𝑥1.5 = 6ℎ.  

On the other hand, using the Adjoint Method, only two simulations were needed: The primal 

problem, or the base flow, with the same computational cost of a flow solution (45 minutes), 

and the dual problem, or the Adjoint solution, which was expected that the cost was 

approximately the same of the physics problem. However, the results showed a time of 
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processing in 1 hour and 10 minutes, 55% greater than a simple numeric flow solution. Then, 

the total cost of Adjoint Method was 1 hour and 55 minutes.  

In the other words, to estimate the values (
∂R

∂Gm
,

∂R

∂tac
,

∂R

∂Nu
,

∂R

∂Text
) = (6.056e − 01, −2.107e −

02, −2.510e − 03, 1.324e + 00), extracted from tables 4 and 5, there was necessary 32% of the 

computational cost in comparison between the values estimated by Finite Difference Method. 

9.2 Volumetric Average Temperature 

Using the volumetric Average Temperature as Objetive function, keeping the same control 

parameters, eq.(30) at previous section, the only changes was in components of 〈𝐹´𝑋𝛿𝑋〉: 

𝑅[(𝜌, �⃗⃗�, 𝑇), (𝐺𝑚, 𝑁𝑢, 𝑇𝑒𝑥𝑡)] =
1

𝑇
∫ ∫

𝑇

𝑉𝑡
 𝑑𝑉

𝐷

𝑇

0
𝑑𝑡         

(27) 

δR[(𝜌, �⃗⃗�, 𝑇), (𝐺𝑚, 𝑁𝑢, 𝑇𝑒𝑥𝑡)] = 〈
1

Vt
, δT〉   (28)      

Where 𝑉𝑡 is the geometric volume of the tank, 〈𝐹´𝜌𝛿𝜌〉 = 0, 〈𝐹´�⃗⃗⃗�𝛿�⃗⃗�〉 = 0, 〈𝐹´𝑇𝛿𝑇〉 =

〈
1

Vt
, δT〉 and 〈𝐹𝛼

´ , 𝛿𝐺𝑚〉 = 〈𝐹𝛼
´ , 𝛿𝑁𝑢〉 = 〈𝐹𝛼

´ , 𝛿𝑇𝑒𝑥𝑡〉 = 0. The results are presented as follows: 

𝝏𝑹

𝝏𝑮𝒎
 

ADJ DF Dif. (%) 𝝏𝑹

𝝏𝒕𝒂𝒄
 

ADJ DF Dif. 

(%) 

90s 2.309e-03 2.229e-03 3.59% 90s -2.528e-04 -2.416e-04 4.64% 

150s 4.079e-03 3.841e-03 6.18% 150s -2.671e-04 -2.461e-04 8.59% 

210s 5.532e-03 5.093e-03 8.61% 210s -2.636e-04 -2.346e-04 12.37% 

Table 6 – Results for two sensitivity gradient components for average temperature, 𝐺𝑚 and 𝑡𝑎𝑐 

𝝏𝑹

𝝏𝑵𝒖
 

ADJ DF Dif. 

(%) 

𝝏𝑹

𝝏𝑻𝒆𝒙𝒕
 

ADJ DF Dif. 

(%) 

90s -2.4093e-05 -2.407e-05 0.09% 90s 2.838e-02 2.836e-02 0.02% 

150s -5.599e-05 -5.589e-05 0.19% 150s 4.421e-02 4.419e-02 0.04% 

210s -9.644e-05 -9.626e-05 0.19% 210s 5.830e-02 5.824e-02 0.10% 

Table 7 – Results for two sensitivity gradient components for average temperature, 𝑁𝑢 and 𝑇𝑒𝑥𝑡 

For the components in terms of 𝜎, the results worsened in comparison between the previous 

result with the pressure as the objective function. On the other hand, the results of components 

in terms of 𝜃 kept suitable regarding the Finite Difference Method. The computational cost had 

the same advantages of the result with pressure as measure of merit. The cost was 33% of the 

Finite Difference Method. 

10 CONCLUSIONS 

This article represents a part of the big project, which objective is to develop a optimization 

loop to find best solutions of ANG systems, varying not only geometric parameters, but also 

operational conditions for filling and deflation process, in the other words, a non-geometric 

parameters. The deduction of Adjoint Method applied in flows through porous media with 
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adsorption was a success, reducing dramatically the computational cost and make viable the 

optimization using a great quantity of parameters. There were other results, using different 

objective functions and control parameters that will be presented in the future. 

When the optimization loop is finished, the software will able to make optimal solutions for 

geometry, filling/deflation time dependent curves, heat transfer using internal and external heat 

exchanges and others, using only a base flow solution and a Adjoint solution. For conceptual 

designs, this tool could help the designer to study a great quantity of configurations in a viable 

time, ensuring a larger probability to find an optimal solution.  
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ABSTRACT

Soft fiber composites (FCs), characterized by light weight, high strength and flexibility are widespread in nature.
However, natural materials may also carry undesirable properties, such as biodegradability, poor resistance to
moisture and/or ultraviolet radiation; hence, manmade composites hold a prominent place in industry. An
advantage of nonlinear (soft) composites over linear (hard) composites is high elasticity, allowing significant
reversible geometry changes, including buckling; consequently, their effective properties can be tuned by
deformation. Specifically, elastic waves in soft composites can be manipulated by deformation (1, 2). It is worth
mentioning also that fibrous microstructures are common for various soft biological tissues, which can experience
large deformations due to growth or damage, for example. Hence, investigation of elastic wave propagation in
deformed FCs can be beneficial for biomedical ultrasound testing, for instance. In this work, we investigate
propagation of small amplitude shear waves in marginally stable periodic FCs with rectangular arrays of cylindrical
fibers. By utilizing the Bloch-Floquet analysis superimposed on finite macroscopically applied deformations (2, 3),
we determine the critical stretches and wavelengths corresponding to the onset of elastic instability in the FCs with
rectangular arrays of fibers. In particular, we show that the critical strains for FCs with rectangular arrays of fibers
are bounded by the corresponding critical values for 3D laminates and FCs with square arrays of fibers. Next, we
investigate shear wave propagation along the fibers in these FCs deformed close to the instability point.
Remarkably, analysis of shear wave polarizations can provide us with useful insights on the expected buckling
shapes of the fibers. Thus, we find that fiber distribution in periodic FCs strongly influences buckling shapes of the
fibers. 1. Galich PI, Fang NX, Boyce MC, Rudykh S (2017) Elastic wave propagation in finitely deformed layered
materials. J Mech Phys Solids 98:390–410. 2. Galich PI, Slesarenko V, Rudykh S (2017) Shear wave propagation
in finitely deformed 3D fiber-reinforced composites. Int J Solids Struct 110–111:294–304. 3. Slesarenko V, Rudykh
S (2017) Microscopic and macroscopic instabilities in hyperelastic fiber composites. J Mech Phys Solids
99:471–482.
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Summary. The contribution presents new electro-thermal link finite element for FEM analyses. 
This link element is suitable for modelling electro-thermal structures made of Functionally 
Graded Material (FGM) where 3D spatial variation of material properties is utilized. Moreover, 
thermoelectric effects, like Seebeck and Peltier effects are supported by the element. Semi-
analytical method is used for derivation process of element matrices such electro-thermal link 
element. Spatial variation of material properties of the considered system is transformed to 
equivalent longitudinal-only variation of material properties using homogenization techniques 
based on volume fractions of individual material components. Because thermoelectric properties 
cannot be homogenized such way, these properties are directly set as longitudinal functional 
change in the link element. Representative numerical experiment of FGM electro-thermal 
structure where results from the new link element are compared with model prepared using 
standard finite elements in SW ANSYS are shown in the contribution. Accuracy and effectiveness 
of the link element is discussed and evaluated. 

1 INTRODUCTION 

Nowadays, new materials are necessary for sophisticated structures like MEMS systems, 
advanced electronic devices, etc. Computer modelling of such complex systems, like structures 
with spatial variation of material properties (e.g. FGM) are, using commercial FEM code with 
classic elements, needs remarkable effort during preparation phase and sufficient computer 
equipment for solution phase because of necessity the numbers of elements and material models.
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Finite elements for electric-thermal analyses of FGM materials considering Joule heat have 

been developed in [1]. This paper deals with derivation of new link finite element for two-way 
coupled static thermoelectric analyses considering Joule heat and also thermoelectric effects like 
Seebeck and Peltier effects. These effects describe direct conversion of thermal energy into 
electric energy (Seebeck effect) and conversion of electric energy into the temperature difference 
within the system (Peltier effect). 

Let us consider straight link conductor, the conductor is a slender construction. Let the 
conductor is made of a mixture of two or more materials so its thermal, electric and 
thermoelectric material properties change according to chosen function. Under these conditions, 
we can consider one-dimensional system of differential equations and original method further 
explained in [2] for solving the differential equations for thermoelectric coupled analysis. 

2 HOMOGENIZATION OF MATERIAL PROPERTIES 

Let us consider a bar with circular cross-section according to Fig. 1. Its length is 퐿 [m] and 
diameter 푑 [m] (cross section area 퐴 [m2]). Let the FGM bar consists of two material components 
– matrix (denoted by index 푚) and fibre (index 푓) where fractions of individual constituents 
through the volume of the bar are functionally graded. We can consider matrix volume fraction 
푣 (푥, 푦, 푧) and fibre volume fraction 푣 (푥, 푦, 푧) for every point (푥, 푦, 푧) of the bar, so the change 
of material properties is 3D change. Moreover, let this change has polynomial character in every 
main direction 푣 (푥, 푦, 푧) = ∑ 휀 푥 푦 	푧 ; 푢 = max(푟, 푠, 푙) , 푛 = {0; 푟} , 푚 = {0; 푠}  and ℎ =
{0; 푙} at which 푣 (푥, 푦, 푧) = 1 − 푣 (푥, 푦, 푧), where grades of the polynomial changes 푟, 푠 and 푙 
are for longitudinal and radial directions and through the individual circle’s sectors of the bar, 
respectively (휀  represents constant coefficients for individual coefficients of the polynomial). 
Fig. 1 also shows change of fibre volume fraction through the radial direction  
(d = 6.67 mm) and length (L = 200 mm) of the bar, where change through the circle’s sectors of 
the bar is shown using parametric plot of surfaces (only 6 of total 12 surfaces – sectors – are 
shown). Thick lines in this Fig. 1 represent fibre volume fraction in chosen layers and sublayers 
(described in further sections of this contribution) of the bar that are necessary for calculation of 
homogenized material properties for electric and thermal fields. 

The process of homogenization using division of the bar into layers (in radial direction) and 
sublayers (for chosen circle’s sectors) according to extended mixture rule [3] and laminate theory 
[4] is shown in Fig. 2. The result of such homogenization process is equivalent homogenized 
material property (electric and thermal conductivity) with polynomial change only in 
longitudinal direction (through the other main directions of the bar the material property has 
constant value derived from longitudinal change). For steady-state electro-thermal analysis, the 
homogenization process need to be performed separately for final homogenized electric 
conductivity of the bar and for final homogenized thermal conductivity of the bar (both based on 
electric or thermal conductivities of fibre and matrix constituents of the FGM material, 
respectively). 
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Fig. 1: FGM bar with spatial change of material properties (left), change of fibre volume fraction 

through the length, radial direction and circle’s sections of the bar (right) 

 
Fig. 2: Graphic representation of the homogenization process 

For thermoelectric coupling that results in Seebeck and Peltier effects, Seebeck coefficient 
훼(푥, 푦) of the whole conductor needs to be known. This material property cannot be calculated 
according to the homogenization process based on extended mixture rule and laminate theory, 
because this material property is not given according to volume fractions of individual material 
components (expect the Joule heat, thermoelectric effects are significant especially for 
semiconductor materials and the behaviour of the semiconductors is given according to atomic 
structure, not according to volume fraction of individual admixtures). Moreover, the value of 
Seebeck coefficient can also be negative number. The determination of final Seebeck coefficient 
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according to material properties of individual components is beyond the scope of this article. For 
our model case the final Seebeck coefficient will be chosen directly as a polynomial function 
훼(푥) for longitudinal direction of the homogenized conductor. 

3 MATHEMATICAL BACKGROUND FOR TWO-WAY COUPLED 
THERMOELECTRIC ANALYSIS 

Thermoelectric and electric-thermal effects like Joule heat, Seebeck, Peltier and Thomson 
effects are described by set of two thermoelectric constitutive equations (static analysis) [5]: 

퐪 = ⟦Π⟧ ∙ 퐉 − ⟦휆⟧ ∙ ∇푇 
퐉 = ⟦σ⟧ ∙ (퐄 − ⟦훼⟧ ∙ ∇푇) 

(1) 

where 퐪 [Wm-2] is heat flux vector, 퐉 [Am-2] is electric current density vector, ⟦Π⟧ [V] is Peltier 
coefficient matrix, ⟦휆⟧ [Wm-1K-1] is thermal conductivity matrix, 푇 [K] is absolute temperature, 
퐄 [Vm-1] is electric field intensity vector, ⟦휎⟧ [Sm-1] is electric conductivity matrix and ⟦훼⟧  
[VK-1] is Seebeck coefficient matrix. 

These constitutive equations are coupled by set of governing equations for static thermal and 
electric fields: 

∇ ∙ 퐪 = 푃 
∇ ∙ 퐉 = 0 

(2) 

where 푃 [Wm-3] is heat generation per volume unit. 
In general, we can write for electric field intensity, Peltier coefficient and heat generation: 

 퐄 = −∇휑 
⟦Π⟧ = 푇⟦훼⟧ 

푃 = 푃 +푃  
푃 = ⟦휎⟧ 퐉  

 
(3)

where 휑 [V] is electric potential, 푃  [Wm-3] is Joule heat per volume unit and 푃  [Wm-3] is 
auxiliary heat generation per volume unit. 

Applying (1) and (3) into (2) we can write for 1D system (longitudinal direction 푥): 

푑
푑푥

[푇(푥)훼(푥)퐽(푥)] −
푑
푑푥

휆(푥)
푑푇(푥)
푑푥

=
퐽 (푥)
휎(푥)

+푃 (푥) 

푑
푑푥

휎(푥)
푑휑(푥)
푑푥

+
푑
푑푥

휎(푥)훼(푥)
푑푇(푥)
푑푥

= 0 
(4) 

4 FEM EQUATIONS FOR FGM LINK CONDUCTOR USING SEMI-ANALYTICAL 
METHOD FOR SOLUTION OF LINEAR DIFFERENTIAL EQUATIONS WITH 
VARIABLE COEFFICIENTS AND RIGHT-HAND SIDE 

Procedure for solving differential equations with variable coefficients and right-hand side, 
which is presented in [2] is described in this chapter. General formula of such differential 
equation is: 
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 ∑ 휂 (푥)푦( )(푥) = ∑ 푞 푎 (푥), (5) 

where: 
푚 – order of the differential equation 
푦(푥) – unknown function of independent variable 푥 
푦( )(푥) – uth derivative of the unknown function 
휂 (푥) – polynomial variable coefficient for uth derivative on the left-hand side of the 

differential equation 
푔  – order of a polynomial on the right-hand side of the differential equation 
푞  – constant coefficient for jth power of the right-hand side polynomial 

푎 (푥) =
!
 – auxiliary function for the right-hand side polynomial formulation 

at which	푥 ∈ 〈0; 퐿〉, where 퐿 is the length of considered interval of unknown solution. 
The solution of the differential equation with variable coefficients has the form according to 

[2]: 

 푦( )(푥) = ∑ 푦( )푐 ( )(푥) + ∑ 푞 푏( ) (푥), (6) 

The solution of the differential equation (5) lies in determining the transfer functions generally 
labelled 푐(푥) and 푏(푥) that appear in the solution. First, the functions 푏( ) (푥) are calculated 
using power series and recursive process, considering 푢 = {0;푚} and 푗 = {0; 푔}. It is necessary 
to guarantee the convergence of the series for a given interval 푥 ∈ 〈0; 퐿〉  for successful 
calculation of these functions. This is always true only for constant coefficients 휂  of the 
differential equation. It is often necessary to divide the interval of 푥 into the shorter sections (in 
our case the independent variable is geometric variable, for example 푥 = 퐿 is the length of the 
bar) for variable coefficients 휂 (푥), and thus determine the solution also for inner region of the 
bar (where 푥 ∈ (0; 퐿)). Calculation of the transfer functions and also automatic division of the 
interval for non-convergence behaviour of the series is included in a computer code and listed in 
[2]. 

The differential equations suitable for presented semi-analytical solution method must fulfil 
the following requirements: 
– one independent variable of the function 
– polynomial variable coefficients of the differential equation  
– polynomial character of the right-hand side of the differential equation  
– known interval of the independent variable where the solution of the differential equation needs 
to be determined 
The order of the differential equation and the order of the right-hand side are arbitrary. 

The described procedure of calculation such differential equations is suitable for calculation 
of electric and / or thermal field within the bar (1D task with only one independent variable), 
where change of material properties (electric and / or thermal conductivity and / or thermoelectric 
Seebeck coefficient) has polynomial (therefore variable) character. 

Figure 3 shows geometry and physical quantities for thermoelectric analysis considering bar 
structure for which final FEM equations for such coupled analysis are presented. 
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Fig. 3: Two-nodal conductor for thermoelectric analysis 

Considering abovementioned semi-analytical method, the system of FEM equations for thermal 
field in the conductor can be expressed as: 

⎣
⎢
⎢
⎢
⎡ 푐 (퐿) +

훼 퐽
휆

푐 (퐿) −1

푐 (퐿) −
푐 (퐿)푐 ʹ (퐿)
푐 ʹ (퐿)

푐 (퐿)훼 퐽
푐 ʹ (퐿)휆

− 1
⎦
⎥
⎥
⎥
⎤
푇
푇

=

⎣
⎢
⎢
⎢
⎢
⎢
⎡ 푐 (퐿)

휆
푞 − 휀 푏 (퐿)

푐 (퐿)
푐 ʹ (퐿)

−푞
휆

+ 휀 푏 (퐿) − 휀 푏 (퐿)
⎦
⎥
⎥
⎥
⎥
⎥
⎤

 

(7) 

The temperature within the range of the conductor is then: 

푇(푥) = 푐 (푥)푇 + 푐 (푥)
푇 훼 퐽 − 푞

휆
+ 휀 푏 (푥) (8) 

FEM equations for electric field are: 
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−푐 (퐿) 1

−푐 (퐿) +
푐 (퐿)푐 ʹ (퐿)
푐 ʹ (퐿)

1
휑
휑

=

⎣
⎢
⎢
⎢
⎢
⎢
⎡ −

푐 (퐿)
휎

퐽 − 푐 (퐿)훼 푇 + 휀 푏 (퐿)

−
푐 (퐿)
푐 ʹ (퐿)

−퐽
휎

+ 훼 푇 + 휀 푏 (퐿) + 휀 푏 (퐿)
⎦
⎥
⎥
⎥
⎥
⎥
⎤

 

(9) 

And the electric potential within the range of the conductor: 

휑(푥) = 푐 (푥)휑 − 푐 (푥)
퐽
휎
+ 훼 푇 + 휀 푏 (푥) (10) 

FEM equations for two-way coupled thermoelectric analysis need to be solved using iterative 
algorithm. During iteration process it is necessary to find substitutional functions for results 
obtained from FEM equations (results of these FEM equations are not continuous functions but 
only sets of discrete values) and also it is necessary to convert non-polynomials into polynomials. 

5 THERMOELECTRIC ANALYSIS OF FGM LINK CONDUCTOR - NUMERICAL 
EXPERIMENT 

In this chapter there will be one academic example of thermoelectric analysis of given FGM 
link conductor presented. The task will be solved using our new approach, by commercial FEM 
code ANSYS and also by numerical solution of differential equations in software Mathematica 
due to comparison reasons. 
Let us consider electric conductor with circular cross-section according to Fig. 1. Its length is 
퐿 = 200	[mm]  and diameter 푑 = 6.67	[mm] . Let the conductor consists of mixture of two 
component materials – matrix (index 푚) with constant electric conductivity 휎 (푥, 푦) = 1.429 ×
10 	[Sm ] and thermal conductivity 휆 (푥, 푦) = 1.333	[Wm K ], and fibre (index 푓) with 
electric conductivity 휎 (푥, 푦) = 1.111 × 10 	[Sm ]  and thermal conductivity 휆 (푥, 푦) =
450	[Wm K ]. Volume fraction of individual components is functionally changed according 
to chosen polynomial, graphically shown in Fig. 1.  

Using extended mixture rule for chosen number of layers (푁 = 6)  and 12 sublayers – 
segmentation of the circular cross-section, we get longitudinal variation of effective electric and 
thermal conductivities for individual layers and using laminate theory we can calculate also 
homogenized electric and thermal conductivities of FGM conductor. The equations of 
homogenized electric and thermal conductivities are: 

		휎 (푥) = 3.912 × 10 + 1.035 × 10 푥 − 3.451 × 10 푥 	[Sm ] 
		휆 (푥) = 116.401 + 4797.41푥 − 15	991.4푥 	[Wm K ]  
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Let us consider final Seebeck coefficient for whole conductor according to chosen polynomial 
function (academic example, without considering homogenization process based on mixture of 
the components): 

		훼(푥) = 2 × 10 − 5 × 10 푥 	[VK ]  

We assume static state for thermoelectric analysis. In nodes 0 and L there are electric potential, 
temperature, current density and heat flux specified, so the boundary conditions (see Fig. 4) are: 

		휑(0) = 0	[V];                              		푇(0) = 273	[K] 
		퐽(퐿) = 1.121 × 10 	[Am ];     푞(퐿) = 14 154.2	[Wm ] 

 

 
Fig. 4: Boundary conditions of the model  

We also created 3D model in code ANSYS [6], we used 21 000 SOLID226 elements (20 node 
brick-elements). The task was also solved in software Mathematica [7], where the differential 
equations (5) with specified boundary conditions and homogenized material properties were 
numerically solved using iterative algorithm. Finally, the task was also solved by only one our 
new developed two-nodal link element using FEM equations (7) and (9) for nodal points of the 
link and with equations (8) and (10) for chosen points within the link. In Fig. 5 and Fig. 7 we can 
see calculated longitudinal distribution of the electric potential and temperature in the conductor, 
respectively. In Fig. 6 and Fig. 8 there are shown distributions of the electric current densities 
and heat fluxes for chosen layers (2nd, 4th and 6th layer) within the 2nd sublayer, respectively.  

 
Fig. 5: Distribution of the electric potential through the length of the conductor  
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Fig. 6: Longitudinal distribution of the current densities in the chosen layers of one sublayer of 

the conductor 

 
Fig. 7:  Distribution of the temperature through the length of the conductor 
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Fig. 8: Longitudinal distribution of the heat fluxes in the chosen layers of one sublayer of the 

conductor 

In Fig. 7 it can be seen the cooled zone within one part of the model. This is due to Peltier 
effect based on different Seebeck coefficients applied in individual parts of the model and electric 
current passing through the conductor.  

There is small difference in the results between ANSYS solution and calculation using the 
new approach because of substitutional functions used for conversion non-polynomials into 
polynomials during iterative process. Another differences in the results are due to fact that our 
approach is based on reduction of the real 3D system into 1D problem. But we can see from  
Fig. 5 – Fig. 8 that obtained results correspond to ANSYS 3D simulation very well.  

6 CONCLUSIONS 

New finite link element for two-way coupled static thermoelectric analyses for FGM with 
3D spatial change of material properties has been developed in this contribution. New FEM 
equations with consideration Joule heat, and thermoelectric effects, like Seebeck and Peltier 
effects, were derived. Numerical example with good agreement between calculations with just 
only one new link element and commercial FEM code that uses numbers of classic elements 
have been presented. The new approach fully agrees with numerical solution for 1D differential 
equation of thermal and electric fields calculated using iterative algorithm. So, effectiveness 
and accuracy of the new developed link element for these analyses are at a high level. 
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ABSTRACT

We will describe recent progress on the development of a single-decoupling alchemical binding free energy model,
its efficient implementation on graphical processing units (GPUs), and applications to large-scale virtual drug
screening campaigns. The free energy of binding provides a complete description of the likelihood of association
between molecules because it includes from first principles entropic and conformational reorganization effects
which are neglected, or only empirically estimated, by simpler models. We will present illustrative cases in which,
for example, compounds with favorable energetic interactions do not bind strongly the target receptor because to
do so they incur intramolecular strain and entropic penalties. By screening out such cases, free energy models can
lead to higher drug screening accuracy than currently achievable with docking and scoring protocols. However, due
to perceived barriers to entry, complex setup and high computational requirements, free energy models of
molecular binding are still not widely adopted in academic and industrial research. To address these challenges, we
have developed a streamlined and automated single-decoupling version of the well-known double-decoupling
method used in drug optimization and we have implemented it on massively parallel graphical processing units
(GPUs). The single-decoupling method, together with parallel Hamiltonian hopping conformational sampling,
speeds up by orders of magnitude the convergence of of binding free energy estimates. The GPU implementation
as part of the OpenMM library is up to 100 times faster than optimized CPU implementations. We will present
results of the deployment this computational framework protocol on GPU farms illustrating the advantages as well
as the conceptual and technical challenges of the methodology. 1. Baofeng Zhang, Denise Kilburg, Peter Eastman,
Vijay S. Pande, Emilio Gallicchio. Efficient Gaussian Density Formulation of Volume and Surface Areas of
Macromolecules on Graphical Processing Units. J. Comp. Chem., 38, 740-752 (2017). 2. Emilio Gallicchio,
Junchao Xia, William F Flynn, Baofeng Zhang, Sade Samlalsingh, Ahmet Mentes, Ronald M Levy. Asynchronous
Replica Exchange Software for Grid and Heterogeneous Computing. Computer Physics Communications, 196,
236–246 (2015). 3. Emilio Gallicchio, Nanjie Deng, Peng He, Lauren Wickstrom, Alexander L. Perryman, Daniel N.
Santiago, Stefano Forli, Arthur J. Olson and Ronald M. Levy. Virtual Screening of Integrase Inhibitors by Large
Scale Binding Free Energy Calculations: the SAMPL4 Challenge. J Comp Aided Mol Design, 28, 475-490 (2014).
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ABSTRACT

Peridynamics (PD) is a family of non-local continuum theories proposed in a series of papers since the year 2000
[1], which, by adopting an integral formulation, does not make use of spatial derivatives. For that reason, PD based
computational methods are successfully used to study problems with crack propagation, in particular they have
been applied to the solution of dynamic crack propagation in brittle materials. However there are crack propagation
problems in which the dynamic effects are negligible, such as those associated to fatigue phenomena. It is
necessary to equip PD based computational tools with static solvers. The most popular approach adopted to solve
non-linear problems is the Newton-Raphson algorithm which cannot be easily used in computational tools based on
PD because most PD codes work on fragile fracture adopting the prototype microelastic brittle material (PMB) which
assumes that the relation between bond stretch and bond force is linear up to a maximum stretch value, beyond
which the bond force drops to zero (elasto-brittle material). The discontinuous definition of the PMB model prevents
a straightforward application of standard Newton-Raphson algorithms. Therefore, its use in implicit static codes is
problematic. This might be one of the reasons why static crack propagation phenomena are not commonly
addressed when using PD-based numerical methods. We introduce a simple and accurate way to perform an
implicit solution of static problems in which the usual PMB model is adopted: the sequentially linear approach [2].
Moreover we use it in conjunction with the FEM-PD coupling technique shown in [3]. In this manner we obtain a way
to increase efficiency and flexibility of PD-based codes. The paper will demonstrate the potentialities of the
proposed method by studying crack propagation phenomena in 2D systems. The effects of the presence of holes
and initial cracks under static load conditions will be analysed. Results will be evaluated taking into account different
horizon dimensions, grid sizes, initial crack lengths and crack orientations. References [1] S. A. Silling,
Reformulation of elasticity theory for discontinuities and long-range forces, J Mech Phys Solids, Vol. 48, pp
175-209, (2000). [2] J.R. Roots, Sequentially linear continuum model for concrete fracture, in Fracture Mechanics of
Concrete Structures, de Borst et al (eds), Swets &amp;amp; Zeitlinger, Usse, pp. 831-839, (2001). [3] M.
Zaccariotto, T. Mudric,D. Tomasi, A. Shojaei, U. Galvanetto, Coupling of FEM meshes with Peridynamic grids,
Comput. Methods Appl. Mech. Engrg. 330, 471–497, (2018).
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Ultrafast Laser-excited Acoustic Vibrations of Single Gold Nanorods
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ABSTRACT

The acoustic vibrations of single gold nanorods are important for their applications in ultrasensitive sensing and
nanooptics. Ultrafast laser irradiation has been a commonly used method to excite the vibrations of gold nanorods.
The atomistic simulations for the vibrations of individual single-crystal and penta-twinned gold nanorods by
femtosecond laser excitation have been performed [Gan et al., 2015a, 2015b, 2016], using a method that couples
molecular dynamics (MD) with the two temperature model (TTM). The frequencies for the excited extensional and
breathing modes of gold nanorods are obtained via the simulated nanorod responses, and then used to determine
the elastic modulus of gold nanorods, in combination with continuum elasticity. With the decrease of nanorod width,
the modulus of single-crystal gold nanorods decreases while the twinned nanorods become stiffer. It is shown that
the elasticity theory based on the long-wavelength limit could fairly well describe the extensional periods of
nanorods with an aspect ratio as small as ?2.4. The breathing mode of single-crystal nanorods characterized by the
motion at the vertices is observed. For twinned nanorods, two breathing modes with the motions at the vertices and
edges of the pentagonal cross-section are illustrated. It is demonstrated that the breathing periods of nanorods with
an aspect ratio down to ?2.5 could be well predicted by the continuum elastic model in the limit of an infinitely long
rod, with the use of bulk elastic constants. In addition, we find that the breathing vibrations of the penta-twinned
nanorods are more affected by the crystal structure effect than those of single-crystal nanorods. Keywords: gold
nanorods; acoustic vibration; mechanical properties; size effect; continuum elasticity. References Gan, Y., Wang,
C., and Chen, Z., Ultrafast laser-excited vibration and elastic modulus of individual gold nanorods, Optics Letters,
40, 340-343, 2015a. Gan, Y., Sun, Z., and Chen, Z., Extensional vibration and size-dependent mechanical
properties of single-crystal gold nanorods, Journal of Applied Physics, 118, 164304 2015b. Gan, Y., Sun, Z., and
Chen, Z., Breathing mode vibrations and elastic properties of single-crystal and penta-twinned gold nanorods,
Physical Chemistry Chemical Physics, 18, 22590-22598, 2016.
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ABSTRACT

Recently, a new self-powered energy-harvesting sensor has been invented at the Michigan State University, [1, 2].
The mentioned sensor has floating gates, which can be set at some threshold voltages. When the voltage induced
in the piezoelectric material of the sensor exceeds one of the specified thresholds the time counter is triggered. The
symbolic dynamic analysis is used in order to find the effective thresholds for the maximum detectability of the
change due to any damage based on Shannon entropy. For this, a baseline needs to be constructed using the
undamaged plate case to set the thresholds based on the strain time history of the plate. Hence, some tests on a
pristine plate subjected to a harmonic force has been conducted. Then, the time series on the strain event is sorted
and discretized into equally populated subspaces by specifying relevant thresholds. Once the sensors have been
set to these thresholds, the posterior state of the structure is monitored based on the accumulated time that each
sensor exceeds its specified threshold. These accumulated times will show how much the system deviated from the
initial condition. This can be done by finding the distance between the cumulative probability distribution function of
the damaged plate and comparing it to the uniform distribution of the strain time history of the pristine condition.
The outcomes demonstrate the capability of the method for monitoring damage propagation in similar structures.
Keywords: structural health monitoring, Symbolic Dynamic Analysis, Damage, signal processing, Strain, Probability
Distribution Function [1] A. H. Alavi, H. Hasni, N. Lajnef, K. Chatti, Damage growth detection in steel plates:
Numerical and experimental studies, Engineering Structures 128 (2016) 124–138. [2] H. Hasni, A. H. Alavi, N.
Lajnef, M. Abdelbarr, S. F. Masri, S. Chakrabartty, Self-powered piezo-floating-gate sensors for health monitoring
of steel plates, Engineering Structures 148 (2017) 584–601.
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ABSTRACT

The production of metal parts via laser powder bed fusion (L-PBF) additive manufacturing is rapidly growing.
However, in order for components produced via L-PBF to be used in critical applications, a high degree of
confidence is required in their quality. An essential piece for such qualification is the ability to accurately know the
stress state within a part. Since experimental measurement is often not feasible, having a validated model capable
of reliably simulating these stresses would be extremely valuable. In this work, four Ti-6Al-4V arch-bridge shaped
specimens were built via L-PBF using four different scan strategies: continuous scan aligned with the x-axis,
continuous scan at 45 degrees to the x-axis, island scan aligned with the x-axis, and island scan at 45 degrees to
the x-axis. A 90-degree rotation in scan orientation was performed after each layer for all four cases. The post-build
residual stress in these components was determined by using x-ray diffraction to measure the strains present within
the bridges, both while still attached to the base plate and after one leg had been cut off the base plate.
Thermo-mechanical simulations of the bridge builds were performed using the parallelized multiphysics code
Diablo. As the large range of time and length scales involved in the process prohibit simulation at the physical
process scale, an agglomeration/lumping strategy was employed to estimate the residual stress in a reasonable
time frame. The layer size was agglomerated such that many physical layers were lumped into one larger
computational layer. Similarly, the beam size was computationally enlarged. A material model was used which
captures the strain rate dependence of Ti-6Al-4V at elevated temperatures and allows for complete stress and
plastic strain relaxation near melt. Parameter studies were performed to investigate different agglomeration
approaches for both accuracy and computational expense. Results from the simulations exhibited good qualitative
agreement with the measured strains in the bridges. However, the x-ray diffraction measurements actually showed
increased strains present in the bridges built via the island scan strategies, particularly near the edges of the parts.
This increase in strains for the island scan strategies was not captured in the simulations, which predicted similar
residual stress profiles for all four parts. A discussion of potential reasons for both the experimental and
computational findings will be presented.
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ABSTRACT

Multiscale design has become a promising research topic in recent years since some pioneering works. In order to
pursue the much higher structural performance within an acceptable computational cost, this current work proposes
a new multiscale topology optimization method for integrated design of the macrostructure and multiple kinds of
material cells by considering three basic design elements, namely the distribution of material cells as well as the
topologies of both the macrostructure and material cells. Two stages are mainly involved, including the distribution
optimization and the concurrent optimization. At the first stage, a classic SIMP-based method combined with a
defined post-processing mechanism is formulated to enable a multi-piece layout of the element densities, which
works as the distribution of multiple kinds of material cells over the macro design domain based on the positive
correlation between the element densities and material effective properties. The macrostructure would be divided
into some kinds of sub regions and each sub region is featured with a kind of material effective property. At the
second stage, the topologies of the macrostructure and material cells are optimized synchronously by the
parametric level set method under the distribution of material cells, where the numerical homogenization method is
applied to evaluate material effective properties. Several examples in 2D and 3D are provided to display the
effectiveness of the proposed multiscale design method. Results indicate that the structural performance of the
optimized multiscale structure can be further enhanced within an acceptable computational cost.
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ABSTRACT

The filling process in the injection molding always involves the polymer melt and air with different flow
characteristics, large density/viscosity ratios and the transient free surface, which is treated as a challenging
viscoelastic-Newtonian two phase flow problem especially on the irregular domains. In this study, the complex filling
process for the irregular cavity is simulated via a combined finite element (FEM)/discontinuous Galerkin (DG)/level
set method with application to the socket with five inserts, which has been rarely investigated. The rheological
behavior of the viscoelastic fluid is predicted according to the eXtended Pom-Pom (XPP) constitutive model, which
is suitable to describe the viscoelastic behavior of the branched polymer melt. The division and fusion of the
evolving melt front in the filling stage is captured by the simple and efficient level set method. In the computational
framework, we mainly need to solve the Navier-Stokes equations to get velocity field and pressure, deal with the
XPP constitutive equation to update the stress values and handle the level set equation to renew the location and
profile of the interface. The splitting scheme is first utilized to decouple the viscoelastic incompressible
Navier-Stokes equations to get three sub-equations and makes it possible to choose the equal order interpolation
function pair. And then DG is employed to deal with the non-linear hyperbolic equation and FEM is used to solve
the Poisson and Helmholtz equations. In addition, the second order Runge Kutta Discontinuous Galerkin (RKDG)
method is employed to handle the XPP constitutive equation and the level set equation due to their hyperbolic
nature. This combined algorithm is convenient to directly cope with the irregular region of the cavity and there is no
need of any stabilization terms. We first investigate the filling process of the rectangular cavity without and with a
diamond insert, and compare with other numerical and experimental results to illustrate the validity of the coupled
method. Moreover, as an application case, we consider the cavity of the socket with five inserts in China and
analyze the influences of the inlet velocity and elasticity on the physical quantities such as stresses, stretch etc.,
and the simulation results could provide some numerical predictions for the polymer industry. To the best of our
knowledge, this is the first attempt to simulate the polymer filling process in the irregular cavity with several inserts
based on the XPP constitutive model via the combined finite element/discontinuous Galerkin/level set method.
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ABSTRACT

An efficient and accurate method is developed to solve the transient heat conduction problems in two-dimensional
(2D) periodic structures. For a 2D periodic structure, according to the physical feature of the transient heat
conduction, the periodic property of the structure, and the physical meaning of the matrix exponential, it is
demonstrated that the matrix exponential for a reasonable time step is a sparse matrix containing many identical
elements. Next, based on the superposition principle of linear systems and the algebraic structure of the matrix
exponential, computation of the response of the original 2D periodic structure is transformed into computation of the
responses of the small-scale models with several unit cells. Finally, the precise integration method (PIM) is used to
compute the temperature responses of the small-scale models. The proposed method not only inherits the
accuracy and stability of the PIM but also achieves significantly improved computational efficiency in terms of both
computation time and storage requirements. A series of numerical examples demonstrate that the proposed
method is more efficient than the Crank-Nicholson method and can obtain highly precise solutions even with a
larger time step.
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ABSTRACT

To meet the stronger and stronger requirement of miniaturization and integration of the wireless communication
system, the antennas are expected to be miniaturized correspondingly and should be carefully designed. As a rule,
miniaturization of antenna can be achieved by designing the antenna operating at a lower frequency band. Among
various design methods of miniaturized antenna proposed in the literature, topology optimization attracts intense
interests due to its ability of flexibly distributing the metallic materials. But it is shown that the antenna performance
is extremely sensitive to the grey elements remained in the topology optimization results. To overcome this kind of
sensitive issue, this work presents a topology and shape optimization based method for metallic antenna’s
miniaturization design. The concept configuration of antenna is obtained through topology optimization firstly. The
above sensitive issue is well illustrated through a typical example, and the mechanism of this sensitive issue is
thoroughly analyzed and explained. Then a shape optimization scheme is built by describing the key boundary of
the antenna with Bessel curves. By adjusting the location of points of the Bessel curves, the shape of the antenna
can be flexibly optimized. A new configuration of miniaturized antenna is obtained with the proposed design
method. The miniaturization index of the designed antenna is demonstrated better than any result obtained with
dimension optimization. Compared to the original result obtained by topology optimization, both the return loss and
the frequency bandwidth of the design are improved. In addition, the boundary of the design is more smooth to
ensure the antenna can be easily fabricated. The proposed type of design method can also be extended to the
optimization of other metallic devices.
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ABSTRACT

According to the classical Eshelby inclusion problem, we introduce a new linear relation to calculate internal
stresses in ?/? ? microstructures of superalloys via an effective stiffness method. To accomplish this, we identify
regions with almost uniform deformation behavior within the microstructure. Assigning different eigenstrains to
these regions results in a characteristic internal stress state. The linear relation between eigenstrains and internal
stresses, as proposed by Eshelby for simpler geometries, is shown to be a valid approximation to the solution for
complex microstructures. The Fast Fourier Transformation method is chosen as a very efficient numerical solver to
determine the effective stiffness matrix. Numerical validation shows that this generalized method with the effective
stiffness matrix is efficient to obtain appropriate internal stresses and that it can be easily used in the crystal
plasticity finite element model to consider the influence of internal stresses on plasticity and creep kinetics in
superalloys.
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ABSTRACT

Graphene oxide (GO) is an attractive building blocks in the design of advanced nanocomposite materials due to
their reactive surface chemistry, which can enhance interfacial interactions while providing good in-plane
mechanical properties. The mechanical properties of GO are of great importance for such applications. In this
presentation, we present a multiscale simulation approach, including first principle based calculation, classical
molecular dynamics simulation and continuum modeling, to study the deformation and failure of GO. Our findings
demonstrate that GO should be treated as a versatile, tunable material that may be engineered by controlling
chemical composition, rather than as a single, archetypical material.
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ABSTRACT

Silicon is one kind of promising electrode materials for Lithium-ion batteries in the near future because of its high
electrical capacity. But the mechanical fracture and electrical degradation due to large volume
expansion/contraction of Si during lithiation/delithiation cycling have been the main barrier of its broad application.
In order to reduce the impact of this volume change, many managements have been proposed in the Si electrode.
Core-shell structure is a typical configuration in stress management of Si and some experimental and numerical
studies have been carried out on this structure. Nonetheless, studies about the fracture of core-shell structured
(CSS) Si nanoparticles when they are in touch with each other during charging/discharging process are still lacking.
The Multiphysics coupling behavior of the CSS Si nanoparticle during electrochemical cycling were modeled in a
finite element software and the mechanical fracture and corresponding electrical degradation were then analyzed.
A core-shell-structured model that contained a Si nanoparticle wrapped with amorphous carbon was established.
The system containing two contacting CSS Si nanoparticles were charged and discharged under constant voltages
with different rate of charge. The volume change and associated stress simulated by the model were compared
with the experiment data and matched well. The effects of the amorphous carbon with different thicknesses on the
volume change, stress evolution and the corresponding mechanical fracture and electrical degradation of the
particles were calculated. The present study showed a best combination of charge/discharge strategy and the
thickness of wrapping layer and illustrate the failure behavior of different CSS configurations, which would give
guidance for the Si based battery design and help to understand the macro failure mechanism of such a CCS
particle.
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ABSTRACT

In this paper, a new numerical method, named as the Free Element Collocation Method (FECM), is proposed for
solving general engineering problems governed by the second order partial differential equations (PDEs). The
method belongs to the group of the collocation method, but the spatial partial derivatives of physical quantities are
computed based on the isoparametric elements as used in FEM [1, 2]. The key point of the method is that the
isoparametric elements used can be freely formed by the nodes around the collocation node. The analytical
expressions for computing the global spatial partial derivatives of shape functions for the freely formed
isoparametric elements are borrowed from the element differential method [3, 4]. To achieve a narrow bandwidth of
the final system of equations, elements with a central node is recommended in the FECM. For this purpose a new
21-node quadratic element for 3D problems is constructed in this paper for the first time. Attributed to the use of the
isoparametric elements which can guarantee the variation of physical variables consistent through all the elemental
nodes, FECM can result in higher stable results than the traditional collocation method. In addition, the elements
can be freely formed by local nodes, FECM has the advantage of mesh-free methods [5-7] to fit complicated
geometries of engineering problems. A number of numerical examples of 2D and 3D thermal and mechanical
problems are given to demonstrate the correctness and efficiency of the proposed method. Keywords: free element
collocation method, element differential method, finite element method, mesh free method, thermal-mechanical
problem.
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ABSTRACT

In this talk we present a constitutive model, which combines the models proposed by Stewart and Cazacu [1] and
Zhou et al. [2], to describe the ductile damage process in a commercially pure titanium plate and to simulate its
mechanical response. In particular, a Gurson-type porous material model is modified by coupling two damage
parameters, accounting for the void damage and the shear damage respectively, into the yield function and the flow
potential. The plastic anisotropy and tension-compression asymmetry exhibited by the commercially pure titanium
plate are accounted for by a plasticity model based on the linear transformation of the stress deviator. The
theoretical model is implemented in the general purpose finite element software ABAQUS via a user defined
subroutine and calibrated using experimental data. Good comparisons are observed between model predictions
and experimental results for a series of specimens in different orientations and experiencing a wide range of stress
states. The model is shown to capture the effect of stress state and the change of fracture mechanism. The results
also reveal the important effect of the plastic anisotropy and tension-compression asymmetry on the ductile
damage process. [1] Stewart, J.B., Cazacu, O., 2011; Analytical yield criterion for anisotropic material containing
spherical voids and exhibiting tension-compression asymmetry. Int. J. Solids Struct. 48:357-373. [2] Zhou, J., Gao,
X., Sobotka, J.C., Webler, B.A., Brian V. Cockeram, B.V., 2014; On the extension of the Gurson-type porous
plasticity models for prediction of ductile fracture under shear-dominated conditions. Int. J. Solids Struct. 51:
3273–3291.
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ABSTRACT

Complex taylor series expansion is a well known sensitivity computation method that lack subtraction cancellation
error and has been successfully implemented for computation of first order single variable sensitivities in many
fields including fracture mechanics, fluid mechanics and heat transfer. Dual numbers are a close relative of
complex numbers and are step-size independent. Both methods have been extended to multiple imaginary
directions, forming new algebras capable of computing high order sensitivities of multivariable functions.
Multicomplex and Multidual (hyperdual) algebras have also been successfully used in engineering applications. All
mentioned algebras belong to a broader set named Hypercomplex number system that contains other algebras
such as doubles, quaternions, octonions, other Cayley-Dickson and Order Truncated Imaginary (OTI) algebras.
This work shows that computation of sensitivities can be generally extended to any member of the Hypercomplex
number system, where the algebra and method of implementation determines the influence of the step size in the
derivative computation. Complex, MultiComplex, HyperDual, Quaternion, Octonion and OTI algebras were
integrated into the finite element method, for applications in fracture mechanics and heat transfer problems. A
performance comparison of the different methods was accomplished. It was observed that dual, multidual and OTI
algebras are stepsize independent. Complex and multicomplex algebras show quadratic convergence and
Cayley-Dickson algebras show linear convergence. However, the convergence iis dependent on the method of
implementation. A common factor is that all algebras can be implemented so that results are free of subtraction
cancellation error.
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ABSTRACT

Circulatory and haemodynamic remodeling occurs in many fetal conditions such as intrauterine growth restriction
(IUGR), diabetic mothers, as well as in congenital heart disease (CHD) like aortic coarctation or univentricular
hearts, and is likely to influence growth, organ development and postnatal outcome. Therefore, it would be very
important and clinically relevant to better understand the mechanisms of cardiovascular remodeling in these fetal
pathologies and how this reflects in cardiac structure and (clinically easily accessible) Doppler signals of the fetal
circulation. This would allow us to find new biomarkers and therapeutic strategies and therefore improve future
cardiovascular health of these fetuses. However, interpreting the fetal hemodynamic status in clinical practice is
quite challenging, and some of the parameters, like blood pressures and organ resistances are not measurable.
Computational models have proven to be a powerful tool to recreate and better understand hemodynamic changes,
both under healthy and pathological conditions [1-5]. For example, model-based placenta resistance and
compliance, assessed from 0D lumped models, were increased and brain resistance decreased in IUGR fetuses
compared to normal ones, and adding these model-based parameters to the conventional Doppler parameters
improve the detection of fetuses with adverse perinatal outcome. For more detailed modelling of the fetal
cardiovascular systems, knowing the microstructure of the cardiac tissue is essential. For this, synchrotron-based
phase-contrast X-ray imaging opens new perspectives. In conclusion, patient-specific computational models of the
fetal circulation seem to be a good approach to assess hemodynamic and placental parameters than cannot be
measured non-invasively in clinical practice, thus improving our understanding as well as the detection of fetuses
with altered hemodynamics. References: [1] Garcia-Canadilla P et al. A computational model of the fetal circulation
to quantify blood redistribution in intrauterine growth restriction. PLoS Comput Biol. 2014 Jun 12;10(6):e1003667.
[2] Garcia-Canadilla P et al. Patient-specific estimates of vascular and placental properties in growth-restricted
fetuses based on a model of the fetal circulation. Placenta. 2015 Sep;36(9):981-9 [3] Garcia-Canadilla P et al.
Understanding the Aortic Isthmus Doppler Profile and Its Changes with Gestational Age Using a Lumped Model of
the Fetal Circulation. Fetal Diagn Ther. 2017;41(1):41-50. [4] Gimenez-Minguez P et al. Assessment of
Haemodynamic Remodeling in Fetal Aortic Coarctation Using a Lumped Model of the Circulation. FIMH 2017.
Lecture Notes in Computer Science, vol 10263. Springer, Cham, p471-480, 2017. [5] Kulkarni A, et al. Remodeling
of the cardiovascular circulation in Fetuses of Diabetic Mothers: A Fetal Computational Model Analysis. Placenta.
2017
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ABSTRACT

Abstract Brash ice is the accumulation of floating ice made up of blocks no larger than two meters across.
Navigation in brash ice is becoming more usual as new navigation routes are being opened in the Artic regions.
This navigation brings new concerns regarding the interaction of ice blocks with the ship. Developments are
presented towards the simulation of this navigation condition including the interaction among the ship and the ice
blocks. This work presents the advances in the development of a computational tool able to simulate this problem,
based on the coupling of a Semi-Lagrangian Particle Finite Element Method (SL-PFEM) with a multi rigid-body
dynamics tool. The Particle Finite Element Method [1] is a versatile framework for the analysis of fluid-structure
interaction problems. The PFEM combines Lagrangian particle-based techniques with the advantage of the integral
formulation of the Finite Element Method (FEM). It has been shown [1][2] to successfully simulate a wide variety of
complex engineering problems, e.g. free-surface/multi-fluid flows with violent interface motions, multi-fluid mixing
and buoyancy-driven segregation problems etc. The latest development within the framework of the PFEM is the
X-IVAS (eXplicit Integration along the Velocity and Acceleration Streamlines) scheme [2][3]. It is a semi-implicit
scheme built over a Semi-Lagrangian (SL) formulation of the PFEM. In this work, the SL-PFEM model has been
coupled with a multibody dynamics solver, able to handle the interactions between thousands of bodies,
representing the different ice blocks. The interaction between the fluid flow and the ice blocks is performed by
enriching the finite element space at the boundaries of the different blocks. This work is part of the research project
NICESHIP sponsored by the U.S. Office of Naval Research under Grant N62909-16-1-2236. References [1]
Idelsohn, S., Oñate, E., Del Pin, F. “The particle finite element method: a powerful tool to solve incompressible
flows with free?surfaces and breaking waves”. International journal for numerical methods in engineering, vol. 61-7,
pp. 964-989, 2004. [2] Nadukandi, P., Servan-Camas, B., Becker, P.A., Garcia-Espinosa, J. “Seakeeping with the
semi-Lagrangian particle finite element method”. Computational Particle Mechanics 4 (3), 321-329, 2016. [3]
Idelsohn, S.R., 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 Fluids, Vol. 75, No 9, 2014, pp. 621–644.
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ABSTRACT

The main idea of the Chimera method is to generate independent and optimized meshes for the objects present in a
computational domain and then using a coupling strategy, link all these objects in order to obtain the solution of the
system. The method has appealing characteristics that are convenient for applications like simplified mesh
generation, moving components or boundaries, local refinement, etc. In this work a Chimera method is  presented
and validated in the finite element context for structured and unstructured meshes by solving the system iteratively
with BiCGStab (BiConjugate Gradient Stabilized method). A Dirichlet-Dirichlet coupling imposes the continuity of the
unknown on overlapping sub domains and to transfer these values between the multiples domains, a third-order
interpolation method is used in conjunction with a &amp;amp;quot;pasting&amp;amp;quot; penalization operator.
Several numerical examples are shown in order to validate the solution and assessing the precision and
computational cost of the method. Also, a convergence rate analysis is carried out for the proposed interpolation
method. Finally, an advection-diffusion problem involving multiple moving boundaries is solved in order to show the
potential of the presented scheme. The selected benchmark problems are well documented, both experimentally
and numerically.
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ABSTRACT

Hydraulic fracturing is a challenging process to simulate, as it involves the coupling of various models: a solid
model which describes the deformation of the rock induced by the fluid; a fluid flow model within the fracture,
including a model for the representation of fluid leak-off to the rock formation; and a fracture propagation model.
Besides, the input of the hydraulic fracturing model is affected by uncertainty. Many parameters involved in the
process cannot be directly measured such as properties of the rock formations, whereas other process observables
such as well pressures and seismic data can be obtained. In order to infer uncertain properties such as rock
characteristics, an inversion problem has to be solved. Typically this means that one solves the forward problem
many times. In this context, we make use of reduced order modeling to solve the forward problem at an affordable
computational cost. More specifically, a Proper Generalized Decomposition (PGD), which provides an explicit
parametric solution, is in our case used for a linear elastic solid model. In this contribution, we focus on the PGD
formulation that efficiently deals with the solid problem in hydraulic fracturing, which parameterizes the stochastic
material properties and geometric parameters. Furthermore, the way in which the explicit parametric solution is
obtained and used to recover the solution of the forward problem is explained and considered in a hydraulic
fracturing context.
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ABSTRACT

ISeashells are an important model system for understanding mechano-morphological basis of the evolution of
exoskeleton in invertebrates. Mantle tissue located at the growth front extracellularly secretes proteins and minerals
and the calcification of these secretions leads to incremental growth of the exoskeleton. Most of the existing
literature on the study of the complex forms (size, shape and ornamentations) in gastropods is descriptive. The
mathematical understanding of the underlying mechano-morphology is at a nascent stage, primarily limited to
reduced geometric representations or linear analysis of growth induced deformation modes of the mantle. In this
work, we lay down the formulation for coupling of surface and volume growth that is essential to three-dimensional
studies of the dynamics of seashell growth. We present a number of numerical studies of the evolving morphology
driven by coupled surface and volume growth, which drive the form-defining nonlinear elastic deformation of the
mantle. The focus is on understanding the effect of mantle geometry, growth rate and calcification rate on the
resulting modes of deformation. Connections are made to a variety of antimarginal and commarginal
ornamentations, including complex patterns such as hierarchical buckling and folding.
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ABSTRACT

Background. External (mechanical) stimuli influences cell function at the level of gene expression and thereby
contributes to the overall control of vascular tissue structure and function. As with other biological tissues, vascular
tissue seems to adapt towards stable homeostatic mechanical conditions, and failure of reaching homeostasis may
result in pathologies. Computational biomechanical modelling presents as a critical tool towards the evaluation of
the underlying mechanisms associated with tissue adaptation. Tissue adaptation has to obey basic physical
principles, and even within these constraints, a large number of adaptation models have been proposed [1]. Such
models are able to integrate the tissue’s microstructure and directly address the differing length scales of individual
tissue constituents, which in turn allows for the linking of biomechanical and biochemical adaptation aspects.
Method. Here we consider a multi-scale microstructural constitutive description of vascular tissue that accounts for
temporal tissue adaption, towards its impact upon the macroscopic stress state in patient-specific Abdominal Aortic
Aneurysm (AAA) geometries [2]. The present work builds upon the aforementioned model through a series of
further constitutive refinements. The formulations have been implemented at the Gauss point-level of a mixed finite
element formulation (FEAP, University of California at Berkeley) and test cases reflect patient-specific AAA
geometries that were reconstructed from Computed-Tomography Angiography images (A4clinics Research Edition,
VASCOPS GmbH). Mass turnover of vessel wall constituents is described by rate equations, which directly control
the time step of the non-linear FE calculations. Results and Discussion. The outlined approach allows for the
effective solution of the non-linear numerical problem and as such, the simulation of patient-specific AAA
progression. Our results show good correlation with clinical follow-up data [3]. However, due to the scarcity of
relevant experiment data, key modeling steps are based on ad hoc assumptions. Consequently, much more
interdisciplinary experimental work is required to validate our modeling activities. [1] T.C. Gasser, A. Grytsan.
Biomechanical modeling the adaptation of soft biological tissue. Current Opinion in Biomedical Engineering 1,
71-77, 2017. [2] G. Martufi and T.C Gasser. Turnover of fibrillar collagen in soft biological tissue with application to
the expansion of abdominal aortic aneurysms. Journal of The Royal Society Interface 9 (77), 3366-3377, 2012. [3]
G. Martufi, M. Lindquist Liljeqvist, N. Sakalihasan, G. Panuccio, R. Hultgren, J. Roy, T.C. Gasser, Local Diameter,
Wall Stress and Thrombus Thickness Influence the Local Growth of Abdominal Aortic Aneurysms, Journal of
Endovascular Therapy, 23(6) 957–966, 2016.
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ABSTRACT

The finite element exterior calculus (FEEC) [1] is a general framework for constructing and analyzing stable mixed
finite element formulations, such as the locking-free discretization of the elasticity equations. The present work
introduces a dimension-independent hp-hierarchical construction of the FEEC basis on the simplex together with a
suitable simplicial mesh-structure, allowing for inhomogeneous p-adaptivity and local h-refinement. The h-hierarchy
of the basis and the mesh-structure are closely linked, owing to the duality between the Whitney forms and
simplicial cochains. By appropriately modifying the refinement equation [2], for the discrete approximation of
differential 0-forms (Lagrange elements), the proposed construction yields the well-known hierarchical Schauder
basis [3], while for differential forms of higher degree, an extended form of the Haar-wavelet basis is obtained. For
certain problems, the lowest-order coefficients of the proposed bases can be interpreted as an a posteriori error
indicator, guiding adaptivity. We apply the developed hp-adaptive framework to various mixed problems. As the
canonical choice for verifying the method, we compute adaptive solutions to the different weak formulations of the
Hodge Laplacian, elaborating on cases where traditional Lagrange finite elements would fail to provide the correct
solution. Furthermore, we verify the numerical reproduction of the de Rham theorem by computing the cohomology
classes of selected topologies. Finally, we compute benchmark problems from the field of solid mechanics in the
incompressible limit. [1] D.N. Arnold, R.S. Falk, and R. Winther. Finite element exterior calculus, homological
techniques, and applications, Acta Numerica 15: 1-155, 2006. [2] E. Grinsprun. The Basis Refinement Method, PhD
thesis, California Institute of Technology, 2003. [3] H. Yserentant. Hierarchical bases of finite-element spaces in the
discretization of nonsymmetric elliptic boundary value problems, Computing 35(1): 39-49, 1985.
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ABSTRACT

Modelling plastic deformation at the micro and nanoscale is a puzzling problem in material science. The presence
of free surfaces and interfaces reduce the mean free path of dislocations and change the mechanical properties of
materials. This change of properties cannot be taken into account neither in continuum plasticity models, because
the discrete nature of plastic deformation cannot be neglected, nor in atomistic simulations, because the simulated
volume is too small and the accessible time scale is limited. A reliable tool to model crystal plasticity at such scales
is the Discrete-Continuum Model (DCM). The DCM is based on a coupling between 3D Dislocation Dynamics (DD)
simulations and Finite Element (FE) method. The DD simulation code is in charge of the dislocation microstructure
evolution, handling the discrete nature of dislocations, while displacement field and boundary conditions are
handled by the FE simulation code. In particular, in the DCM framework, not only the interaction of dislocations with
free surfaces and interfaces is recovered, but also plastic incompatibilities are naturally taken into account and
complex loading, close to the experimental conditions, can be imposed to the simulated object. Here, the main
features of the DCM are briefly presented, emphasizing the capability of studying the plastic deformation in
nano-object using anisotropic elasticity. Then the mechanical behavior of single- and bi-crystalline Ni
micro-samples is investigated, comparing the result of DCM simulations with experimental data. Finally, the
intriguing possibility of computing X-ray diffraction maps, post processing simulation outputs, is highlighted.
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ABSTRACT

The analysis and prediction of the degradation process and cracking of concrete struc-tures with numerical models
is an important issue in the field of civil engineering. In order to describe the global behavior of a structure
composed of quasi-brittle material as well as local fields, a continuous approach using nonlinear constitutive law
(e.g. dam-age, plasticity,…) remains the most efficient one regarding the computational time. How-ever, one has to
consider additional tools to extract discrete information about cracks like spacing and openings from these
computations. The objective of this research is to pro-pose tools capable of extracting local information such as
cracking using two post-treatment methods of a global finite element ana¬lysis. First, in the proposed method, a
global non-linear finite element analysis of the whole structure is performed. This analysis reveals the zones of
degradation that are to be reana-lyzed via a local analysis using two post-treatment methods. The first method
combines a topological search method used to locate cracks developed by Bottoni et al. [1] and a
continuous/discontinuous approach used to compute the crack opening initially proposed by Dufour et al. [2].. It
consists in comparing the computed strain fields, with the analytical one derived from the displacement profile
described as a strong discontinuity. Both strain fields are regularized using a Gaussian function. The crack opening
can then be adjusted so as to reduce the gap between the regularized strain field and the regularized strong
discontinuity strain field. Furthermore, a general formu-lation of these tools for 2D and 3D problem is proposed in
this work. The direction of the mode I crack at a point is determined as the one which maximizes the crack opening
along the associated 1D profile. The second method is a non-intrusive reanalysis at the local scale performed with
a discrete model in order to extract fine information about crack opening. A region of in-terest (ROI) corresponding
to the damaged area obtained from the global analysis is de-fined. Then, the loading steps corresponding to the
steps of reanalysis are determined, where boundary conditions are extracted from the continuous displacement
field and ap-plied on the non-free surfaces of the ROI. The material is described with a discrete ele-ment approach
based on an assembly of polyhedral particles linked by Euler–Bernoulli beams with brittle behaviour. Further details
concerning the discrete model used at the local scale can be found in [3]. The displacement fields obtained from
the FE analysis are compared to the experimental data provided from the post-processing of the actual test in order
to analyze the concord-ance of the results on the global scale. References [1] M. Bottoni, F. Dufour, and C. Giry.
Topological search of the crack pattern from a continuum mechanical computation, Engineering Structures. 2015 ;
99:346-359. [2] F. Dufour, G. Legrain, G. Pijaudier-Cabot, and H. Antonio. Estimation of crack opening from a
two-dimensional continuum-based finite element computation, International Journal for Numerical and Analytical
Methods in Geomechanics. 2012 ; 36:1813-1830. [3] C. Oliver-Leblond, A. Delaplace, F. Ragueneau, and B.
Richard. Non-intrusive global/local analy-sis for the study of fine cracking, International Journal for Numerical and
Analytical Methods in Geomechanics. 2013 ; 37:973-992.
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ABSTRACT

A new dynamical core suitable for numerical weather prediction over a wide range of length scales is under
development at Environment and Climate Change Canada.  As it is well-known, the stiffness due to the presence of
rapidly propagating waves in the atmosphere renders traditional explicit methods impractical. The aim of our
research is to explore an emerging class of exponential integration methods. These schemes have seen limited
use in geophysical fluid dynamics due to efficiency issues. In order to circumvent some of these limitations, we
recently introduced a new algorithm KIOPS for computing linear combinations of phi-functions that appear in
exponential integrators. Theoretical analysis of the method and numerical simulations in a number of experimental
frameworks demonstrates that KIOPS outperforms the current state-of-the-art adaptive Krylov algorithm PHIPM.
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ABSTRACT

Defects play a crucial role in influencing the macroscopic properties of solids—examples include the role of
dislocations in plastic deformation, dopants in semiconductor properties, and domain walls in ferroelectric
properties. These defects are present in very small concentrations (few parts per million), yet, produce a significant
macroscopic effect on the materials behavior through the long-ranged elastic and electrostatic fields they generate.
The strength and nature of these fields, as well as other critical aspects of the defect-core are all determined by the
electronic structure of the material at the quantum-mechanical length-scale. Hence, there is a wide range of
interacting length-scales, from electronic structure to continuum, that need to be resolved to accurately describe
defects in materials and their influence on the macroscopic properties of materials. This has remained a significant
challenge in multi-scale modeling, and a solution to this problem holds the key for predictive modeling of complex
materials systems. In this talk, we present some key methodological developments that have enabled large-scale
electronic structure calculations—as large as explicitly treating 10,000 atom Kohn-Sham density functional theory
(DFT) calculations—taking us closer to addressing this significant challenge. In particular, the development of a
real-space formulation for Kohn-Sham DFT and a finite-element discretization of this formulation [1,2], which can
handle arbitrary boundary conditions and is amenable to adaptive coarse-graining, will be presented. The accuracy
afforded by using higher-order and enriched finite-element discretizations, and the efficiency and scalability of the
Chebyshev filtering algorithm in pseudopotential and all-electron Kohn-Sham DFT calculations will be
demonstrated. Further, the development of a subquadratic-scaling approach (in the number of electrons) based on
a subspace projection and Fermi-operator expansion will be discussed [3,4], which will be the basis for the future
development of coarse-graining techniques for Kohn-Sham DFT that can enable accurate electronic structure
calculations at macroscopic scales. [1] P. Motamarri, M.R. Nowak, K. Leiter, J. Knap, V. Gavini, Higher-order
adaptive finite-element methods for Kohn-Sham density functional theory, J. Comp. Phys. 253, 308-343 (2013). [2]
B. Kanungo, V. Gavini, Large-scale all-electron density functional theory calculations using an enriched finite
element basis, Phys. Rev. B 95, 035112 (2017). [3] P. Motamarri, V. Gavini, A subquadratic-scaling subspace
projection method for large-scale Kohn-Sham DFT calculations using spectral finite-element discretization, Phys.
Rev. B 90, 115127 (2014). [4] P. Motamarri, K. Bhattacharya, M. Ortiz, V. Gavini, Spectrum-splitting approach for
Fermi-operator expansion in all-electron Kohn-Sham DFT calculations, Phys. Rev. B 95, 035111 (2017).
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ABSTRACT

Additive Manufacturing is not only revolutionizing manufacturing but also the way engineers create new designs. It
provides opportunities to explore much larger design spaces. This opens the possibility to reduce design weight and
increase its performance to so far unreachable levels. Topology Optimization [1] as a tool helps to obtain such
optimal designs, however, today it is mostly limited to CAE users. Making corresponding design tools accessible to
non-expert CAE users is a key for creativity and to efficiently exploit the opportunities promised by Additive
Manufacturing [2]. Key to this challenge are interactivity and enhanced user experience. In order to enable nearly
interactive Topology Optimization in 3D, we implemented an efficient geometric multi-grid method [3] on structured
hexahedral meshes utilizing GPU computing capabilities for performing linear structural analyses. To circumvent
boundary treatment issues which arise when using non-confomal hexahedral meshes we use a cut-cell approach
alongside with augmenting weak formulation of equations by means of Nitsche method. In this way, we are able to
achieve desired numerical accuracy of FEM solver which is an essential building block and the most time
consuming part of the Topology Optimization process. Additionally, inspired by the nature of Additive Manufacturing
process, we consider influence of thermal loads in the optimization process. User experience is enhanced by
integrating our tool within CAD system, thus simplifying pre-processing stage for a simulation and ultimately making
the topology optimization tool accessible to non-experts. The concept has been made available to a selected user
base validating the approach. References: [1] Bendsoe, Martin Philip, and Ole Sigmund. Topology optimization:
theory, methods, and applications. Springer Science &amp;amp; Business Media, 2013. [2] S. Gavranovic, D.
Hartmann, P Stelzig (2017): Accurate Interactive Engineering Simulations Accelerated by GPU. NAFEMS World
Congress 2017 [3] Dick, Christian, Joachim Georgii, and Rüdiger Westermann. &amp;quot;A real-time multigrid
finite hexahedra method for elasticity simulation using CUDA.&amp;quot; Simulation Modelling Practice and Theory
19.2 (2011): 801-816.
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Comparison between Master-Master and Master-Slave Contact Formulations
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ABSTRACT

Computational contact models considering pointwise interactions are very useful. On this context, the master-slave
contact formulation is known for its versatility in a finite element model. The election of nodes as slave points in a
surface mesh together with the other surface parameterization (master) is the basis of the method. Then, slave
points’ movement are tracked along master surface. This constitutes the kinematic basis for the contact mechanical
constraint enforcement, which is done in a pointwise manner. On the other hand, the master-master approach to
account for contact [1] does not need the prior election of slave points. Both surfaces are treated as masters. They
are re-parameterized along the model evolution. At each configuration, a pointwise interaction is searched. During
the model evolution, the material points where contact takes place in both surfaces may change significantly. The
advantage is to capture all such changes within a single contact pair search. Typically, one may find examples of
this nature on rolling contact of non-conformal geometric profiles. In this context, the present work presents a
comparative approach of master-slave and master-master contact formulations. The methods are compared with
respect to both versatility and mathematical basis. Pros/cons of each technique are emphasized. We show that,
mathematically, master-slave is a particular case of master-master contact formulation, coming from degeneration
of two convective coordinates on a given surface, chosen a priori to be a slave point. A particular discussion is
given to cases where overall contact may be well represented by a single pointwise interaction. Particularly, the
enhanced master-slave presented in [2] is shown as a mid-step between master-slave and master-master, for the
particular case on which each slave point is upgraded to a spherical surface. This shows to be useful in some
applications involving spherical particles in contact with surfaces. Numerical examples will be given to support
discussions. Particularly, beam-to-beam contact is taken as base-problem. [1] GAY NETO, A.; PIMENTA, P. M.;
WRIGGERS, P. A Master-surface to Master-surface Formulation for Beam to Beam Contact. Part I: Frictionless
Interaction. Comput. Methods Appl. Mech. Engrg., v. 303, p. 400-429, 2016. [2] GAY NETO, A.; PIMENTA, P. M.;
WRIGGERS, P. Contact between spheres and general surfaces. Comput. Methods Appl. Mech. Engrg., v. 328, p.
686-716, 2018.
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ABSTRACT

We consider several one-dimensional impact problems involving finite or semi-infinite, linear elastic flyers that
collide with and adhere to a finite stationary linear viscoelastic target backed by a semi-infinite linear elastic
half-space [1]. The impact generates a shock wave in the target which undergoes multiple reflections from the
target boundaries. Laplace transforms with respect to time, together with impact boundary conditions derived in our
previous work [2], are used to derive explicit closed-form solutions for the stress and particle velocity in the Laplace
transform domain at any point in the target. For several stress relaxation functions of the Wiechert (Prony series)
type, a modified Dubner-Abate-Crump (DAC) algorithm [3] is used to numerically invert those solutions to the time
domain. These solutions compare well with numerical solutions obtained using both a finite-difference method and
the commercial finite element code, COMSOL Multiphysics. The Final Value Theorem is used to show that the
asymptotic (long observation time) stress and particle velocity is independent of target properties in linearly
viscoelastic media with non-zero long-term equilibrium moduli, but depend only on the elastic properties of the flyer
and half-space backing material. Alternatively, viscoelastic targets in which the long-term equilibrium modulus is
zero, also exhibit both target length and viscosity dependent asymptotic stress; the asymptotic particle velocity is
also position dependent in such targets. These results are useful for verification of viscoelastic impact simulations
taken to long observation times. References: [1] Gazonas GA, Wildman RA, Hopkins DA, Scheidler MJ,
Longitudinal impact into viscoelastic media, submitted. [2] Gazonas GA, Scheidler MJ, Velo AP. Exact analytical
solutions for elastodynamic impact. Int. J. Solids and Struct. 2015; 75–76: 172–187. [3] Gazonas GA, Wildman RA,
Hopkins DA, Scheidler MJ. Longitudinal impact of piezoelectric media. Arch. Appl. Mech. 2016; 86:497–515.
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A Methodology for In Silico EVAR of Abdominal Aortic Aneurysms

Michael Gee*, André Hemmler**

*TU Munich, **TU Munich

ABSTRACT

Endovascular aneurysm repair (EVAR) is a widely used and well established technique to intervene before rupture
of abdominal aortic aneurysms (AAA) occurs. However, EVAR can involve some unfavorable complications such
as endoleaks or stent-graft (SG) migration. Such complications, resulting from the complex mechanical interaction
of vascular tissue, SG and blood flow or incompatibility of SG design and AAA geometry, are difficult to predict.
Finite element simulations can be a predictive tool for the selection, sizing and placement process of SGs
depending on the patient-specific AAA geometry and hence reduce the risk of potential complications after EVAR
[1]. In this contribution, we present a new virtual SG deployment methodology [5] to reproduce the final state of the
deployed SG after intervention. We aim to find the final SG position in a patient-specific AAA geometry and
evaluate the mechanical state of AAA and SG, such as contact forces or wall stresses. Three different constituents
of the aneurysmatic tissue are considered: diseased aneurysmatic wall, intraluminal thrombus and calcifications [4].
Furthermore, the anisotropic mechanical behavior [2] of the aortic wall in the proximal and distal fixation zones of
the SG are taken into account. The simulation process consists of two main steps. In a first step the SG is crimped,
bent and moved by a tailor-made morphing algorithm to position the SG inside the AAA. Afterwards, the SG is
released inside the AAA where it unfolds and makes contact with the luminal surface of the patient-specific vascular
model. We consider mortar based frictional contact [3] between a sophisticated, finite deformation AAA and a SG
composed of a parameterized, product specific (Cook Zenith Flex®) graft shell and stent wire frame that can
undergo finite deformations. The simulation results of three patient-specific cases are compared to the geometry of
the deployed SG taken from postinterventional CT scans. [1] F. Auricchio, M. Conti, S. Marconi, A. Reali, J. L.
Tolenaar, and S. Trimarchi. Patient-specific aortic endografting simulation: From diagnosis to prediction. Computers
in Biology and Medicine, 43(4):386 – 394, 2013. [2] G. A. Holzapfel and R. W. Ogden. Constitutive modelling of
arteries. In Proceedings of the Royal Society of London A: Mathematical, Physical and Engineering Sciences,
volume 466, pages 1551–1597. The Royal Society, 2010. [3] A. Popp, M. Gitterle, M. W. Gee, and W. A. Wall. A
dual mortar approach for 3d finite deformation contact with consistent linearization. International Journal for
Numerical Methods in Engineering, 83(11):1428–1465, 2010. [4] C. Reeps, A. Maier, J. Pelisek, F. Härtl, V.
Grabher-Meier, W. A. Wall, M. Essler, H.-H. Eckstein, and M. W. Gee. Measuring and modeling patient-specific
distributions of material properties in abdominal aortic aneurysm wall. Biomechanics and modeling in
mechanobiology, 12(4):717–733, 2013. [5] Hemmler, A., Lutz, B., Kalender, G., Reeps, C., Gee, M.W. (2018) A
methodology for in silico stent-graft repair of abdominal aortic aneurysms, in prep.
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A New Phase-Field Formulation for Cohesive Fracture
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ABSTRACT

Recently, phase-field models have been proposed to regularize sharp crack fronts. These fracture models have
gained popularity in no small part due to their ability to handle complex failure topologies, such as crack branching
and coalescence, even in three-dimensional settings. In the phase-field community, the emphasis has been on a
Griffith description of brittle fracture. However, most engineering materials are not perfectly brittle in the Griffith
sense, but display ductility after reaching a critical strength. Often, there exists a fracture process zone ahead of the
crack tip in which micro-crack and void initiation, growth and coalescence, as well as small-scale yielding, take
place. If this zone is relatively large compared to the structural dimensions, one has to rely on cohesive fracture
mechanics based strategies such as the cohesive zone approach. In this work, an attempt was made to outline a
framework for dealing with cohesive fracture in a phase-field setting. The development of a phase-field model for
cohesive fracture is a non-trivial extension of the model available for brittle fracture. Miehe and coworkers [1] were
among the first to postulate a phase-field formulation with a threshold that exhibits a linear elastic response prior to
strain softening. We build on this effort by deriving a free-energy functional that is consistent with the kinetics of
cohesive fracture. The governing equations are formulated in terms of a macro and micro-force balance. The latter
naturally handles the irreversibility of crack growth by means of a viscous regularization. The model employs a
stress-based criterion as the crack driving force, in contrast to the conventional strain-based approach [2]. In
addition, the use of a novel strain energy density function is proposed, allowing for the extension to fracture in
anisotropic media. The resulting free-energy expression shares some similarities with earlier work in the field of
gradient-damage modeling, in particular that of Lorentz et al. [3] The proposed approach is distinctly attractive as
the regularization length is shown to have virtually no effect on the constitutive response, merely acting as a
numerical parameter controlling the regularization of the fracture surface. Several benchmark problems are
presented to demonstrate the features of the proposed phase-field model. Keywords: phase-field, cohesive fracture,
gradient-damage, finite elements [1] Miehe, C., Schänzel, L. M., &amp;amp;amp; Ulmer, H. (2015). CMAME, 294,
449-485 [2] Miehe, C., Hofacker, M., &amp;amp;amp; Welschinger, F. (2010). CMAME, 199(45), 2765-2778 [3]
Lorentz, E., &amp;amp;amp; Godard, V. (2011). CMAME, 200(21), 1927-1944
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ABSTRACT

In simulation of adaptive structures, often a model of the passive structure is created using commercial finite
element software and the system matrices are then exported for further manipulation. Actuation and adaptivity are
considered afterwards by introducing additional load cases or boundary conditions. Including effects like nonlinear
behaviour of the structural response or system changes then causes great effort. We present a simple finite
element for linear actuators that is derived with a constrained variational principle and includes the effect of
actuation. The element offers the possibility to assemble the system matrices of the adaptive system directly in
order to save effort when the structure is changed or nonlinear effects are included. Another important aspect is the
additional insight into the structural behaviour of adaptive structures that can be won. Examples of simple truss
structures using the presented element are conducted to exhibit potentials of adaptivity. The differences between
including adaptivity before structural optimization and including adaptivity in the optimized passive structure are
shown.
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ABSTRACT

In this talk, we study unsteady high Mach number flows in the context of the Euler and Navier-Stokes equations.
We use a Discontinuous Galerkin (DG) solver [1] that was extended to immersed boundaries where the considered
geometry is represented by the zero iso-contour of a level set function. We apply cell-agglomeration that averts
problems with small and ill-shaped cut cells. In order to obtain a stable and accurate solution, discontinuous flow
phenomena such as shocks have to be resolved properly. Particularly, we use a shock-capturing approach based
on artificial viscosity. Recently, we coupled both approaches in order to reuse the geometrical flexibility of
immersed boundaries. For shock-capturing, we follow the two-step strategy presented in [2]. First, a shock sensor
that is based on the modal decay of the DG coefficients detects troubled cells. Second, artificial viscosity is applied
to these cells in order to smooth the solution. To advance the solution in time, we use an explicit time integration
scheme. In the aforementioned setting, a severe time step restriction is caused by the additional diffusive term that
leads to a drastic reduction of computational efficiency. We tackle this problem by using a local time stepping (LTS)
approach [3] that partitions the grid into cell clusters. These cell clusters are updated continuously according to their
local time step restriction, which is beneficial for transient simulation runs. Meeting all these challenges, we present
current results of a new efficient DG immersed boundary solver for compressible flows by combining a
shock-capturing scheme with an adaptive LTS method. Moreover, we show first results of the successful
combination with a dynamic load balancing strategy that enables a performant parallelization based on the LTS cell
clusters. [1] Müller, B., Krämer-Eis, S., Kummer, F., Oberlack, M., 2016. A high-order discontinuous Galerkin
method for compressible flows with immersed boundaries. Int J Numer Methods Eng. [2] Persson, P.-O., Peraire,
J., 2006. Sub-Cell Shock Capturing for Discontinuous Galerkin Methods, in: Proceedings of the 44th AIAA
Aerospace Sciences Meeting and Exhibit. [3] Winters, A.R., Kopriva, D.A., 2014. High-Order Local Time Stepping
on Moving DG Spectral Element Meshes. J Sci Comput 58, 176–202. The work of M. Geisenhofer is supported by
the Excellence Initiative of the German Federal and State Governments and the Graduate School of Computational
Engineering at Technische Universität Darmstadt. The work of F. Kummer is supported by the German DFG
through Collaborative Research Centre 1194/B06.
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ABSTRACT

Additive Manufacturing (AM) of metal parts is becoming more common as an alternative approach to traditional
methods because it has many benefits, not the least of which is the tremendous design freedom that it affords
designers. However, the uncertainties of AM parts in terms of accuracy, quality, strength and reliability are still
relatively high and therefor troubling to manufactures of critical components or systems. Simulation techniques are
now being incorporated into the design process to help improve the quality of the AM design process, reduce
weight and ensure a high probability of successful builds. Despite these efforts, however, there is still uncertainty in
the differences between as-designed versus as-built AM parts, which leads manufacturers to ask the following
question: “What are the differences between my design and the part that is actually manufactured and how will
these differences affect performance in reality?” Companies are already spending a significant amount on 3D
imaging technology like industrial Computed Tomography (CT) scanners for inspection, non-destructive evaluation
and reverse engineering of Additive Manufactured (AM) parts. From CT scans, users can typically quantify porosity,
crack/defect size, deviations from design etc. However, information, in and of itself, do not provide an
understanding of how these defects and deviations from the desired design will affect performance in the real
world. We will describe how the three domains of CT-imaging, AM and FE simulation are just now starting to
connect because of a need to better understand the performance of the real as-manufactured part, not just a CAD
design ideal. Typically, due to the knowledge gap between these domains, the adoption of this workflow from the
3D scan to a realistic FE simulation can be tortuous with engineers and technicians using a mix of open source,
in-house and/or commercial tools to create an inefficient, unrepeatable workflow that can be an expensive drain on
internal time and resources. We will demonstrate a proof of concept workflow where a lightweight bracket is
designed/optimized to reduce weight and then built using the laser powder bed AM in a titanium alloy (Ti6Al4V).
This bracket is then scanned via CT and then image based tools are used to inspect the geometry and generate an
FE mesh, which is exported for simulation of the as built part. This workflow allows users to close the design loop
and truly understand how defects and deviations in the manufactured part can affect performance in the real world.
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ABSTRACT

Uncertainty Quantification (UQ) plays a fundamental role in the design and analysis of complex and realistic
engineering systems that rely heavily on numerical simulations. While advancements have improved the efficiency
of UQ algorithms in the last two decades, UQ remains challenging in the presence of high-fidelity numerical models.
State of the art UQ algorithms require multiple evaluations of a complex computer code and the number of required
simulations generally increases rapidly with the number of random parameters. As a result, performing UQ for
high-fidelity models is hampered by the high computational cost of each realization. Multilevel and multifidelity
algorithms have recently been introduced to overcome this limitation [1,2]. Their main idea is to gather realizations
of different fidelities and/or discretization levels in order to accelerate the convergence of high-fidelity model
statistics, and their key strategy is to achieve a variance reduction for the statistical estimator. In this talk we cover
two main aspects of these techniques. First, we discuss relation between multilevel and control variate algorithms
with respect to the properties of the system under analysis. Next, we compare and interpret both multilevel and
control variate approaches within a new Bayesian multifidelity model management approach [3]. Numerical results
for several test cases are presented and discussed to highlight the relevant features of the different approaches. [1]
M.B. Giles. &amp;amp;apos;Multilevel Monte Carlo methods&amp;amp;apos;. Acta Numerica, 24:259-328, 2015.
[2] G. Geraci, M.S. Eldred and G. Iaccarino. &amp;amp;quot;A multifidelity multilevel Monte Carlo method for
uncertainty propagation in aerospace applications&amp;amp;quot;. 19th AIAA Non-Deterministic Approaches
Conference, AIAA SciTech Forum, (AIAA 2017-1951). 2017. [3] A. Gorodetsky, G. Geraci, M.S. Eldred and J.
Jakeman. &amp;amp;quot;Multifidelity model management using latent variable Bayesian
networks&amp;amp;quot;. 13th World Congress in Computational Mechanics. 2018 (submitted).
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ABSTRACT

Many soft materials such as polymer solutions develop banded velocity and concentration profiles if the shearing
deformation is large enough. Concentration gradients formed during processing can have a great impact on the
final texture of a product. Using the generalized bracket approach of nonequilibrium thermodynamics, we
developed a new two-fluid model for semi-dilute entangled polymer solutions to study the phenomenon of shear
banding [1]. We included the Giesekus relaxation to account for the overshoot of the shear stress during the
start-up of a simple shear flow. In addition, we included a second nonlinear relaxation term to capture the upturn of
the flow curve at high shear rates. This term is similar to the term used in the Rolie-Poly model that accounts for
convective constraint release and chain stretch, with the exception ob being now thermodynamically consistent.
Finally, a new nonlocal stress-diffusion term was added to the time evolution equation of the polymer conformation
to have smooth and unique profiles. The behavior of the new model was analyzed in three different benchmark
geometries [1-2]. For the circular Couette and pressure-driven channel flow problems, we employed a
pseudospectral collocation method. The 4:1 contraction case was solved using finite volumes. The results show
that the steady-state solution is unique with respect to different initial conditions, the applied deformation history,
and the diffusivity appearing in the equation for the differential velocity. The polymer concentration is not uniform in
the flow field, since the polymer constituents are subjected to Fickian diffusion and stress-induced migration, the
latter mechanism being responsible for the shear band formation. The total velocity develops a plug-like profile in
the channel, with a low shear rate band near the center and a high shear rate band near the walls. In agreement
with experiments [3], the flow rate exhibits a spurt at a critical pressure gradient. We will present first results on the
impact of shear banding on the vortices in the contraction zone. As our model is relatively simple, it is a good
candidate for more complex industrial flows. References: [1] S. Hooshyar, N. Germann, Phys. Fluids, 28 (6) (2016)
063104. [2] S. Hooshyar, N. Germann, J. Non-Newt. Fluid Mech. 242 (2017) 1-10. [3] E. B. Bagley, I. M. Cabott, D.
C. West, J. Appl. Phys. 29 (1958) 109-110.
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ABSTRACT

Currently, several numerical models are available to predict ground-borne vibration due to railway traffic. Full 3D
coupled finite element-boundary element models allow for a very detailed representation of the track and the soil.
However, they require high computation time and modelling effort. Therefore, much research is done on developing
computationally efficient methods which exploit the regularity of the problem geometry in the direction along the
track. In a 2.5D approach, the track geometry is invariant in the longitudinal direction. This approach is
computationally very efficient, but does not allow to include the periodic support of the rails by sleepers and the
stress distribution under the sleepers is not correctly predicted. To overcome these restrictions, the track can be
assumed to be periodic. Such models are still computationally efficient and allow to include parametric excitation
due to the discrete rail support. However, they cannot include other types of track stiffness variations in the
longitudinal direction such as transition zones, hanging sleepers or random track stiffness variations. Alternatively,
more general track models have been developed that model the soil by a series of masses, springs and dampers.
Despite their efficiency, these models don’t allow for a direct prediction of the vibration transfer to the free field. In
this presentation, a track model based on a wave analysis technique for multi-coupled periodic structures is
presented [1]. The track is divided into periodic cells, corresponding to the sleeper bays. Each sleeper bay can be
modelled differently. Part of the soil is modeled by finite elements and the waves in the soil travelling in the x- and
z-directions are absorbed by perfectly matched layers [2]. This method is computationally much more efficient than
full 3D models and it can be used to model any type of track stiffness variation. This approach is used to model
different designs of a transition zone between a ballasted track and a slab track. The resulting train-track interaction
forces and free field vibrations are compared. References [1] D. Mead. The forced vibration of one-dimensional
multi-coupled periodic structures: An application to finite element analysis. Journal of Sound and Vibration,
319:282–304, 2009. [2] S. François, M. Schevenels, G. Lombaert and G. Degrande. A two-and-a-half-dimensional
displacement-based PML for elastodynamic wave propagation. International Journal for numerical methods in
engineering, 90:819-837, 2012.
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ABSTRACT

We consider the hydrodynamical behavior of dielectric fluids contained in a vertical cylinder annulus under applied
voltage and temperature gradient between inner and outer wall. This setting gives rise to a body force, that is a
superposition of buoyancy and dielectrophoretic force (DEP). The situation can be modeled by means of the
thermal electro hydrodynamical Boussinesq equations (TEHD) which are based on the standard Boussinesq
approximation for natural convection, augmented by DEP force and Gauss’s law for describing the electric field
inside the fluid as a function of temperature. Our method for approximately solving this set of equations is based on
the Finite Element Method for discretization in both, space and time. For the spatial part, we make use of stable
Taylor-Hood elements, whereas temporal discretization is implemented by a Petrov-Galerkin formulation with
continuous trial and discontinuous test functions. In this way, the resulting discretized problem can be solved in a
time-stepping manner, with an arising set of nonlinear algebraic equations for each time step which are solved by
Newton’s method. Here, the main computational effort lies in the solution of large-scale linear systems whose
dimensions are in the order of several millions of variables when using a reasonable spatial resolution in 3D. To
cope with these systems, we developed a parallel linear preconditioner which is based on a Schur complement
approach for splitting the complete system into several subsystems according to the underlying physics of the
model. These subsystems correspond to discretized elliptic problems, which are well suited for being solved with
highly scalable methods. We make use of the Algebraic Multigrid Method and construct the way of solving the
subsequent subsystems such that the overall solution process exhibits good parallel efficiency. In our talk, we
present a computational study over the range of 384 to 4096 computing cores to demonstrate parallel efficiency of
our method. Moreover, we present simulation results for different temperature gradients, leading to varying
classical and electric Rayleigh numbers in the order of 10^3 to 10^4. The numerical solutions show a transition of a
varying number of azimuthally to axially oriented vortices, where the latter are present in the final state of the
dynamic system. Due to these vortices, radial heat transfer is enhanced as an increase of the corresponding
Nusselt numbers show.
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ABSTRACT

Non-Newtonian fluid behavior is typical for dense granular flow, as the particle concentration rises above a certain
amount. Several rheology models can be used to cover this characteristic of the flow, which often happens to be
viscoplastic. A model focusing on the viscosity description of dense granular flows is the so-called
$\mu$(I)-rheology. The $\mu$(I)-rheology is based on the Coulomb friction, which states that normal stresses are
proportional to the tangential stresses. Thus, the viscosity is related with a friction coefficient to the pressure. As a
result of this, the friction coefficient is depending on the macroscopic and microscopic timescales of the particle
rearrangement. This complex viscosity dependence on the friction coefficient results in a non-conventional
viscoplastic shear-thinning behavior depending on the shear rate and the pressure. The models complexity leads to
high nonlinearities and thus to oscillations, divergence and a high sensibility to input parameters. As a
consequence, an appropriate regularization strategy, an adequate mesh and stabilization methods are inalienable.
In this study, a 2D column collapse is simulated to analyze regularization and input parameters and their influence
on the results. This parametric sensitivity study is conducted using the technique of design of experiments. We
apply a Navier-Stokes solver coupled with a transport solver employing the volume-of-fluid method to describe the
interface of the dense and light fluids (usually air). We use for the implementations libMesh, a C++ library that
supports adaptive mesh refinement and coarsening and also interfaces with PetSc. The finite element formulation is
the residual-based variational multiscale method. With libMesh, simulations are easily extended to
three-dimensions. Experiences and challenges of the 3D simulation model are analyzed and discussed regarding
the $\mu$(I)-rheology. POULIQUEN, O., &amp;amp;amp; FORTERRE, Y. (2002). Friction law for dense granular
flows: Application to the motion of a mass down a rough inclined plane. Journal of Fluid Mechanics, 453, 133-151.
doi:10.1017/S0022112001006796 JOP, P., &amp;amp;amp; FORTERRE, Y. (2006). A constitutive law for dense
granular flows. Nature, 441, 727-730. doi:10.1038/nature04801
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ABSTRACT

Inspired from many living organisms, microvascular composites form a new class of fiber-reinforced polymeric
matrix composites that contain a circulatory system made of an embedded network of microchannels. Based on the
choice of the fluid circulating in the microvascular network, a wide range of multi-functionalities are being
considered for these materials, including autonomic healing of internal damage, switching embedded antennas,
and active cooling for high temperature applications. A recent development in the manufacturing of this class of
composites, based on specially treated sacrificial fibers that are woven in the original fabric, undergo the composite
cure cycle before undergoing a vaporization process, has led to the creation of microvascular networks that are
integrated directly into the composite microstructure. This technology is being considered for a variety of active
cooling applications, including skin materials for hypersonic aircrafts, actively cooling of car batteries and radiative
cooling of nanosatellites. This new manufacturing process provides a lot of flexibility in the configuration of the
embedded network. To assist with the material design process, a novel numerical tool based on an interface-based
generalized finite element method (IGFEM) has been developed to model accurately and efficiently the impact of
the coolant flowing through the microchannels on the thermal field in the composite. A gradient-based shape
optimization scheme is then used together with the IGFEM solver to optimize the configuration of the embedded
microchannel network based on a variety of objective functions and constraints. A key advantage of the
IGFEM/gradient-based optimization scheme resides in the stationary nature of the non-conforming finite element
mesh, which allows for the capture of evolving network shapes without facing the mesh distortion issues associated
with classical FE-based shape optimization methods. Various 2D and 3D configurations of the microchannels are
investigated and compared, based on their thermal and flow efficiency and on their impact on the structural integrity
of the composite. We also optimize the microchannel network for redundancy. The predicted thermal impact of the
optimized microvascular networks is compared with experimental observations obtained using infrared
measurements. Tan, M. H. Y., Najafi, A. R., Pety, S. J., White, S. R., and Geubelle, P. H. (2016) “Gradient-based
design of actively-cooled microvascular composite panels.” International Journal of Heat and Mass Transfer, 103,
594-606. Tan, M., and Geubelle, P. H. (2017) “3D dimensionally reduced modeling and gradient-based optimization
of microchannel cooling networks.” Computational Methods in Applied Mechanics and Engineering, 323, 230–249.
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Machine Learning for Efficient Sampling in UQ
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ABSTRACT

Uncertainty quantification is about relating the credibility of a decision to relevant available information. In the realm
of mechanics, information is typically described in the form of constraints, such as conservation laws or
boundary/initial conditions, and data. For settings where the associated physical processes evolve over several
time or spatial scales, numerical treatments can become necessary which, when compounded with a probabilistic
formalism for uncertainty quantification, become rapidly prohibitive. Recent methods of probabilistic learning
developed by Soize and Ghanem, mine statistical information from data very efficiently, so much so that constraints
can be delineated with only a handful of data points, or simulation runs. The procedure builds on diffusion
manifolds, extracting an algebraic basis that localizes the data in an ambient space. A projected Ito equation is then
used to sample on this manifold with an invariant measure synthesized from available data. Applications in many
areas of science and engineering will be demonstrated.
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ABSTRACT

Pulmonary arterial hypertension (PAH) is a complex vascular disease associated with elevated pulmonary arterial
pressure. PAH is a multi-factorial phenomenon in which the onset and early progression of the disease can be
traced to permanent changes in vessel composition, geometry, and/or stiffness of the distal vasculature tree.
Although clinical catheterization pressure measurements and high resolution medical images are typically readily
available, current medical imaging modalities are unable to provide insight on the disease progression in the
downstream vasculature. Therefore, any modeling effort must account for the role of the distal arterial tree
geometry on global pulmonary hemodynamics and vascular growth and remodeling. Moreover, a key component of
fluid-solid growth formulations [1] is the establishment of homeostatic (e.g. equilibrium) baseline states. The
objective of the present work is to derive a methodology to define homeostatic states in the distal pulmonary arterial
tree based on an extension of Murray’s law and steady state hemodynamics. We constructed a multi-scale model
of the pulmonary arterial tree, whereby each vessel was modeled as a 0D segment endowed with a
bio-chemo-mechanical growth and remodeling model. Using an extension of Murray’s law [2], each vessel radius
and wall compositions were determined as a target state via a minimization problem involving the metabolic cost of
maintaining the blood volume, the power needed to overcome viscous drag by the blood flow, and the metabolic
cost of the vessel wall constituents under the constraint of mechanical equilibrium. The minimization problem was
coupled with a steady state hemodynamic description of the arterial tree. The coupled problem produced the
composition of the arteries in the arterial tree as well as their geometry. Using the small on large theory [3], the
stiffness of each individual blood vessel can then be calculated from their composition. References [ ] C. A.
Figueroa et al., Comput. Methods Appl. Mech. Engrg., 198 (2009), 3583-3602. [2] S. B. Lindström et al. Biomech.
Model. Mechanobiol., 14 (2015), 83-91. [3] S. Baek et al., Comput. Methods Appl. Mech. Engrg. 196 (2007),
3070-3078.
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ABSTRACT

Two-dimensional Van der Waals (vdW) bilayers are emerging class of materials for their unique opto-electronic and
mechanical behavior. Bilayer stacking takes place through the mixing and matching in between semimetals (e.g.,
Graphene), semiconductors (e.g. transition metal dichalcogenides (TMDs)), and insulators (e.g., hexagonal boron
nitride; h-BN). TMD bilayers are most popular due to their practical applications in electronics. TMDs possess a
wide variety of tunable opto-electronic properties such as the position of band gap, indirect–direct band gap
crossover, harmonic generation, valley pseudospin effects. In addition, lattice mismatch in two different monolayers
ensures the possibility of its use as transistors and diodes. Among several existing growth techniques, epitaxial
growth mechanism is the most preferred one due to its technological advantages such as reduction of defect
density, consistency in the overall growth, growth products with sharper interfaces, the perseverance of in-plane
electrical conductivity via the introduction of mirror twin grain boundaries, and simultaneous reduction of tilt grain
boundaries. Our experimental group developed a new two-step epitaxial growth technique in order to generate
WS2-WS2 homobilayer. In their current technique, first step is the formation and isolation of the orientation
controlled (metal terminated or chalcogenide terminated) WS2 monolayer followed by the second step involving
orientation dependent second layer growth. Therefore, it is important to perform computational analysis in order to
shed light towards this orientation controlled two-step epitaxial growth mechanism. Density Functional Theory (DFT)
approach has been implemented in order to gain knowledge on the structural and electronic properties of WS2
homobilayer and WS2-WSe2 heterobilayer. At first, we computed equilibrium interlayer distances and verified with
the experimental data. In order to investigate the nature and strength of the interlayer interactions, various
combinations of AA, AA&amp;amp;amp;amp;amp;apos;, AB and AB&amp;amp;amp;amp;amp;apos; stacking are
considered and the most stable combination is chosen based on formation energy. Analysis of charge transfer,
Density of States (DOS) provide insight into the nature of bonding. Moreover, possible presence of dangling bonds
around the edge is predicted from the charge distribution. Significant in-plane strains and out-of-plane
displacements are introduced in WS2-WSe2 heterobilayer due to interlayer interactions. Various alignments of
WS2-WS2 and WS2-WSe2 bilayer structures are studied in terms of different degree of relative rotation angle
between the layers. Our results provide guidelines for experimental design of the two-step epitaxial growth
technique to synthesize TMD homobilayers and heterobilayers.
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ABSTRACT

We consider optimization problems governed by PDEs with infinite dimensional random parameter fields. Such
problems arise in numerous applications: optimal design/control of systems with stochastic forcing or uncertain
material properties or geometry; inverse problems governed by stochastic forward problems; or Bayesian optimal
experimental design problems with the goal of minimizing the uncertainty or maximizing the information gain in the
inferred parameters. Standard Monte Carlo evaluation of the objective results in a number of PDE constraints equal
to the number of samples. The resulting many-PDE-constrained optimization problem, while deterministic, is
nevertheless prohibitive to solve, especially when the PDEs are &amp;quot;complex&amp;quot; (large-scale or
nonlinear or coupled) and when the parameter space is high-dimensional (as occurs after discretization of an
infinite-dimensional field). We present high-order derivative-based approximations of the parameter-to-objective
maps that--in combination with randomized rank-capturing algorithms--exploit the structure of these maps
(geometry, smoothness, low effective dimensionality). Their use as a basis for variance reduction is demonstrated
to significantly speed up Monte Carlo sampling, leading to scalable solution of several stochastic optimization
problems governed by turbulent flow and wave scattering with up to O(10^6) uncertain parameters. 1. P. Chen, U.
Villa, and O. Ghattas, Taylor Approximation and Variance Reduction for PDE-constrained Optimal Control under
Uncertainty, submitted. 2. A. Alexanderian, N. Petra, G. Stadler, and O. Ghattas, Mean-variance risk-averse optimal
control of systems governed by PDEs with random parameter fields using quadratic approximations, SIAM/ASA
Journal on Uncertainty Quantification, 5(1):1166--1192, 2017. https://doi.org/10.1137/16M106306X 3. A.
Alexanderian, N. Petra, G. Stadler, and O. Ghattas, A fast and scalable method for A-optimal design of experiments
for infinite-dimensional Bayesian nonlinear inverse problems, SIAM Journal on Scientific Computing,
38(1):A243--A272, 2016. http://dx.doi.org/10.1137/140992564
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ABSTRACT

Composites are complex material systems that exhibit physical behavior simultaneously on multiple time and
spatial scales. The serviceability and failure properties of devices made out of composites exhibit a range of
variability that reflects this complexity and their dependence on the details of the manufacturing process.
Prognostics and efficient design of these devices requires reliance on computational tools capable of coupling
across physical phenomena as well as across space and time scales. Additional requirements often add the need
for a probabilistic analysis that further exacerbates the computational burden, often rendering it prohibitive. In this
talk, we will demonstrate the application of new methodologies for probabilistic learning that serve to distill intrinsic
structure from a handful of numerical simulations and sample additional realizations , as needed, that are
consistent both with this structure and the statistics of the few initial samples. This methodology was recently
developed by Soize and Ghanem and is applied in the present context to an integrated multiscale and multi physics
simulation setting. The procedure begins by discovering the intrinsic structure using the method of diffusion
manifolds. Following that, a stochastic Ito equation is developed that samples on this manifold, producing, at
minimal cost, additional samples that are consistent with the initial set.
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ABSTRACT

There has been renewed efforts in using machine learning to tackle engineering problems. However, the training
algorithms used to learn a representation of the problem is often times susceptible to adversarial perturbation.
Solutions to these, require analysis and modification of the state-of-the-art optimization algorithms, along with
designing robust models. In a typical machine learning task, one is given a set of input data $\x$ with the
corresponding response $y$, drawn from an unknown distribution $\mathcal{P}$. In practice, we only observe a set
of discrete, noisy examples drawn from this distribution. Then the model is trained, often times with stochastic
gradient descent, to learn this distribution. An open question is how much, if at all any, has the model learned from
the distribution after the training is finished, and what is the uncertainty associated with that? This is an important
aspect that has to be analyzed before these methods could be used for solving physical problems, or aid in
modeling. In practice, it has to been shown to be trivial to create adversarial perturbation to the inputs of a neural
network so that it produces wrong results with very high confidence. This adversarial perturbation can even be
performed on models that have very high accuracy and using more training data often times does not help either,
which underscores the importance to design new optimization methods to make the model more robust. One
approach to address this problem is to use robust optimization instead of minimizing for the average case. In this
method, one optimizes for the worst case at every iteration of the optimization. This essentially changes the
minimization to a min-max problem. It can be shown that robust optimization reduces both the bias as well as the
variance in the generalization error. In this work, we perform a Hessian based analysis of the adversarial training
and analyze how the landscape of the objective functional changes when the network is solved with robust
optimization vs when it is solved with vanilla stochastic gradient descent.
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ABSTRACT

Counterstreaming plasma interactions are an important phenomenon in inertial confinement fusion, where
irradiation of the hohlraum with laser beams results in plasmas ablating off the hohlraum surfaces and the fuel
capsules and interacting with each other. Related high-energy density physics experiments involve interactions of
plasmas ablating off discs irradiated by lasers. Simulating such flows with multispecies hydrodynamic codes [1] can
result in unphysical solutions due to the use of a single velocity field. Kinetic approaches [2], on the other hand, are
prohibitively expensive for experimental-scale simulations. In this talk, we report on the development of EUCLID
(Eulerian Code for pLasma Interaction Dynamics) based on a multifluid approach. The Euler equations are solved
for each ion species and the electrons. The species interact through electrostatic forces, friction, and thermal
equilibration. This model allows for distinct flows for each species through their separate velocity fields. The
electrostatic potential is obtained from the charge densities using the Poisson equation. The equations are
discretized on a three-dimensional Cartesian grid using a conservative finite-difference formulation, and the
interface fluxes are computed using the 5th order WENO scheme. The Poisson equation is solved using a 6th order
method. In addition, adaptive refinement of the mesh around regions of strong interactions is implemented using
Chombo [3], a library for solving PDEs on block-structured AMR grids. The disparate masses of electrons and ions
result in a stiff system of semi-discrete ordinary differential equations in time. We use the semi-implicit additive
Runge-Kutta methods for time integration, where the electron acoustic modes are integrated implicitly in time, while
the remaining terms in the ions and electron equations are integrated explicitly. We present the verification of
EUCLID for several benchmark test cases, as well as the simulation of counterstreaming plasmas. In particular, we
show that our approach is able to accurately capture plasma interpenetration when frictional forces are small, and
the fluids do not converge to a single fluid within experimental time scales. [1] M. M. Marinak et al., Physics of
Plasmas 5, 1125 (1998). [2] A. Kemp and L. Divol, LLNL Kinetic workshop 2016. [3] M. Adams, et al., LBNL-6616E
This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National
Laboratory under Contract No. DE-AC52-07NA27344 and funded by the LDRD Program at LLNL under project
tracking code 17-ERD-081.
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ABSTRACT

Introduction: Transcatheter Aortic Valve Replacement (TAVR) has emerged as a life-saving solution for inoperable
elderly patients with calcific aortic valve (AV) disease, often as their only life-saving treatment [1]. However, failed
delivery due to tortuous aortic geometry, valve migration, and paravalvular leaks (PVL) lead to increased stroke
risk, increasing the overall morbidity and mortality post-TAVR. There are numerical studies that attempted to
address these complications, but the focus was only to deploy the TAVR valves, thus neglecting their
post-deployment performances during heart beating. This study proposes a fluid-structure interaction (FSI)
simulation to evaluate a TAVR valve’s performance by comparing its hemodynamics, PVL, and thrombogenicity
with healthy and diseased aortic valves in Simulia Living Heart Human Model (LHHM). Methods: LHHM is an
electro-mechanical model of heart function in which a self-expandable TAVR valve crimping and deployment
procedures were simulated using finite element (FE) method. The FE solver was Abaqus Explicit. The TAVR stent
equipped with the prosthetic leaflets in the deployed configuration was then used for FSI analysis. Specifically, the
LHHM inner ventricular surface contraction was implemented as boundary condition. A body-fitted sub-grid
geometry resolution (SGGR) method was chosen during the FSI fluid solution. The SGGR approach starts with a
cartesian grid from which a geometry is subtracted to maintain a curvilinear boundary, hence ensuring body-fitted
mesh. The deployed valve’s structural mechanics and blood flow were modeled in Abaqus Explicit and FlowVision
respectively. A 2-way strong implicit coupling was used between these two partitioned solvers using FlowVision
Multi-Physics Manager. Thrombogenic potentials were calculated from probability density function of flow stress
accumulation (SA) along multiple platelet trajectories [2]. Platelet motion was modeled using a transient two-phase
flow simulation in ANSYS Fluent Discrete Phase Model, where the spherical particles mimic platelets. Results: The
surrounding tissue stress and strain values were lowest when the stent was deployed more towards ventricular
side, hence determining the optimal implantation zone. The FSI simulations of a TAVR valve in LHHM along with a
healthy and diseased AV allowed us to compare their hemodynamic and thrombogenic performances. Discussions:
TAVR valve structural performances during successive cycles of beating heart were successfully evaluated. The
suggested numerical methodologies can ultimately pave the way for minimizing the risk of clinical complications by
enhancing pre-procedural planning. Acknowledgements:  Funding provided by NIH (1U01HL131052, DB).
References: [1] Sedrakyan, A, et al.; JAMA Internal Medicine; 2016; 177:2. [2] Girdhar G. et al.; PLoS One; 2012;
7: e32463.
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ABSTRACT

Two-dimensional (2D) materials are monolayer crystals and only one atom or a few atoms thick. Two-dimensional
multilayer materials (2DMMs) are made of a parallel stack of 2D materials and their mechanics are the main focus
of this work. Mono- and multi- layer 2D materials possess exceptional and coupled mechanical, electrical, and
thermal properties. Due to their ultra-thin membrane-like geometries and a high degree of crystalline arrangements
they show rich nonlinear elasticity and elastic-buckling. The promise of 2D materials has fostered intense research
leading to an expansion of this family of materials. Like graphene, other single layer 2D materials, such as
Molybdenum disulfide, also behave like the thinnest nonlinear-elastic membranes having stiff in-plane and
ultra-weak bending rigidity, leading to distributed buckles like wrinkles, ripples, or folds. 2DMMs have another level
of complexity due to weak van der Waals interactions between neighboring layers, which interplays with the rigidity
of individual layers resulting in complex deformation morphologies. Ripples and wrinkles and the ensuing elastic
strain in monolayer and multilayer Molybdenum disulfide can alter their electronic properties and can also yield
other properties like tunable surface leading to various high-impact applications. Therefore, understanding and
predicting the mechanical instabilities of multilayer Molybdenum disulfide is crucially important problem. Herein a
continuum model is utilized to quantitatively predict the deformation mechanism, the onset of mechanical
instabilities and transition between different complex periodic buckled shapes for Molybdenum disulfide (MoS2).
Further, the role of van der Waals interaction and the role of interlayer slide are also investigated. The
computational results obtained in this work show very good agreement with the available experimental results.
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ABSTRACT

Fractured carbonate reservoirs are potential resources for crude oil and natural gas. These reservoirs are
composed of matrix block with interconnected network of fractures. Oil or gas recovery from such low porosity and
low permeability reservoirs are important because a large amount of such hydrocarbon fluids are trapped inside
those reservoir formulations. Water-flooding or more specifically spontaneous imbibition is most effective recovery
mechanism to increase the production from fractured reservoirs. However, the performance of water-flooding mainly
depends on the wettability of the reservoirs. In co-current imbibition, the wetting phase displaces the non-wetting
phase in such a way that the non-wetting phase moves in the same direction of the wetting phase. Hence the
corresponding mathematical model requires a total flux condition. This study deals with the mathematical modeling
of co-current spontaneous imbibition for heterogeneous porous reservoirs. We assume that the flow is governed by
the multi-phase extension of Darcy equation, where the saturation of the local wetting phase satisfies a diffusion
type of equation with an additional term from the counter-current phenomena. The study assumes that the wetting
and non-wetting phases flow in the same direction, and hence the sum of Darcy&amp;apos;s velocities (i.e. net flux)
is assumed to be non-vanishing. The model is used to identify the difference in the recovery fraction between
homogeneous and heterogeneous reservoir formulation. The resulting governing equations are highly non-linear in
nature and have been solved numerically. We have used different porosity variation models based on the existing
literature, say, exponential and inverse-linear. It has been shown that the co-current imbibition recovery is very
much sensitive to the viscosity ratio, porosity variation models and the wettability of the reservoir. Effect of the
viscosity ratio on the water saturation gradient and the end point mobility ratio is also studied. In addition the
consequences of the nature of heterogeneity and wettability of the medium on the sweeping efficiency of co-current
imbibition are investigated.
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ABSTRACT

The eXtended Finite Element Method (XFEM) [1] has been used in Cast3m [2] to simulate static and dynamic
problems of crack propagation in elastic and elastic-plastic materials. In this method, the decorrelation of the crack
description and structure mesh is particularly adapted to incremental propagation strategy when the crack path is
not known a priori. As a first point and in the context of non-linear behaviour, over-integrated elements are used [3].
As a second point the use of local propagation criteria implies an accurate description of physical quantities (stress,
strain, internal variables ...) in a limited area around the crack front. Hence a priori ignorance of the propagation
path forces us to use a very fine mesh of enriched elements in a rather large zone. As a consequence of these two
points, the cost of this method increases drastically for engineer-sized problems. Thus we decided to develop a
hierarchical Adaptive Mesh Refinement tool (AMR), to ensure that the mesh is always sufficiently fine at vicinity of
the crack front during the propagation. This tool was demonstrated to work well with the X-FEM method and limits
the calculation time by restraining the number of fine enriched elements to a small area. In this paper the
algorithmic procedure used to simulate a crack propagation with the X-FEM method coupled with an AMR tool in
Cast3m is described in detail. More particularly the presentation focuses on two important steps of this procedure:
1) the refinement algorithm for standard and enriched elements, 2) and the method used to transfer the mechanical
fields from one mesh to another between two steps of propagation, especially when those fields are described with
an enriched discretization. The efficiency of the method is illustrated by application cases of crack propagation in
elastic-plastic media in 2 and 3 dimensions. First results fit experimental data. [1] J.C. PASSIEUX, J. RETHORE, A.
GRAVOUIL, M.C. BAIETTO. Local/global non-intrusive crack propagation simulation using a multigrid X-FEM
solver. Computational Mechanics, 52:1381 to 1393, 2013 [2] B. PRABEL, A. COMBESCURE, A. GRAVOUIL and
S. MARIE. Levelset non-matching meshes : Application to dynamic crack propagation in elastic-plastic media.
International Journal for Numerical Methods in Engineering, 69 :1553 to 1569, 2007 [3] Cast3M. Finite Element
software developed by the french Atomic Energy Center (CEA) www-cast3m.cea.fr, 2017
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ABSTRACT

Polymer composites are currently used in a variety of applications, such as aerospace, electronics, recreation,
infrastructure, light-weight vehicles, and alternative energy generation. The rational design of advanced composites
for these applications requires that data, models and measurements be used together toward specific composites
performance goals, such as manufacturability, multi-functionality, environmental durability, and toughness. This
presentation will cover three examples where such an integrated approach has accelerated and advanced the
understanding of fundamental issues that drive the rational design of advanced composites. First, our recent
advancements in the use of modelling to understand the role of surface chemistry on the properties of
nanocellulose polymer composites will be reviewed; second, the modelling of mechanochemistry for understanding
the interfacial damage reported by fluorescent probes will be summarized; and finally, we will report on our
investigation of the novel mechanical properties of self-assembled cellulose nanocrystals (CNCs) in the helicoidal,
or Bouligand structure. Such materials possess high mechanical strength and toughness, similar to bone, the
mantis shrimp dactyl club or ivory, and are toughened by a combination of soft, energy-dissipating polymer and the
Bouligand ordered-fiber structures. In this presentation, we will report additional simultaneous enhancements in the
in-plane modulus, strength, elongation, toughness and out-of-plane flexibility of the Bouligand films by including
small amounts of a longer CNC material. The mechanical properties we report in the blended films are some of the
best reported for self-assembled CNC materials thus far. Using coarse grained molecular dynamics simulations of
binary CNC systems we identify the role of the high aspect ratio CNC phase to be to enhance interaction strengths
by maximizing CNC-CNC overlap lengths.
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ABSTRACT

The law-of-the-wall, scaling laws, and reduced-order models established largely for equilibrium turbulent boundary
layers should not be assumed to be directly applicable to non-canonical wall-bounded flows. Turbulent boundary
layers with mean-flow three dimensionality are one class of such non-canonical flows, with particular relevance to
external aerodynamics and hydrodynamics. In these flows, the mean flow direction changes continuously across
the shear-layer thickness due to the cross-stream pressure gradient induced by the geometry of the immersed
body. Fundamental questions remain unanswered with regard to changes of wall-turbulence structure with the
imposition of additional rates of mean strain. Using direct numerical simulation, we study temporally developing
three dimensional turbulent boundary layers in a planar channel at friction Reynolds numbers from 186 up to 934
subjected to a range of spanwise forcing. This flow is well suited for the study of non-equilibrium effects due to its
simple geometry. We propose an inner and outer scaling of the problem that well collapses turbulent statistics
across the range of considered Reynolds numbers. We also show how rapid pressure perturbations reduce
wall-normal velocity variance via pressure strain effects, yielding the observed Reynolds stress deficit during the
initial transient. An analysis of the effects of variable spanwise forcing magnitude on the Reynolds stresses will also
be proposed and interpreted in light of predictions from rapid-distortion theory.
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ABSTRACT

Hydraulic fracturing of rock by the injection of a pressurized fluid is a common technique used to release formerly
inaccessible hydrocarbons. 3D simulations of realistic scenarios need to tackle the complexity arising from the
nonlinear hydro-mechanical coupling and from the large scale of oil reservoirs. A suitable simulation algorithm must
then exhibit massively parallel scalability in order to conduct analysis with the necessary resolution in a reasonable
time. We present a computational framework for the coupling of the fractured rock’s mechanics with the fluid flow in
the cracks, governed by Reynolds lubrication equation. The discretization consists of a hybrid discontinuous
Galerkin finite element formulation for the rock, which enables the description of the crack opening between
adjacent mesh elements explicitly, and a continuous Galerkin finite elements discretization for the fluid problem,
formulated on mesh interfaces. After showing that a naïve staggered attempt to treat the coupling is unstable under
inflow boundary conditions for the fluid, we present a robust monolithic iterative algorithm. The resulting system of
strongly nonlinearly coupled equations is assembled and solved in parallel, exploiting the iterative solvers
implemented in the open source library PETSc. Results in good agreement with well-known semi-analytic solutions
available in literature are discussed, with particular focus on performance in terms of accuracy and scalability.
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ABSTRACT

This paper proposes a novel adaptive method for performing uncertainty quantification of high-dimensional (input
and output) stochastic systems. This method addresses the limitation of the recently proposed method [1] used for
uncertainty quantification of systems with high-dimensional responses, where the Delaunay triangulation limits the
method to problems of modest stochastic dimension (less than about 6). In this paper, we abandon the
multi-element nature of the aforementioned method by eliminating the need for discretizing the input parameter
space. This is achieved by using spectral clustering [2] which, refers to a class of machine learning techniques that
utilizes the eigen-structure of a similarity matrix to partition data into disjoint clusters based on the similarity of the
points, in order to effectively identify areas of the parameter space where sharp changes of the solution field are
resolved. In order to do this, we derive a similarity matrix based on the pairwise distances between the
high-dimensional solutions of the stochastic system projected onto the Grassmann manifold. The distances are
calculated using appropriately defined metrics and the similarity matrix is used in order to cluster the data based on
their similarity. For each cluster, the points that are most far apart between all the points of the cluster are used as
seeds and new samples are generated at their proximity which is defined based on statistical properties of the
cluster. This way we populate with samples areas of the parameter space where sharp changes of the response
field are resolved.
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ABSTRACT

Reliability of electronic devices is still a main concern for aeronautics, military and space industries. In any
electronic device, the bare Printed Circuit Board (PCB) is considered as a carrier which provides interconnection
between components. During the last decades, PCB technologies have strongly evolved to fulfil increased
manufacturers requirements. Nowadays, OEM, PCB manufacturers and research laboratories are closely
collaborating to assess PCB reliability and lifetime. To achieve that goal, it is fundamental to characterize precisely
base materials in order to anticipate failure. With precise models, it is expected that finite element calculations will
be able to reproduce PCB aging under environmental constraints for example… In the present work, we focus on
the numerical predictions of the elastic behaviour of thin woven composites. The microstructure characterization,
mechanical tests and numerical models were performed on the real material used for PCB, so it is expected that
the combined experimental and numerical strategy will provide accurate predictions. The in-plane properties are
measured by carrying out classical uniaxial testing. Strains are evaluated with digital image correlation.
Nevertheless, the out-of-plane elastic properties cannot be captured due to the thickness of the laminate (a few
hundred of microns). From the literature, it is well established that the knowledge of the out-of-plane properties is
fundamental to investigate the lifetime of high density printed circuit boards. A two stage homogenization method is
developed to obtain the overall elastic orthotropic behaviour of a woven composite. Inputs as internal structure and
measured in-plane elastic properties are needed. A first homogenization focuses on the behaviour predictions of
the yarns. In a second stage, a representative volume element is reproduced in Abaqus software. For high
frequency applications, the matrix is made of a resin filled with a large volume content of ceramic inclusions. Since
the behaviour of the matrix phase is unknown, an inverse method is proposed. The methodology has been applied
at different temperatures in the range [-55°C; +125°C]. Finally, numerical simulations of a plated through hole in a
double sided PCB will be presented. By considering the material properties obtained from datasheet or deduced
from the present work, it is shown the major importance of the temperature dependency of out-of-plane properties
on the lifetime of a printed circuit board. Acknowledgements: The support of the French ANR agency through the
Labcom program ANR-14-LAB7-0003-01, support of CNES, Thales Alenia Space and Cimulec are acknowledged.
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Optimal Truncation of Unbounded Anisotropic Elastic Computational
Domains

Dan Givoli*
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ABSTRACT

A common procedure for solving wave problems in unbounded elastic domains (such as problems in geophysics) is
to truncate the unbounded domain via an artificial boundary, and impose an Absorbing Boundary Condition (ABC)
on that boundary, with the hope of generating as little as possible spurious reflection. In this study, an optimal
low-order ABC is proposed for time-dependent waves in anisotropic elastic media. This ABC enjoys the following
advantages: (a) it is fully compatible with the standard finite element displacement formulation, (b) it yields a
symmetric finite element formulation, (c) it is easy to implement, (d) it is proved to be strongly (energy-) stable for all
anisotropic media, even for those that give rise to "inverse modes", in which the phase and group velocities have
opposite signs, and (e) in typical cases it is more accurate than the well-known Lysmer-Kuhlemeyer ABC (except for
isotropic media, where LK is optimal among first-order ABCs). The objective function associated with the optimal
ABC is the energy-rate reflection coefficient, which is always less than unity for all media and all types of
propagating waves. The success of the new ABC is demonstrated via numerical examples.
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ABSTRACT

HPCMP CREATE™-AV Kestrel computational fluid dynamics (CFD) component COFFE is applied to Tasks 1 – 3
of the 3rd AIAA High Lift Prediction workshop. In task 1, a series of P2 tetrahedral meshes for the NASA High-Lift
Common Research Model were used to carry out flow-field versus mesh size studies at various angles of attack. In
Task 2, P2 fully tetrahedral medium-fidelity meshes for the JAXA Standard Model with and without the
nacelle/pylon were used to evaluate the accuracy of computed aerodynamic output as compared to experimental
data for an angle of attack sweep. In Task 3, a series of P1 quadrilateral meshes was utilized to obtain the mesh
convergence properties for a DSMA661 (MODEL A) airfoil at a fixed angle of attack, subsonic, high Reynolds
number condition. A variety of turbulence models were employed for these computations, and the CFD solver in
conjunction with the higher order meshes demonstrated the capability to accurately predict the flow-field
surrounding a commercial aircraft in a high-lift configuration.
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ABSTRACT

An important concept in metal forming processes is local heat treatment and cooling that influence local material
properties, such as ductility, hardness, yield strength, or impact resistance, see K. Steinhoff, U. Weidig and N. Saba
(Functionally Graded Materials in Industrial Mass Production, 35-52, 2009). Cold forming methods by means of
electromagnetic forces are also of great scientific interest, in order to obtain special shapes and product properties.
To make these techniques more effective in industry, or to optimize its application, corresponding numerical
simulation tools are needed. One of the main topics of these manufacturing processes is characterized by the
electromagnetic-thermal influence. The inductive heating of a metal shaft is influenced by an alternating current
inducing a high frequency electromagnetic field, which causes a temperature increase due to the resulting eddy
currents. In order to examine this process, the fully coupled electromagnetic Maxwell equations are combined with
the temperature field in a monolithic approach. Due to the high frequencies of the applied current and the strongly
temperature dependent material parameters, the investigated set of temporal and spatial second order differential
equations are strongly non-linear. Thus, adequate material models as well as proper numerical schemes have to be
established. Therein, the focus will be on the application of high-order accurate numerical schemes in combination
with appropriate error estimators, see T. Gleim (Universität Kassel, Ph.D. Thesis, 2016). These
electromagnetic-thermal equations are numerically solved using the finite element method in space, time
integrations schemes and Newton-Raphson method. The main focus of the talk is the high-order accurate time
integration of the semidiscrete, second order ordinary differential equation. Therefore, high-order accurate
Runge-Kutta schemes, see J. C. Butcher (Mathematics of Computation, Vol. 18, 50-64, 1964), and discontinuous
and continuous Galerkin schemes, see T.J.R. Hughes and G.M. Hulbert (Computer Methods in Applied Mechanics
and Engineering, 339-363, 1988), T. Gleim (Universität Kassel, Ph.D. Thesis, 2016), with an controllable order of
accuracy are investigated. Representative examples demonstrate the numerical properties, advantages and
disadvantages of the studied integration schemes.
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ABSTRACT

This research is about the use of topology optimization method applying in a chassis design for student’s
competitions but no limited to this; it can apply in small commercial vehicles which are based in tubular chassis.
The initial body is modeled using plane surfaces, which are modified via topological optimization to define the best
material distribution in the body, which satisfies the needs of the competition. Some surfaces are restricted as no
design surfaces to keep critical parts of the structure. It has been proposed four load cases assuming of chassis
behavior along the road and considering dynamical load factors. The optimization objective is to maximize
structural stiffness, while volume is reduced until 10% of the original volume. Symmetry and thickness of the
optimized surfaces are controlled, looking for well-defined geometries instead of ambiguous material paths. After
this a tubular structure is designed using the optimal structure as guide. Finally, the new structure is evaluated vie
FEA to verified its performance.
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ABSTRACT

Many industrial tools, like mold cavities, need internal channels with cooling fluids to remove excess heat. The
achievable temperature change, or the amount of heat that can be removed, depend on several factors. The
geometric influence to the performance consists on the one hand on their relative position to the surface under
thermal load and on the other on the overall shape of the cooling channels. The performance of the shape does
depend on contributions from both conduction and convection. Fluid flow and heat transfer in the solid must hence
be solved in a coupled fashion to ensure the local fluid flow is accurately incorporated into the optimization. The aim
of this contribution is to showcase a method to apply topology optimization to this problem. The optimality is gauged
by a uniformity objective function for the temperature at a surface heated by a constant heat flux. A uniform surface
temperature leads to a prolonged tool life since thermal stresses due to temperature differences are minimized. Due
to the complex conjugate system a gradient based approach in form of the continuous adjoint method is chosen and
implemented into the Software OpenFOAM. The adjoint equations for topology optimization of conjugate heat
transfer systems are shown and the resulting gradients validated for both modes of transport. A level-set is used to
differentiate between the different regions. The method is illustrated for pure conduction problems of filling a design
space with two materials of different thermal properties. In addition the combination with fluid flow and the resulting
convection dominated heat transfer system is analysed. Here the optimization highly depends on the treatment of
the pressure loss. Different methods for handling this multi objective optimization problem are presented.
Karpouzas, Georgios &amp; De Villiers, Eugene. (2014). Level-Set based Topology Optimization using the
Continuous Adjoint Method. OPT-i 2014 - 1st International Conference on Engineering and Applied Sciences
Optimization, Proceedings.
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ABSTRACT

Additive manufacturing has recently regained attention and benefits from dramatic increases in computational
resources and performance that was not available in its early developmental stages. In this presentation, we will
make use of supercomputing resources to solve inverse problems in elasticity, and in particular to solve for model
parameter variability throughout the sample that are likely to occur in additive manufacturing. In the first part of the
talk, we will focus on macro-scale mechanics at scales ranging from orders of millimeters to meters. We will show
for the first time that it is feasible to infer information about the interior model parameter distribution in three
dimensional space for a given constitutive model, knowing solely displacements on the surface of the specimen. No
assumptions will be made about the interior of the specimen and the model parameters will be assumed to be
unknowns on the finite element mesh nodes and linearly interpolated throughout the domain using tetrahedral finite
elements. Our problem domain will have several hundreds of thousands of unknown model parameters. The
inverse problem is posed as a constrained minimization problem, where measured displacement data is correlated
to computed surface displacement data under the influence of a regularization term that stabilizes the model
parameter distribution due to measurement noise. The computed displacement data depends on the model
parameter distribution and satisfies the equations of equilibrium, solved using in-house written finite element
methods. Despite of the fact that the minimization problem is solved using an adjoint scheme that reduces
computational cost drastically, OpenMP platforms together with MPI computations are introduced in an effective
approach to obtain computational results in a reasonable time. Surface displacements can be conveniently
determined from digital image correlation or other optical techniques using regular digital cameras. Knowing the
model parameters will provide information about the additive manufacturing process and help optimize process
parameters. In the second part of this talk, we will analyze feasibility to recover the crystallographic orientation of
grains and their anisotropic mechanical property distribution using displacement fields obtained from digital camera
images.
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ABSTRACT

As with many other applications, the need for high-performance computing in Oil Reservoir Simulation is driven by
ever more refined meshes and by the necessity of multiple simulations in the context of optimization and/or
uncertainty quantification. The single most costly computational task and the most difficult one to parallelize is the
solution of the large linear systems arising in the Newton iteration at each time step. Despite the large selection of
freely available parallel linear solvers, we found that reservoir simulation software presents enough specificities as
to justify the development of a dedicated solver. One such example is a block matrix format that allows for
non-homogeneous block sizes. Such a matrix arises, for instance, when using AIM (adaptive implicit method), and
is not supported by standard libraries such as PETSc or Trilinos. As design baselines, we opted for hybrid
MPI/OpenMP parallelism and our plan, as future developments, is to use OpenACC to take advantage of
accelerators. Another interesting feature of our software is a framework for the implementation of parallel
algorithms using data flow concepts, which hides much of the complexity related with communication. We will
present some key aspects of the solver development and discuss numerical results obtained with matrices from
real simulations of multiphase flow and geomechanics, focusing on performance and scalability.
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ABSTRACT

We address numerical simulation aspects of dispersive periodic media, where dispersion is introduced by
micro-scattering effects. Instead of explicitly modeling the micro-scatters into the unit cell we make use of a
micropolar (Cosserat) continuum with independent micro-rotational degrees of freedom directly translating into
additional wave modes responsible for the dispersive response. We formulate–in a finite element sense– a wave
propagation problem for the micropolar media and determine the dispersion relationships for a unit cell. This
characterization is possible after assuming spatial periodicity and studying a single cell with the aid of
Bloch-Floquet theorem to impose suitable boundary conditions at extreme faces of the cell. The resulting
implementation is later used to find the dispersion curves for homogeneous and porous micro-polar solids. The
introduction of kinematic variables and in particular, the addition of micro-rotations, results in additional propagation
modes in the form of micro-rotational waves. At the same time, the micro-rotations also cause classical shear
waves to propagate dispersively and to couple with the new micro-rotational waves. In this talk we focus in
simulation aspects related to wave propagation problems in such a periodic micro-polar medium. First we derive
general finite element equilibrium equations yielding discrete equilibrium relations for forces and moments. The
general formulation is then implemented to address micropolar cellular materials making use of the theory of
phononic crystals. Our presentation is organized as follows: - Fundamentals of Bloch analysis in periodic media. -
Review of the micropolar model. - Bloch analysis for the micropolar model. - Results: numerically obtained
dispersion curves for several microstructures. The study of wave propagation and dispersion relations for phononic
crystals where the constituents are Cosserat solids is of interest in the study of cloaking elastodynamics. While the
equations are invariant for electromagnetic waves , it has been shown that in the case of elastic bodies the
equations are not invariant. Additional requirements, related with micro rotations, exist in this case, and the
equations that satisfy the invariance are termed Willis equations. These can be expressed as Cosserat elasticity
under some assumptions.



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

A Reduced Order Approach to Augmented and Mixed Reality

David González*, Alberto Badías**, Iciar Alfaro***, Francisco Chinesta****, Elías Cueto*****

*I3A, Universidad de Zaragoza, Zaragoza, Spain, **I3A, Universidad de Zaragoza, Zaragoza, Spain, ***I3A,
Universidad de Zaragoza, Zaragoza, Spain, ****ESI Chair at ENSAM ParisTech, Paris, France, *****I3A,

Universidad de Zaragoza, Zaragoza, Spain

ABSTRACT

In this work we explore the possibilities of reduced order modeling for augmented reality applications. We consider
parametric reduced order models based upon separate (affine) parametric dependence so as to speedup the
associated data assimilation problems, which involve in a natural manner the minimization of a distance functional.
The employ of reduced order methods allows for an important reduction in computational cost, thus allowing to
comply with the stringent real time constraints of video streams, i.e., around 30 Hz. Examples are included that
show the potential of the proposed technique in different situations.
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ABSTRACT

The authors proposed in a previous work [1] a variationally consistent method for the derivation of reciprocal mass
matrices for FEM formulations in structural dynamics. The approximation was based on a judicious combination of
the variational form of Hamilton’s principle with a parametrized consistent-lumped structural mass matrix and the
enforcement of interface constraints with localized Lagrange multipliers. High accuracy and efficiency of the
obtained reciprocal mass matrices was demonstrated for structural transient and vibration problems. This new
contribution constitutes an extension of our previous work to the field of Isogeometrical analysis, adapting the
techniques used to derive reciprocal mass matrices in FEM to the particularities of B-spline and NURBS-based
methods. In particular, two isogeometric methods are investigated: classical B-spline approximation and Bézier
extraction techniques. Furthermore, dispersion analysis is the tool adopted to tune the parametrized reciprocal
mass matrices for optimal accuracy. Finally, the reciprocal mass matrices are incorporated into explicit time
integration schemes to solve classical benchmark problems and evaluate the efficiency and precision of these new
isogeometrical approximations of the inverse mass matrix. References [1] González José A., Kolman R., Cho S. S.,
Felippa C. A., Park K. C. Inverse Mass Matrix via the Method of Localized Lagrange Multipliers. International
Journal for Numerical Methods in Engineering. 2017;113(2):277–295.
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ABSTRACT

Introduction: Arbitrary polygonal meshes in finite element approximations provide advantages in terms of meshing
flexibility and accuracy, compared to traditional finite element formulations. They relax mesh conditions related to
mesh distortion, and easily manage transition elements. However, as any numerical approximation, they exhibit an
error which should be controlled in order to validate the numerical results in practical applications. In this work, we
present strategies to quantify the discretization error in polygonal meshes, in 2D and 3D, using the Zienkiewicz-Zhu
error indicator. Methods: The accuracy of recovery-based error indicators is strongly related to the quality of the
recovered stress field used to evaluate the error energy norm. To recover the stress field, we propose different
strategies: nodal averaging and moving least squares smoothing. It is also possible to further improve the quality of
the recovered stresses by imposing equilibrium conditions. The proposed technique is applicable to smooth and
singular problems by means of stress field splitting. Results and conclusions: The error estimator has been tested
with smooth and singular problems having exact solution. The results in the 2D and 3D benchmark problems show
a highly accurate recovered stress field, with a performance of the indicators comparable to standard finite
elements. The convergence of the error indicates that the proposed error indicator is asymptotically exact and can
be used to perform h-adaptivity in polygonal meshes. References [1] O. A. González-Estrada, S. Natarajan, and C.
Graciano, “Reconstrucción de tensiones para el método de elementos finitos con mallas poligonales,” Rev. UIS
Ing., vol. 16, no. 1, pp. 23–34, 2017. [2] Y. Jin, O. A. González-Estrada, O. Pierard, and S. P. A. Bordas,
“Error-controlled adaptive extended finite element method for 3D linear elastic crack propagation,” Comput.
Methods Appl. Mech. Eng., vol. 318, pp. 319–348, 2017. [3] O. A. González-Estrada, S. Natarajan, J. J. Ródenas,
S. P. A. Bordas, and C. Heaney, “Recovery-Based Error Estimation for the Polygonal Finite Element Method for
Smooth and Singular Linear Elasticity,” in 11th World Congress on Computational Mechanics, 2014, no. WCCM XI,
pp. 1–2.
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ABSTRACT

Composites are becoming pervasive in many aerospace and automotive applications for their higher relative
performance. One major challenge with using composite materials in these applications is their susceptibility to
damage resulting from transverse loads such as low-velocity impact (LVI). Historically, certification of composite
parts has relied heavily on experimental testing, but recent advancement in progressive damage failure analysis
(PDFA) for composites has demonstrated damage models with suitable accuracy [1]. The major drawback of using
these state-of-the-art models is the need for a high-fidelity mesh resulting in excessively long simulation times. To
mitigate this problem, a novel shell element enriched with the Floating Node Method (FNM) and a damage
algorithm based on the Virtual Crack Closure Technique (VCCT) has been developed that captures complex
damage mechanisms such as delamination propagation and transverse matrix cracks while exhibiting runtimes up
to two orders of magnitude faster than existing high-fidelity models [2]. In this work we will model the multi-step
process of LVI and compression strength after impact (CSAI) using this enriched shell element [2]. The two-step
process will be simulated to ensure that the damage is transferred correctly from one step (LVI) to the next (CSAI)
correctly. The computational model will be verified and validated against existing computational data by AFRL [3].
The models are investigated for various energies and laminate stacking sequences. Finally, it will be correlated
against an existing high-fidelity PDFA model to understand how the response compares in both prediction and in
computational time. This work will enable efficient large-scale simulations of full structures with accurate
estimations of damage and strength predictions. [1] S. B. Clay and S. P. Engelstad, “Benchmarking of composite
progressive damage analysis methods: The background,” J. Compos. Mater., vol. 51, no. 10, pp. 1325–1331, 2017.
[2] M. W. McElroy, R. Gutkin, and M. Pankow, “Interaction of delaminations and matrix cracks in a CFRP plate, Part
II: Simulation using an enriched shell finite element model,” Compos. Part A Appl. Sci. Manuf., vol. 103, pp.
252–262, 2017. [3] S. Joglekar, M. Pankow, and V. Ranatunga, “Simulation of BVID and CAI strength of Carbon
Fiber Reinforced Composite Laminates,” in Proceedings for the American Society for Composites Technical
Conference, 2016.
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Approximating Eigenvalue Clusters Using Filtered Subspace Iterations
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ABSTRACT

The FEAST algorithm is a popular eigenvalue solver in numerical linear algebra, known for its multiple layers of
parallelism. The algorithm targets a cluster of eigenvalues enclosed within a contour. It can be viewed as a
subspace iteration applied to an operator-valued contour integral. When used to approximate a part of the spectrum
of an unbounded differential operator, it is typical to discretize the operator. When the algorithm uses the
discretized operator, several basic questions arise: Does it converge? If so, does the limit subspace approximate
the true eigenspace of the unbounded operator? When a higher order discretization is used, does the error in
eigenvalues decrease at correspondingly higher orders? In this talk, we present a framework that allows us to
answer these questions. Conclusions are drawn under a resolvent approximation condition. We then verify this
assumption for the Discontinuous Petrov Galerkin (DPG) method. The new convergence results will be illustrated
through numerical examples.
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ABSTRACT

We study the problem of inverse estimation of model parameters in resonant, acoustic fluid-structure interaction
(FSI) problems over a wide frequency range 1-1000 Hz. These problems are subjected to local minima, which
represents a major obstacle in the field of parameter identification. The acoustic fluid as well as the solid are
modelled using the 1D wave equation, and the parameters used in the estimation are their respective speeds of
sound and loss factors. The type of cost functions studied are based on the frequency response, of a field variable
or a quantity derived from these. In the current work the L2-norm between a target and a model solution is used,
and in order to capture the FSI effects, the power radiated into the acoustic fluid from the vibrating solid is used.
The estimation is performed through different methods including gradient based optimisation, Bayesian Markov
chain Monte-Carlo, and non-linear least squares. The occurrence and the background of local minima are
discussed, and the performance of the different solution methods evaluated for different strengths of the coupling
between the solid and the fluid. In addition, the influence of the amount of damping present in the two media will be
illustrated. The correlation between different model parameters is analysed and shown how these correlations
control the local minima. In the presentation, various approaches to finding the global minimum, i.e. the true model
parameters, will be discussed and their effectiveness will be evaluated.
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A Fokker-Planck Expansion of Jump Processes
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ABSTRACT

The dynamics of a Markovian system can be described in general by jump and diffusion processes. The aim of this
talk is to discuss how a jump process governed by the Master equation can be reduced to a Fokker-Planck
operator describing a diffusion process, consistently. In particular, we focus on the Fokker-Planck approximation of
the Boltzmann equation for a monatomic gas. Therefore in the resulting diffusion process, the state of the particles
evolve along continuous stochastic paths. That brings computationally favourable characteristics, since here no
collision is performed and thus relatively coarse spatio-temporal resolutions may be employed. In fact, the effect of
collisions on the dynamics of the distribution is projected to continuous stochastic forces acting as drift and
diffusion. The drift and diffusion coefficients are then closed through the velocity moments of the Boltzmann
operator, together with the H-theorem. The convergence of the devised Fokker-Planck approach is studied for the
case of the BGK approximation of the Boltzmann equation. Furthermore, practical results for the case of reentry
flows together with plume setups are presented.



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

Multifidelity Model Management Using Latent Variable Bayesian Networks

Alex Gorodetsky*, Gianluca Geraci**, Michael Eldred***, John Jakeman****

*University of Michigan, **Sandia National Laboratories, ***Sandia National Laboratories, ****Sandia National
Laboratories

ABSTRACT

We consider the problem of propagating uncertainty through computational simulation models of varying fidelities.
Our goal is to estimate, or predict, certain quantities of interest from a specified high-fidelity model when only a
limited number of simulations are available. To aid in this task, lower fidelity models can be used to reduce the
uncertainty of the high-fidelity predictions. We propose to frame this problem as learning a latent variable network
structure for the statistical independence relationships between the models from available simulation data. First a
latent variable model is posed for each simulation model under consideration, then a network structure between the
models is learned, and finally predictions are made for the output of the highest fidelity model. We demonstrate how
existing techniques, such as control variate Monte Carlo and recursive co-kriging, can be interpreted as particular
realizations of this framework. Furthermore, we consider both the tasks of learning the graph structure and
parameters of the conditional probability distributions. Finally, we describe an experimental design procedure
targeted towards reducing the uncertainty of our predictions. Examples are provided for both synthetic and
physics-based simulations.



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

Effective Control and Computer Simulation of Large-Scale Stochastic
Dynamic Systems for Reduction in Probability of Extreme Failures

Kundan Goswami*, Sonjoy Das**, Biswa Nath Datta***

*University at Buffalo, **University at Buffalo, ***Northern Illinois University

ABSTRACT

Vibrating systems may encounter catastrophic failure due to resonance or flutter induced by time-varying
disturbances and loading. To ensure safety and proper functionality, several vibration control techniques are
available to mitigate or suppress these phenomena. In this work, an active vibration control (AVC) technique is
adopted. The most popular AVC techniques developed in the recent years are the state-space based linear
quadratic regulator (LQR) and H-infinity control techniques. These techniques, however, become simply ineffective
for large-scale systems. To address this computational bottleneck, the physical-space based robust and minimum
norm quadratic partial eigenvalue assignment (RQPEVA and MNQPEVA) techniques are proposed in the literature.
In contrast with the most popular state-space based AVC techniques, the RQPEVA and MNQPEVA techniques
work exclusively on the second-order model obtained by applying the finite element method on the vibrating
systems. Furthermore, the RQPEVA and MNQPEVA techniques suppress only the problematic/resonant modes of
vibration and guarantee the no-spillover property of the remaining large number of modes. In this work, a brief
review of the LQR, H-infinity, and MNQPEVA techniques, with an emphasis on their relative computational
advantages/drawbacks, is presented first. A comparative study of the three control techniques with respect to their
computational effectiveness and applicability. Next, comparative study in terms of economic efficiency is presented
for three systems: a small-scale (2 degree of freedom), a medium-scale (900 degree of freedom), and a large-scale
(1 million degree of freedom), which are representative of various structural systems, and are subjected to a
recorded data from the 1986 San Salvador earthquake. It is observed that, for large-scale systems, the MNQPEVA
technique is computational more effective and economic as compared to the LQR and H-infinity techniques. In the
second part of this work, we consider the effects of uncertainties that are invariably present in practice in the
external disturbances and the damped natural frequencies of vibrating structures, especially of large-scale dynamic
systems. Based on MNQPEVA technique and an optimization under uncertainty (OUU) scheme, a computationally
efficient control methodology for large-scale systems is presented. The proposed scheme will be useful for
economic design and to significantly lessen the probability of extreme failures with catastrophic consequences. A
novel scheme based on hierarchical clustering and importance sampling is developed for accurate and efficient
estimation of the probability of failure which is an essential ingredient in successful implementation of the proposed
OUU scheme. A numerical example is included to illustrate the proposed approach.
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ABSTRACT

High temperature multifilamentary composites Bi2Sr2CaCu2Ox/Ag/Ag-alloy (Bi2212) are the only round wires
(RWs) for a potential candidate with sufficient critical current density (Jc) for fabricating high field magnet. Very
complex microstructures of Bi2212 RWs, especially a large number of voids or gas bubbles in Bi2212
superconducting filaments, is believed to have strong impacts on the current-carrying and thermal diffusion of
whole wires. In this article, we first statistically analyzed the size and distribution of voids in filaments using the
reported microscopic data, obtaining the essential statistical regularities. An electrical model was further developed
to predict the Jc of multifilamentary wires while taking into account of the current limiting mechanisms of the void
structure in filaments, and the current sharing roles of filament to filament bridges. Our model predicts the
quantitative dependence of Jc on the number of Bi2212 filaments in each bundle of a double-restack wire and
porosity. Our results are useful optimizing design and fabrication of Bi2212 multifilamentary wires.
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Abstract. Complex interaction force is produced due to the effect of the coupling between the
bubbles and mural face.In this paper, a three dimensional gas-liquid-solid coupling
danamics model is adopted, and the optimized block-grid technology is applied to this
model.Based on the viscous fluid theory, the lattice boltzmann equation to describe the
movement of gas-liquid is bulit, at the same time the half-way bonce back model in LBM and
the comnination of finite deference is adopted to deal with the solid wall boundary.First,
verify the correctness of the model using the classical Laplace’s law. Then, the coupling
characteristics of the single bubble and the solid wall and the surface solid wall are studied
respectively. The solid wall boundary condition has obvious law to the surrounding pressure
and the velocity field. Then studied Eo and Mo's impact on the results under the condition
of  =1.0.
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1 INTRODUCTION

The interaction between solid wall and bubbles and has extensive engineering
application background and significance to scientific research.Whether to the studies to
the cavitation bubble on the propeller [1, 2], the explosion bubble near the ship[3, 4], and
atmospheric pressure air bubble [5] in the piping, all need air bubble in a flow field detailed
understanding and grasp of the dynamic characteristics of.Due to this problem involves many
and strong nonlinear coupling effect, its become the research hotspot and difficulty in related
field.Although, there are a lot of experimental studies on bubble dynamics. 1978 Clift [6],
such as review of gravity using within the scope of different fluid properties under the
buoyancy of the shape of the bubble.Bhaga etc. [7] in 1980 studied the different number of
Morton (Mo) and Renolds number (Re) under the condition of air bubbles in the process of
floating shape, drafting and speed of change.Duineveld [8] and Zhang[9] studied through
experiments respectively within bubbles and bubbles, and the coupling phenomenon of
bubbles and free surface. But limited by the fluid properties the complex dynamics (such as
viscosity, surface tension, etc.), it is unable to carry on the accurate control, resulting in
many air bubbles under the condition of the research cannot be done through experiment.But
it did not stop the footsteps of people continue to explore the bubble movement
characteristics, with the development of computational fluid dynamics (CFD), the researchers
found that by combining experimental research and numerical study way can solve this
problem very well. And with a variety of excellent numerical algorithm is proposed, and the
emergence of high performance computer, numerical simulation in the study of dynamics of
bubble has played a more and more obvious role.Gas-liquid, gas-solid or liquid-solid research
has made many significant achievements, but the study of gas- liquid-solid three phaseS
coupling is relatively less, and mainly focused on the coupling of bubble and infinite solid
wall and the coupling effect of bubbles and tiny particles.In 2001, Popinet etc. [15]studied the
bubble pulsation and jet near the tablet process. In 2006, Yang, etc. [16]made the review of
the coupling of liquid ,bubbles, and the particles in the mixed solution . In 2011, Hassan,
Amaya and Ghosh, [17 - 19] studied the single and multiple bubbles movement
characteristics under the conditions of the different diameter and Angle of long tube.The two
types of research is a common feature of bubble size and the size of the border is not in the
same scale, which ignores the boundary and the boundary between the complex coupling
phenomenon.

In this paper, using the lattice Boltzmann method based on free energy model,
established the viscous flow field in the bubbles with scales coupling model of complicated
boundary. To achieve the accuracy of capturing the gas liquid two phase boundary , two
groups was introduced to the model in the Boltzmann equation, through multi-scale, which
can respectively Navier - Stokes equations of second order accuracy and Cahn Hilliard
equation. Rigid boundary flow processing used the previous work [20] of lattice Boltzmann
complex boundary processing method On this basis, this paper studies single bubbles with
different characteristics than with boundary and the interaction characteristics of surface
boundary edges and corners in the same scales, including velocity field and pressure field
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around the bubble. Respectively according to the above two kinds of solid wall boundary, the
calculation and analysis of the different fluid properties Mo, Eo condition for coupling
characteristics are studied.

2 THEORY

2.1 Govering Equation

Based on viscous fluid mechanics theory, for a Newtonian fluid in constant
temperature,and incompressible flow field, the dynamic characteristics of air bubbles can be
described through a set of Navier - Stokes (navier-stokes) equations and Cahn Hilliard
equation:

/ ( ) 0t     u (1)
2( ) / ( )t P           u uu u F (2)

2 2/ ( )t        u (3)

Among them, the first two equations represents the traditional navier-stokes equation
and rho, u, represent the density of fluid in the flow field velocity vector and fluid viscosity,
F is the body force, including gravity, P for thermodynamic pressure for an ideal system, P0
can calculate including a state equation:

2
0 ( )sP c  (4)

In the equation, sc is the sound velocity of grid, 1/ 3sc  . In the ideal gas system,
equation (4) can be revised to:

2
0 ( )sP P c            (5)

 is for tracking interface defined by the order parameter, its evolution process, such as
equation (3), namely Cahn Hilliard equation, including ϖ is diffusion coefficient. Based on
the free energy of lattice Boltzmann model, bits of theta is thickness of border with gas liquid
two phase (W),surface tension coefficient ( ), the order parameter ( ), as well as the free
energy density function related parameters of the chemical potentia[22]:

3 2
2

*4 *2

12 3 (4 )
2
W

W W
   
 

    (6)

And the
* ( )

2
L G 





, L , G respectively the density of the liquid and the gas phases.

2.2 Lattice Boltzmann Method
According to Lee, the research into [23],LBM can be used to discrete the Navier -

Stokes equations :
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( )1( , ) ( , ) ( ( , ) ( , ))eq
i i t t i i i

n

f t f t f t f t 


     x c x x x F (7)

Among them, i said discrete grid direction, this paper adopts D3Q19 model, i= 0-18.
The ic , ( , )if tx respects discrete grid speed and discrete volume force. Said delta t time step,
tau n is relaxation coefficient. ( ) ( , )eq

if tx is to meet maxwell distribution. The equilibrium
state of the particle distribution function for ideal fluid without considering ( , )if tx , by
choosing suitable ( ) ( , )eq

if tx , through multi-scale expansion operation, and meet the following
constraints [24],

( ) ( , ) ( , )eq
i i

i i
f t f t   x x (8)

( ) ( , ) ( , )eq
i i i i

i i
f t f t   x c x c u (9)

( ) 2( , ) ( )eq
i i i s

i
f t c           x c c u u (10)

By (8) can meet the second-order precision degree to [25] the navier-stokes equations,
2 2

( ) 0
2 2 4 2

( )[ ( ) ]
2 2

eq i i
i i

s s s s

Pf
c c c c

 
 

    
c u c u u

(11)

Among them, the i is the weight coefficient of particle distribution along the direction
of discrete grid, 0 1,6 7,181/ 3, 1/18, 1/ 36     . P0 can be obtained by (4). For gas liquid
two phase flow system, due to considering the effect of boundary effect, Shu [22, 24] to (11) on
the right side of the first revised and perfected. If 0

2i i i
s

P l A
c

   
, is for the revised iA，

2
0 3 (1 2 ) 6sA c     (12)

2
1,18 3( )sA c   (13)

3 MODEL
In this paper, the implementation of the process, the gas-liquid-solid system is divided

into gas-liquid gas boundary and solid-liquid boundary of these two subsystems.Unified the
lattice Boltzmann unit system, namely the 1, 1t l   .

3.1 Solid-Liquid Boundary

Boundary processing method based on rebound has second order accuracy of model,
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building a virtual boundary layer in the fluid-structure interaction. Combined with shi’
extrapolation method get accurate macroscopic velocity on the virtual boundary.In this
method, fluid particles near the border of rebound in the virtual boundary. And formula
system of speed is no longer used by the actual speed of the solid wall boundary,it is the
speed of the virtual boundary. In this way, it can ensure that the occurrence of collision point
with the speed to collect in the same position.

Figure1-the sketch of the curved boundary condition

In this model, the border of fluid particles specific migration process is shown in Figure
1.In Figure 1 heavy line is the location of the actual solid wall boundary,In the connection of
1/2 in virtual node structure, in turn, connect the virtual node, constitute the virtual boundary
in Figure 1.

fx is closest to the solid wall of the fluid particle position, i for direction in the opposite
direction of I, it indicates that the rebound in the aftermath of the particles collide with the
wall. midu said fx with its most adjacent solid particle position sx connection speed of the
center.

3.2 Gas-Liquid Boundary

By building another set of lattice Boltzmann equation can be solved by Cahn Hilliard
equation, tracked the gas-liquid boundary. Compared with the traditional sense of the
structure of the lattice Boltzmann equation, namely, regardless of volume force (7), in 2002,
Succi etc. [27] put forward a consideration of particle transfer efficiency between adjacent
lattice fixed format.

( )( , ) ( , ) 6 ( )eq
i f t i f i i midf t f t c     x x u (14)

( ) ( , ) ( , )( , ) ( , ) (1 ) ( , )
eq
i i

i i t t i i i t
g t g tg c t q g t q g c t



  



        
x xx x x (15)
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Among them, the ( , )ig tx also said the particle number density distribution function,
and ( , )if x t , at the same time the macroscopic variables of the order parameter theta. Tau
theta is the coefficient of relaxation in the lattice Boltzmann equation, q is control of particle

transfer efficiency between lattice parameters. 2
1 2

q





When q = 1, (14) can be converted into traditional lattice Boltzmann equation.

4 RESULTS AND DISCUSSION
4.1 Veritfy the model

First of all, using classical Laplace's law to verify the correctness of the bubble
dynamics model is established in this paper. For the unified description of fluid properties,
this paper defines three dimensionless parameters of Eo and Mo, Re [22].

L is the liquid viscosity coefficient, R is bubble radius, endV is the ultimate speed of
floatation bubble is smooth, the other parameters to ensure consistent with defined on.

Relevant calculation parameters for: computational domain size is 120 * 120 * 120,
bubble radius 20R  , 0.6  , 0.75  , the gas bubble wall thickness W = 5.0,Γ = 100,
Eo = 15.984, M o = 0.03083. According to the law of Laplace, balance when the surface
tension and the internal and external pressure difference of bubble:

24 ( )L Gg REo  



 (16)

4

2 3

( )L G L

L

gMo   
 


 (17)

2Re L end

L

V R
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2
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Fig.2 Under the condition of different Mo,

numerical validation of the pressure difference inside and outside ∆P and R

Fig.3 the density for the rising bubble Fig.4 the velocity for the rising bubble
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To verify this model is matched with the theoretical value, the paper respectively
simulation experiment under the condition of the Eo = 15.984, R = 10, 15, 20, 25, the
corresponding Mo = 0.1973, 0.0877, 0.0493, 0.0316 when bubbles as the pressure difference
between the inside and outside the delta P, as shown in figure 2. Can be found from the figure
2, measurements from this model were in good with the theoretical value, further verified the
model's ability to capture gas-liquid boundary.

4.2 The interaction between the boundary and the bubble

In the process of calculainfluence on the results, and then, studied, Eo and Mo's impact
on the results under the condition of  =1.0.

Figure 5 records the bubbles in the jet flow field around throughout throughout t =
30000 steps before and after t = 40000 steps two typical moments of stress field distribution.
The black thick lines in the graph said bubble contour line in the cross section. In figure 5 (a)
can be clearly observed that the bubble is formed between the solid wall of high pressure
water cavity, and due to drainage phenomenon on the edge of the bubble formation of the
low pressure area. Figure 5 (b) not only shows the jet through after the initial stage of the
flow field of pressure distribution and the gradient direction, and can be observed after the
reconstruction of smooth surface bubbles.

Figure5 (a) the pressure profile Bubble around flow
field Bubble (t=30000 steps)

Figure5 (b) the pressure profile Bubble around flow
field Bubble (t=40000 steps)
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Figure 6 records the stress field distribution surrounding bubble ,the before and the after from
being the circular bubble. The heavy line said bubble contour lines, thin lines for pressure
equipotential line, the cloud picture for stress nephogram.From figure 6 (a) that can be
observed in the bubbles on the surface to form a high, at the edge of the high produce
obvious phenomenon of pressure drop, this is mainly due to the water cavity fluid in the
outside, and cause the local pressure drop. On both sides of the bubble below the partial form
symmetrical low pressure area, this is mainly due to the buoyancy bubbles driven flow field
around the movement caused by the formation of the vortex ring [7].From figure 6 (b), the
formation of circular bubble around the floating process of the spherical structure, the inside
of the solid wall adjacent position relative to other higher pressure. The existence of the
pressure on the one hand, will squeeze the bubble inside, cause its flat, on the other hand
caused the increase of bubble ring inside diameter on the ways to level, ensure the bubble
ring would be able to bypass the spherical structure.

Figure6 (a) bubble surrounding pressure field
distribution, before and after a circular bubble

(t=15000steps)

Figure6 (b) bubble surrounding pressure field
distribution, before and after a circular bubble

(t=20000steps)

4.3 The influence of Mo,Eo

In order to further study the effects of fluid properties on coupling rule, keep the feature sizes
than  = 1.0, L = 1000.0, G = 1.0, 0.75  , the section to calculate the different Eo, M o
under the condition of air bubbles movement characteristics, specific parameter values are
shown in table 1.
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Table1 Fluid property parameter values

5 DISSION

 -Based on the early stage of the solid boundary, gas-liquid convection boundary
treatment, on the basis of the lattice Boltzmann research will be improved model of
gas liquid two phase flow of 2 d to 3 d, and combined with complicated boundary
grid Boltzmann processing method, studies the same scales bubbles with considering
the effect of edge plane and solid wall surface coupling properties of the solid wall.

 -In feature sizes than certain cases, the surface tension coefficient and fluid property
parameters on the coupling process between bubble and curved wall also has an
important influence.

 -More research about the multi-bubbles need to be studied.
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ABSTRACT

Immersed boundary and interface methods do not require fluid meshes that conform to the structural domain, and
are therefore promising candidates for simulating fluid-structure interaction (FSI) problems where the structure has
a non-canonical geometry or is undergoing large-amplitude motion. These methods lead to a large nonlinear
system of equations to enforce the fluid-structure coupling. These nonlinear equations are typically solved
iteratively with either a block Gauss-Seidel procedure or a Newton-Raphson method, and there are challenges to
implementing either approach efficiently: the former leads to inexpensive evaluation of a single iteration but can
require dozens of iterations to converge, whereas the latter converges in a small number of iterations but has a
large cost per iteration. We discuss an immersed-boundary (IB) method that inherits the fast convergence behavior
of a Newton-Raphson method while retaining the small computational complexity of a block Gauss-Seidel
procedure. This IB method is strongly coupled, and accounts for nonlinearities in the fluid, the structure, and the
coupling between them. We also describe a global linear stability solver for FSI systems. Whereas global stability
techniques are frequently used to deduce instability-driving mechanisms in fluid flows involving rigid stationary
bodies, their use in FSI systems is less pervasive due to the challenges in addressing the multi-physics nature of
these systems. Our global stability solver accounts for the fluid, the structure, and the coupling between them, and
can therefore be used to understand physical mechanisms of the fully-coupled system. Finally, we use these
numerical methods to study flapping-flag FSI systems that are promising candidates for flow energy harvesting.
Compared with the conventional flag system in which the flag is placed in an unconfined flow and pinned or
clamped at its leading edge, systems where the flag is either confined or where the boundary condition is placed on
the trailing edge can exhibit larger flapping amplitudes and therefore generate more power. We explore the
dynamics and energy conversion in these devices using the aforementioned numerical techniques.
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ABSTRACT

Gear vibrations due to varying mesh stiffness are a major source of tonal noise radiated from wind turbines. We
present a hybrid approach for gear modeling that combines a detailed finite element analysis of meshing
configurations with analytical models for the transient dynamics of helical gears. In a first step, the angle-dependent
mesh stiffness of the gears is obtained from a sequence of static FE analyses that cover a complete meshing cycle.
A comparison with results from the literature shows excellent agreement for spur gears. We also present numerical
results for helical gears which so far have not been extensively studied. The results from the FE analyses are then
used in the second step of the hybrid approach, where the transient dynamics of the gear system are simulated
using two different analytical models. The first model describes the gears as rigid bodies with two rotational
degrees of freedom. The bodies are connected via a linear spring-damper. An ordinary differential equation (ODE)
of second order is obtained for the calculation of the commonly used Transmission Error (TE). The second model
includes also the radial displacement along the line-of-action of the gears, which in turn can be used for the
calculation of the dynamic bearing forces. The analytical models are solved numerically with a Runge-Kutta
scheme. The frequency spectra of the dynamic gear vibration are obtained from the transient simulation by
standard FFT. The hybrid approach was applied to the analysis of a wind turbine gearbox. The calculated TE
frequency spectrum is in sound qualitative agreement with frequency response graphs of noise radiation, as
obtained from acoustic field measurements. Over an analysis spectrum of several KHz, the peak frequencies in
both spectra are matching exactly, while the deviation in peak amplitude characteristics is less than 5%. It can be
concluded that the hybrid approach predicts well the gear vibration excitation of drivetrains, both for spur and
helical gear configurations. We will also present numerical results for submodels of the drivetrain that are obtained
by integrating the simulation of parameter-excited gear box vibrations into the vibroacoustic FE analysis of several
drivetrain components. As the hybrid excitation model shall be used ultimatively in large-scale computational
analyses of complete drivetrains, reduction methods are employed that shall allow the FE analysis of large models
in reasonable runtime.
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Structural Dynamics and Design with Polymorphic Uncertain Data

Wolfgang Graf*
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ABSTRACT

The analysis and design of structures is one of the major tasks for structural engineers [1]. The objectives of
numerical analysis and design, computing robust and reliable structures, can be realized by means of analyzing
different variants, application of optimization tasks, or solving inverse problems. The method of choice depends on
the aim of design and the problem. But common for all is that the uncertainty of the input parameters (design
parameters and other parameters) has to be taken into account, in order to investigate a realistic computational
model. Numerical structural design should be robust with respect to the polymorphic nature and characteristic of
the available information. Uncertainties are inherently present in resistance of structural materials, environmental
and man-imposed loads, boundary conditions, physical and numerical models, and to other types of intrinsic and
epistemic uncertainties. Generally, the availability of information in engineering practice is limited. Incomplete,
fragmentary, diffuse, and frequently expert specified knowledge leads to imprecision in data [2]. In addition,
engineers have to cope with the objective variability and fluctuations in material, geometry and loading. This
contribution presents approaches for design tasks analysed with optimization or solving the inverse problem. The
advantages and disadvantages of each concept are pointed out. The solution of the inverse problem, suitable in
early design stages to detect permissible design spaces is one of the main points of this contribution [3]. Especially
for early design stages it´s necessary to take polymorphic uncertainty into account due to a lack in information. This
incorporation yields to increasing numerical effort. One possibility to solve the design task in appropriate time is to
apply surrogate models. This surrogate model generates a meta-model to reproduce the deterministic objective
function. In this contribution, the improvement in efficiency is demonstrated by the sophisticated meta-model,
Extreme Learning Machine. The applicability of the different approaches is demonstrated by means of engineering
examples. References [1] Beck, J.; Graf, W.; Soize, C. (guest editors) Computational Intelligence in Structural
Engineering and Mechanics, Internat. Journal of Computer-Aided Civil and Infrastructure Engineering (CACIE),
special issue Vol. 30 (2015), Issue 5 [2] 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 [3] Graf, W.; Götz,
M.; Kaliske, M. Computing permissible design spaces under consideration of functional responses, Advances in
Engineering Software (2017), online available
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ABSTRACT

The estimation of the total energy (thermal plus mechanical) liberated during a determined activity would be useful
for a more complete understanding of the energetics of human movement [1]. In this work, a new multi-scale model
is proposed to evaluate the energy release rate of skeletal muscle tissue in 3D models during active contractions.
This model is based on the finite element method where the cross-bridge dynamics and the total rate of energy
production is considered in the material constitutive law. The shortening/lengthening velocity of the sliding filaments
allows determining the liberation of heat using a classic approximation [2]. The formulation was implemented into a
hyperelastic transversally isotropic constitutive model as a user dynamic library in FEBio software [3]. The
computational model predicts the heat liberation rate of the tissue and other mechanical variables such as stresses
and strains under different active contraction conditions. Considering this novel approach, concepts like cost of
force production and efficiency can be analysed in the model not only for the global tissue but also for different
specific regions. The results provided by the model have been validated according to different outcomes obtained
from the literature [4] that involve in vitro experimental tests of muscles subjected to different imposed strain and
stimulation patterns. The computational tool developed can provide more insights into the form and function of
muscles that could help for improving clinical treatments in related diseases. References 1. B. R. Umberger, K. G.
Gerritsen and P. E. Martin. A model of human muscle energy expenditure. Comput. Methods. Biomech. Biomed.
Engin. 6(2), 99-111, 2003. 2. A. F. Huxley. Muscle structure and theories of contraction, Prog. Biophys. Biophys.
Chem. 7, 255-318, 1957. 3. S. A. Maas, B. J. Ellis, G. A. Ateshian and J. A. Weiss. “FEBio: Finite elements for
biomechanics”, J. Biomech. Eng. 134(1):011005 (2012) 4. N. C. Holt, T. J. Roberts and G. N. Askew, The energetic
benefits of tendon springs in running: is the reduction of muscle work important? J. Exp. Biol., 217, 4365-4371,
2014.
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Abstract. The objective of the design of novel simplified acoustic model is to use it in order to 
locate autonomous robots in industrial environments. The acoustics of an industrial space is 
characterized by a non-linear dynamic. So far, in this kind of applications and for the sake of 
simplicity all the models are linear and this fact does not allow a suitable and accurate use. To 
consider all the information of the room and an improvement in the robot location a linear 
acoustic model with uncertainty is proposed in this research. The new contributed model is 
obtained by the convergence of existing methods, that is, between statistical models and the 
classical (and complex) wave model. Audio analysis requires the treatment of a huge amount 
of data which, obviously, cannot be achieved for real-time purposes. Therefore, the working 
range of frequencies are around Schroeder frequencies and a limited number of modes is se-
lected using a suitable filter. This innovative model has been validated with real data through 
significant experiments in different rooms with an autonomous robot. 

1. INTRODUCTION 
Indoor robot localization is an important issue in the field of robotics. So far, usually for 

this purpose overall odometer, camera, infrared sensor, ultra sonic sensor, mechanical wave 
and laser are mainly used. Nowadays the role of acoustic perception in autonomous robots, 
intelligent buildings and industrial environments is increasingly important and in the literature 
there are different works1,2. 

It is very interesting the use of audio sensors according on the application. In industrial, 
man-made environments this type of sensors offers its main advantages: they are cheaper than 
other type of sensors, they hold a reach greater than the ultrasound sensors and they can cover 
a large area of exploration (with low directivity), they are not sensitive in front of changing 
light conditions, like cameras. Although audio sensors present low resolution to detect obstacles 
this fact is not too much relevant in industrial environments. 

In an industrial plant to establish the transmission characteristics of a sound between a 
stationary audio source and a microphone in closed environment there are different study mod-
els: 1) the beam theory applied to the propagation of the direct audio waves and reflected audio 
waves in the room; 2) the development of a lumped parameters model similar to the model used 
to explain the propagation of the electromagnetic waves in the transmission lines and the study 
of the solutions given by the wave equation11. Other authors propose a transfer function of a 
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room, denoted RTF (Room Transfer Function) that carries out to industrial plant applied sound 
model3, 9, 10. In these works, the complexity to achieve the RFTs is evident as well as the need 
of a high number of parameters to model the complete acoustic response for a specific fre-
quency range, even with almost ideal conditions.  

In reference13 authors presented a first approximation to a theoretical model set-up which 
modeled the RTF in an industrial plant in order to locate mobile robots in such environments. 
In the present work, this model will be studied in depth as well as the features in the proposed 
RTF that are more suitable to be used by a mobile robot to navigate in an industrial plant; we 
have simplified the methodology and our goal is to determinate the x-y coordinates of the robot. 
In such a case, the obtained RFT will not present a complete acoustic response, but will be 
powerful enough to determine the robot’s position.  

The acoustic response of an industrial plant depends mainly on its dimensions, but also on 
the different absorption coefficients of the materials that form the walls, the floor and the ceiling 
of the plant. This work is focused in the audio waves that are generated by rotary engines pre-
sent in industrial environments. Those engines generate typically a reverberant field due to the 
successive reflections of the waves with the environment bounds. In order to simplify the es-
tablishment of a theoretical model as well as the obtaining of the experimental model by iden-
tification, a filtering step is introduced. In this phase, the most important harmonic component 
in the emitted signal spectrum will be selected. 

In authors’ previous works7, 8, 12 the navigation system was presented. Those works inves-
tigated the feasibility of using sound features in the space domain for robot localization (in x-y 
plane) as well as robot’s orientation detection. A robust sound-based indoor robot’s pose (x, y, 
θ) detection system was proposed utilizing two microphones. For this reason, in this present 
work the navigation system will be skipped and the work will be focused in obtaining a more 
general model for rooms/closed environments through audio features. This model is LPV (lin-
ear parameters varying)14 because the parameters of the model vary along the robot’s naviga-
tion. Besides, this is a simplified model with the objective to obtain a low computational time 
in the robot self-localization process. The calibration of these parameters is carried out by phys-
ical equations and experimentation altogether. This new model is validated through significant 
experiments in a real and hazardous environment with a real robot: the sewage system in Bar-
celona city.  

2. SOUND MODEL IN A CLOSED ROOM 
2.1. Theoretical model 

The acoustical response of a closed room (with rectangular shape), where the dependence 
with the pressure in a point respect to the defined (x,y,z) position is represented by the following 
wave equation: 
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Lx, Ly and Lz denote the dimensions of the length, width and height of the room with ideally 
rigid walls where the waves are reflected without loss, Eq. (1) is rewritten6 as: 
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when the evolution of the pressure according to the time is not taken into account. 

Then (2) is replaced in (1), and three differential equations can be derived and it is the same 
for the boundary condition. For example, p1 must satisfy the equation: 
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with boundary conditions in x = 0 and x = Lx : 
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dx
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kx, ky and kz constants are related by the following expression: 
 2222 kkkk zyx =++  (4) 

Equation (3) has as general solution:  
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Through (3) and limiting this solution to the boundary conditions, constants in (5) take the 
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being nx, ny and nz positive integers. Replacing these values in (5) the wave equation eigenval-
ues are obtained: 
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The eigenfunctions or normal modes associated with these eigenvalues are expressed by: 
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being C1 an arbitrary constant and introducing the variation of pressure in function of the time 
by the factor ejωt. This expression represents a three dimensional stationary waves space in the 
room. For the eigenfrequencies corresponding to (6), the eigenvalues can be expressed by: 
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where c is the sound speed. Therefore, the acoustic response of any close room presents reso-
nance frequencies (eigenfrequencies) where the response of a sound source emitted in the room 
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at these frequencies is maximum. The eigenfrequencies depend on the geometry of the room 
and also depend on the materials reflection coefficients, among other factors.  

In our case, the transform function fT (that relates the distance between feature space coeffi-
cients of each signal vs. source signal (see ref13) with the distance between the points (x,y) in 
the space domain) is represented by (7), considering that the pressure is the square of the am-
plitude of sound signals (Sj) for an specific time. The solution of this equation is real because 
imaginary numbers are neglected, and represented as: 
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where C2 is an arbitrary constant. 

The corresponding resonant frequencies that are obtained are indicated in Table 1. Specifi-
cally, in this Table the resonant frequency corresponding to the propagation mode (3, 0, 2) can 
be observed. This frequency is close to 100Hz that is selected from the signal spectrum when 
the climatic chamber is used as sound source. 

 
Table 1. Resonant frequencies in the experiment. 

 
nx ny nz fnx fny fnz f(Hz) 
3 2 1 49,1 68,3 43,1 94,54 
4 2 0 65,5 68,3 0,0 94,62 
2 1 2 32,7 34,2 86,3 98,37 
3 0 2 49,1 0,0 86,3 99,25 
0 3 0 0,0 102,5 0,0 102,48 
1 3 0 16,4 102,5 0,0 103,77 
4 2 1 65,5 68,3 43,1 103,98 

 

For mode (3, 0, 2), this equation indicates the acoustic pressure in the rooms depending on 
the x-y robot’s position, and this is: 

 












=

4
4,1cos.

54,10
3cos.),( 1

ππxCyxp
zyx nnn

 (10) 

With these ideal conditions, for an ideal value for constant C1 = 2 and for an ideal room 
without audio losses, the theoretic acoustic response in the rooms for this absolute value of 
pressure, and for this propagation mode. 

2.2. Transfer function 

Since the dimensions of industrial plants will be comparable to the wavelength of audio sig-
nals presents in the environment, distributed constant models can be used in order to model the 
audio waves propagation, in a similar way to those proposed for electromagnetic signals trans-
mission lines. 

In ref4 a model based in the sum of second order transfer functions is proposed; these func-
tions have been build between a sound source located in a position ds emitting an audio signal 
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with a specific acoustic pressure Ps and a microphone located in dm which receives a signal of 
pressure Pm with a time delay trm; each function represents the system response in front to a 
propagation mode.  

The first contribution of this work is to introduce an initial variation to this model considering 
that the sound source has a fixed location, and then this model can be expressed as: 

 ∑
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Because our objective is not to obtain a complete model of the acoustic response of the in-
dustrial plant, it will not be necessary to consider all the propagation modes in the room and we 
will try to simplify the problem for this specific application without the need to work with 
models of higher order. 

To implement this experiment, the first step is to select the frequency of interest by a previous 
analysis of the audio signal frequency spectrum emitted by the considered sound source (an 
industrial machine). Those frequencies components with a significant acoustic power will be 
considered with the only requirement that they are close to one of the resonant frequencies of 
the environment. The way to select those frequencies will be through a band-pass digital filter 
centered in the frequency of interest. Right now, the term M in the sum of our model will have 
the value N, being this new value the propagation modes resulting from the filtering process.  

3. PROPOSED LPV MODEL IN A CLOSED ENVIRONMENT 

For a concrete propagation mode, the variation that a stationary audio signal receives at dif-
ferent robot’s position can be modeled, this signal can be smoothed by the variation of the 
absorption coefficient of the different materials that conform the objects in the room; those 
parameters are named Knm and ξnm , and (12) results: 
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where the subscript n indicates the natural frequency associated to the considered propagation 
mode (ωn) and the subscript m indicates the distance of the microphone to the sound source 
(dm). This natural frequency (ωn) of the transfer function room depends on the room character-
istics: Lx, Ly and Lz resulting in an LPV indoor model. 

The distance (dm) from the robot to the sound source is given by the expression:  
 222 )()()( srsrsrm zzyyxxd −+−+−=  (13) 

where (xr,yr,,zr) are the robot location coordinates and (xs,ys,zs) are the sound source coordinates.  
Using (12) the module of the closed room in a specific transmission mode ωn is: 
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Assuming that the audio source only emits a frequency ω1 with an amplitude Ps the room 
response in the propagation mode ωn for a specific coordinate (x,y,z) of the room is: 
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being z the height of the microphone from the floor, and with 
222

zyxn ffff ++=  and nn fπω 2= . 

For instance, if a one-dimensional environment is considered where the three modes are prop-
agated, as it can be seen in Fig. 1, and the observer is located at a distance dm = 2 m, the values 
of maximum pressure in this point are A1, A2 and A3. The total pressure received in this point 
is the sum of the partial pressures given by each mode.  
 

 

Figure. 1. Response in the one-dimensional case.  

For a specific mode and location, the system behaves as a pass band filter, presenting a max-
imum response at the resonant frequency for the considered mode and a lower response when 
the signal frequency moves away from the resonant frequency. 

Taking into account these considerations, equaling (14) and (15), it results:  
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If the filter is non ideal then more than one transmission mode could be considered and there-

fore the following expression is obtained for a robot position dm and a resonant frequency ωn 
given by the propagation mode nx,ny and nz : 
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If the emitted signal power by the sound sources is constant and the audio signal power acquired 
with the microphones varies along the robot’s position, then the pole positions in the s plane, 
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for the considered propagation mode, will vary in the different robot’s positions and their values 
will be: 
 ( )21 1 nmnnnmnms ξωωξ −+−=  (18) 

 ( )22 1 nmnnnmnms ξωωξ −−−=  (19) 

This is an LPV grey-box model where the damping factor and the natural frequency can be 
determined by theoretical laws and the parameter Knm is calibrated through experimentation. 

4. EXPERIMENTAL RESULTS  

Authors have been tested an autonomous mobile robot in a very hazardous environment: the 
sewage system in Barcelona city.  

The methodology applied to determine the robot’s position is the following: 
 
1) Initially a real source of sound is located in the environment. In this case an electrical is 

used, generating a real sound with many frequencies with its spectrum. 
2) The robot acquires an audio signal in its current position and performs a LPV modeling 

process taking as input signal the filtered sound source signal and as output signal the 
acquired and filtered signal. The parameters corresponding to the obtained poles in this 
identification process will be the features components for further steps.  

3) The Euclidean distances in the feature space are calculated between the current position 
and the different labeled samples.  

4) The two first samples are chosen and the distance between them and the robot’s position 
are then calculated. Through a transformation function fT (see ref13) the distance in the 
feature domain is converted to a distance in the space domain. These two distances in the 
space domain give two possible positions by the crossing circles of distances. 

5) To discriminate between both possible solutions, the angle between each one and the 
platform containing the microphone array (which contains a compass) are calculated, and 
the closest one to the platform angle will be chosen as discriminatory variable to select 
the current robot’s position.  

6) Steps 4 and 5 are repeated with the remaining labeled samples, and the solution is chosen 
among the closest angle to the robot’s platform. 

 
For an accurate explanation of the algorithm, the microphone array and the robot used in the 

experiments see ref13. 
The acoustic response of the environment is very directional, and this fact leads to consider 

some uncertainty in the determination of the transformation function which relates the distance 
in the feature space and the domain space.  

The robot, in order to determine its location, will perform the identification process between 
the emitted sound signal by the sound sources and the acquired signal by the microphone. Fur-
thermore, the robot incorporates a rotary platform allowing orientating the microphone to the 
audio source, determining this orientation angle accurately. 
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As it can be seen in Fig. 2, the robot follows the trajectory indicated by the arrows. In the 
figure is shown the airborne picture of the city, showing the path followed by the robot beneath 
the street, that is, in the sewers. There are two kind of audio samples: learning and recognition 
samples. For the collection of learning samples, a set of audio samples have been acquired along 
the path with known position, authors have measured which is the exact position of such sam-
ples, that is, knowing the ground truth. Because many of these samples have been collected 
they are not shown in the map. In the other hand, the recognition samples are those that once 
collected the robot has to calculate its position based on the above system and with the infor-
mation given by the previous samples in the learning phase. Those samples are labelled as 
P1...P8.  

Figure 4 shows the hazardous environment that robots finds in the sewers, and the operative 
to enter the robot to the sewage by a manhole.  

The acquired signal in the sewer will be used in the identification process, See Fig. 5. This 
signal is time-continuous and, initially, non-stationary; but because the signal is generated by 
revolving electrical machines it has some degree of stationarity when a high number of samples 
is used, in this case, 50,000 samples (1.13 seconds). The fundamental frequency is located at 
100Hz, and there are also some significant harmonics above and below it. In the filtering step, 
in order to simplify the identification process only the fundamental frequency at 100Hz and its 
closer harmonics will be taken into account, specifically those corresponding to the frequencies 
178, 147.6, 89 and 66.8 Hz, that get involved due to the non-ideality of the implemented filter.  

The sampling frequency is 44,100Hz. Other lower frequencies could be used instead, avoid-
ing working with a high number of samples, but this frequency has been chosen because in a 
near future a voice recognition system will be implemented aboard the robot and it will be 
shared with this audio localization system. To facilitate the plant identification process center-
ing its response in the 100Hz component, the input and output signals will be filtered and, 
consequently, the input-output relationship in linear systems is an ARX model. 

 

 
Figure 3. Robot environment: path followed by the robot. In red: test path; in blue path: real path with la-

bels P1...P8 where recognition samples are collected. 
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Figure 4. View seen from the robot in the sewers, and some workers lowering the robot by a manhole. 

 

Figure 5. Source signal and its frequency spectrum. 

To do that, a band-pass filter is applied to the acquired sound signals by the robot, specifically 
a 6th-order digital Cauer filter. Fig. 6 shows the results of the filter for the input signal in, for 
instance, robot position R4 in the climatic chamber. 

 

Figure 6. P3 sound signal (left) and its filtered signal (right). 

The propagation modes closer to the frequency of 100Hz and its harmonics considered in the 
filtering process are indicated in Table 2.  
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Table 2. Considered propagation modes. 
 

nx ny nz fnx fny fnz f(Hz) 
4 0 0 65,5 0,0 0,0 65,46 
1 0 2 16,4 0,0 86,3 87,79 
3 0 2 49,1 0,0 86,3 99,25 
1 2 3 16,4 68,3 129,4 147,22 
2 1 4 32,7 34,2 172,5 178,87 

 
From the proposed theoretical model, the damping coefficient for these frequencies is 

function of gain K and the considered robot’s position (x,y,z). 
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In this model the acoustic energy dissipation has not been modeled and it is considered by 
gain K in the model and the constant C1 that appears in the wave equation (with a value of 2, 
as it has been aforementioned) for a signal frequency considered in a specific robot’s position. 
The acoustic energy is degraded into thermal energy due to the losses in reflection that will 
depend on the materials mainly. It is important to consider that the presence of obstacles will 
introduce a new loss factor that will depend on the position and size of the obstacle and the 
material that form it. The following expression can be used to model those effects:  
 mfnm eK

C
K −= 2

1

 (21) 

Then (20) can be written as follows  
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(22)
 

indicating that the higher the frequency the higher the damping ratio. From the experimental 
measurements in the plant, the parameters K2 and m can be determined in (21) which quantify 
the different losses in the acoustic signals considered in the environment. Good results are ob-
tained for K2  = 50 and m = 0.015, resulting  
 fnm e

C
K 015.0

1
50 −=  (23) 

The LPV model is obtained from the theoretical laws and the experimental data acquired in 
labeled samples. The damping factor and the natural frequency are obtained by the expressions 
explained in the Section 3 and the previous equations (21)-(23). The amplitude constant Knm is 
calibrated by experimentation through the least square method4. This procedure is carried out 
for those 5 models. They have been validated with the error criteria of FPE (Function Prediction 
Error) and MSE (Mean Square Error), yielding values about 10e-10 and 3% respectively using 
3000 for this validation. Besides, for the whole estimated models the residuals autocorrelation 
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and cross-correlation between the inputs and residuals are uncorrelated, indicating the goodness 
of the models. 

 
Table 3. Results of experiments. 

 
Robot’s  
position 

Abs. Error 
X(%) 

Abs. Error 
Y(%) 

P1 1.24 0.34 
P2 3.43 2.54 
P3 2.04 1.23 
P4 0.45 1.98 
P5 3.54 3.06 
P6 5.43 6.96 
P7 6.43 6.12 
P8 2.34 0.89 

 

There exists another uncertainty of about ± 7.5 degrees in the angle determination due to the 
rotary platform in the robot that contains the microphones. Finally, to determine the current 
robot’s position the solution that provides the closest angle to the robot’s platform will be cho-
sen. The results of our experiments are shown in Table 3. The robot made the same path up to 
10 times, and the samples P1...P8 have been acquired at every run. The result is the average 
error for the 10 runs. The average error in absolute value for the X axis is 3.11% and in the Y 
axis is 2.89% providing estimated x-y positions good enough and robust. 

5. CONCLUSIONS 

In this article a new simplified LPV theoretical model has been presented which corresponds 
to the acoustic response. The aim of the model is to locate mobile robots in such environments. 
In this work authors presented a methodology to be applied in order to simplify the 
identification process in industrial plants using the acoustic signals generated by typical engines 
in those environments.  

Because the model will be used by a mobile robot to navigate in an industrial plant, the 
methodology has been simplified and the goal is to determinate the x-y coordinates of the robot. 
In such a case, the obtained RFT will not present a complete acoustic response, but it has been 
demonstrated that the results are very good. The obtained feature space is related with the space 
domain through a general approach with acoustical meaning. The validation of this novel 
approach is tested in a real environment, in this case a section of a sewage system obtaining 
promising results. The results keep being very good when the uncertainty is incorporated in the 
transformation function.  
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Residual-Based Variational Multiscale Simulation of Sediment Transport
With Morphological Changes
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ABSTRACT

Sediment transport induced by fluid flows is a field of great importance in engineering applications because there
are a lot of projects strongly affected by moving sediments. The transport of sediments in fluids encompasses the
suspended load, where turbulence carries the sediment particles, and the bedload, where the particles near the
bottom are moved sliding, rolling or by saltation, because of the shear stress on this region. The bed load transport
implies bed morphological changes which are also induced by the erosion as a consequence of sediment
entrainment into suspension. In this work, we implement all these phenomena as numerical models in libMesh, an
open finite element library that provides a framework for multiphysics. Here, the mathematical model results from
the incompressible Navier-Stokes equations combined with an advection-diffusion transport equation for
suspended sediments. The Navier-Stokes equations are treated with the residual-based variational multiscale finite
element formulation while the advection-diffusion transport equation uses a stabilized method with discontinuity
capturing. Empirical models are used to represent the entrainment and the bedload transport rate of sediments.
Special boundary conditions at the bottom are introduced to take into account sediments entrainment, as well as
deposition. After each time step, we update the mesh according to the morphological changes at the bottom due
the bed load transport and erosion, and an avalanching mechanism is applied in a way to avoid elevations higher
than the sediment angle of repose. We validate the suspended load transport model and the boundary conditions
simulating two well-documented test cases where experimental data are available. After that, we employ the full
model, including bedload transport, in another test case, and the results obtained from our model are promising.
Both flow field and scour pattern are similar to available experimental data.
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A Class of Polygonal Spectral Elements with Adaptive p-Refinement for the
Efficient Simulation of Wave Propagation Problems
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ABSTRACT

This contribution presents a novel approach to constructing polynomial shape functions of arbitrary order on
triangles and star-convex polygons. Each element is defined in local scaled boundary coordinates with the origin
positioned within the kernel of the polygonal domain. Two independent sets of one-dimensional shape functions are
defined along both local coordinates, i.e., the circumferential and radial direction, respectively. The two-dimensional
shape functions are constructed as the tensor product of the one-dimensional polynomials similar to conventional
spectral elements. This procedure allows choosing the element order independently not only for each edge but also
along the radial direction. Consequently, highly flexible local refinement schemes can be applied where this element
type enables the straightforward transition between subdomains subject to different meshing requirements or an
elevation of the element order in the vicinity of stress concentrations. In particular, this approach is beneficial for the
simulation of wave propagation phenomena, where the required nodal density is mainly predetermined by the local
wavelength at the frequency of interest, rather than the geometrical complexity. The proposed polygonal element
exhibits all advantages of conventional (quadrilateral) spectral elements, namely high-order completeness, partition
of unity, the &apos;Kronecker-delta-property&apos;, as well as a straightforward construction of shape functions. In
addition to the advantages that come with the extension to polygonal discretizations, computational costs for the
integration of the coefficient matrices are reduced since the proposed shape functions can be integrated along both
local coordinates separately, hence requiring only one-dimensional quadrature rules. Despite the fact that these
elements allow local p-refinement in a highly flexible manner, the mass matrix can be lumped without loss of
accuracy - two features which are usually considered to be mutually exclusive.



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

An Efficient Blended Mixed B-spline Formulation for Non-polar Thin
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ABSTRACT

Mixed formulations of the ¯B type, when applied to B-spline representations, bear significant computational cost and
lead to a full stiffness matrix. In this work we present an efficient mixed formulation for avoiding membrane locking
of curved non-polar thin structural models, i.e. plane Kirchhoff rod and Kirchhoff-Love shell models, in the context of
isogeometric analysis. An efficient spline reconstruction of the assumed axial strains obtained by means of a local
projection at the element level is performed using the method proposed by Thomas et al. in [1] for the
reconstruction of the geometry. In this way a much smaller bandwidth of the stiffness matrix is obtained with
respect to the non local ¯B-formulation, with significant reduction of the computational cost. The blended mixed
formulation splits in two steps: in the first step the local ¯B operators are defined at the element level via projection
of the strain measure (both L2- projection and discrete collocation approaches are considered). Successively, by
means of the spline reconstruction algorithm, the global projection of the strain measures at the patch level is
defined. Numerical experiments show that the proposed method, in addition to completely remove membrane
locking, yields the same accuracy and rate of convergence as the non local ¯B-method.
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ABSTRACT

Injury mitigation techniques for mounted soldiers, such as seat padding and mounting, have been implemented in
mine-resistant ambush protected (MRAP) vehicles, but numerous pelvic injuries still occur within these vehicles
during under body blast (UBB) events. To better prevent pelvic injuries during UBB events, a better understanding
of how force is transmitted into the pelvis at very high load rates is imperative. To that end, a biofidelic finite
element (FE) model of the pelvis can be a powerful tool to explore UBB response because of its low cost and ease
of use in comparison to expensive and difficult high-energy cadaveric tests. Fourteen (14) bilateral gluteal soft
tissue specimens were tested in axial compression using a custom drop tower. Each specimen included gluteal
muscle, adipose tissue, and skin. The specimens were laid flat on a substrate attached to a load cell. A 22.7kg
weight was dropped onto the specimens at 10 m/s, while a linear potentiometer was used to measure displacement
of the indenter. An inverse finite element (IFE) method was used to calculate the material properties of the tissue
from the drop tower data. The time-displacement data from the test was prescribed to the FE indenter. The force
output from the simulation was exported to a custom program that iteratively compared the force output from the FE
model to that of the experimental load cell, and selected new material coefficients based on a quasi-linear
viscoelastic (QLV) material model until the force responses converged. A component pelvis FE model was made by
modifying the GHBMC automotive FE model, matching the boundary and input conditions of previous experimental
pelvis tests performed at the University of Virginia. The pelvis was potted at S1 attached to a load cell, and a plate
acting as the seat impacted the pelvis. The pelvis soft tissue material in the FE model was updated using the QLV
constitutive model found in the high rate material tests. Forces and moments from the sacrum load cell in the FE
model were compared to the experimental data with the original and updated soft tissue model. From preliminary
analysis, greater than 30% of the applied seat platen force was transmitted through the soft tissue of the posterior
pelvis, while 70% was transmitted through the skeleton. This soft tissue contribution changes the location of the
seat platen center of percussion posteriorly, and may contribute significantly to the observed injury distributions
seen in theater.
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ABSTRACT

During each cardiac cycle, muscle contraction and relaxation drive the blood flow through the four chambers of the
heart and to the vascular system. The heart chambers – the ventricles and the atria – are separated by valves that
ensure a unidirectional flow, from the right to the left heart and from the left heart to the vascular system. As the
main purpose of the heart is to pump blood to the vascular system, the characterization of the cardiac blood flow is
important to understand the impact of blood flow in health and disease. For this reason we have built a
fluid-structure interaction model of the heart, which includes the 4 heart chambers, the valves and the main vessels,
To handle the large deformations and complex geometries of the beating heart, we use the immersed boundary
method to simulate the fluid-structure interaction problem. In particular, the momentum equation is solved
&amp;amp;quot;in a box&amp;amp;quot; using the finite difference method, while the solid forces are computed on
a finite element mesh. The heart muscle is assumed to be viscoelastic: the elastic stress is derived from an
orthotropic strain-energy density function, while the viscous stress is inherited from the underlying Newtonian fluid.
The contraction of the muscle is modeled by means of an active stress formulation driven by a simplified model for
the intracellular Calcium transient. The active stress acts only in the fiber direction, which have been defined in the
whole heart using simple Poisson interpolation methods. We&amp;amp;apos;ll discuss the construction of the
whole heart model including the creation of the geometrical models, the generation of the fiber field in the 4 heart
chambers and the hyperelastic immersed-boundary finite element method.
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ABSTRACT

The macroscopic behavior of random heterogeneous media is fully determined by its microstructural properties.
However, due to computational complexity, it is often barely feasible to simulate problems directly on their
microscale. Reduced order modeling (ROM) techniques aim at alleviating this computational burden by only
retaining most relevant fine scale material properties. We develop a fully probabilistic (semi-)supervised learning
approach based on only a few tens of forward model runs which maps high-dimensional random material
microstructures onto a much lower dimensional latent space (encoding) using macroscopic feature information
such as porosity, correlation length or interface conditions. These latent variables then serve as the input to a less
accurate, though much cheaper reduced order model (potentially based on different constitutive behavior) which
emulates the expensive fine scale problem. Finally, the ROM output is used to probabilistically reconstruct the
fine-grained model response (decoding), leading to sharp predictive distributions centered around the true solution
field. By making use of information-theoretic criteria, the model is capable to automatically adapt the ROM emulator
complexity until a user-specified level of accuracy/efficiency is met. We apply the discussed method to different
problems in random heterogeneous media and show possible applications in stochastic optimization-, inverse- or
control problems.
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Sample Generation of Vector-valued Gaussian Functions with Prescribed
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ABSTRACT

The generation of samples of Gaussian random functions is based on approximate representations which depend
on finite families of random variables and converge in some sense to target Gaussian functions, e.g., truncated
Karhunen-Lo\`eve (KL) series. The theory of KL series is well-established but their properties for vector-valued
random functions have not been examined systematically. The common selection of truncation levels based global
errors results in representations whose components may have very different accuracies. To address this potential
limitation, we propose the following two-step algorithm. First, truncation levels {m_i} are selected for the KL
representations of the components {Z_i(x)} of a target vector-valued Gaussian function Z(x) such that they meet
specified accuracies. This selection involves one dimensional processes. Second, the levels $\{m_i\}$ are accepted
or increased if the accuracies of resulting cross correlation functions of Z(x) satisfy or violate preset constraints.
The algorithm is based on the facts that (i) the products of eigenfunctions of the correlation functions of
components of Z(x) provide an orthonormal basis for the cross correlation functions of Z(x) and (ii) the correlations
of the random coefficients of KL representations result from projections of the cross correlation functions of Z(x) on
the orthonormal bases obtained from the eigenfunctions of the correlation functions of {Z_i(x)}. Numerical examples
are presented to illustrate the implementation of the proposed Monte Carlo algorithm and demonstrate its
performance.
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ABSTRACT

In this research, the multiscale modeling ability of coupling between the macroscale structure and microscale
material is extended by mean of the presented formulation that called “Embedded Unit Cell (EUC)”. The embedded
unit cell (EUC) approach is a concept designed to facilitate homogenization and multi scale analysis of composite
materials/domains in cases where the classical theory of homogenization is not valid due to lack of periodic
microscopic response. The EUC approach is based on microscopic solution of unit cell restricted by non-periodic
boundary conditions and continuum domain surrounding the unit cell in order to describe the mechanical relations
between various scales. The proposed methodology relies on mathematical formulation, multi-scale analysis
procedure and generalized theory of homogenization, and is intended to widen the applicability of the analysis to
the zones, where classical formulation cannot be applied because the required periodicity assumption is not valid.
Up to now, this method was challenged by solution of several types of problems. The linear response of
homogenization problems at boundary zones, which are not periodic with the rest of the structure, was successfully
evaluated by the developed EUC procedure by eventually reducing the model complexity and computing resources
demand. Following that, the stress concentration problems were analyzed at both elastic and elastic-plastic type of
response. Such problems are characterized by homogeneous structure and shape, with exception of small-size
zones with local non-periodicity relating to the rest of the structure. These small domains represent stress
concentration zones, which response is evaluated by complex FE models and characterized by very demanding
computing resources. The non-linear problems with elastic-plastic type of response are difficult to be solved using
classical homogenization methods, because periodic assumption is hardly valid. The pair of microscopic and
macroscopic problems has to be solved more than once upon incremental loading and instantly changing
equivalent material properties, in contrast with single solution in the case of the linear elastic problems. Sequential
information passing between the scales has to be replaced by consecutive information passing, causing enormous
effect on the complexity of the numerical algorithm, so that the implementation of the evaluation procedure has
been involved with advanced reprogramming of complicated finite elements software. A numerical verification study
shows that the suggested approach provides appropriate and accurate approximation, compared to the reference
solutions of displacement field and micro-scale stress fields.
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ABSTRACT

Highly nonlinear, turbulent, dynamic, Fluid-Structure Interaction (FSI) problems characterized by high Reynolds
number flows, large structural displacements and deformations, as well as self-contact and topological changes are
encountered in many applications including the study of supersonic parachute inflation dynamics [1]. For this class
of FSI problems, the Eulerian computational framework, which often implies an Embedded (or immersed) Boundary
Method (EBM) for CFD that is robust for viscous flows [2], is often the most appropriate one. In many
circumstances, this framework requires the computation of the time-dependent distance to the wall — that is, the
distance from each active mesh node of the embedding mesh to the nearest embedded discrete surface, which
evolves in time and with the motion/deformation of this surface. Such circumstances include, for example, modeling
turbulence using the Spalart-Allmaras or DES turbulence model, and performing Adaptive Mesh Refinement (AMR)
in order to track the boundary layers. In the context of explicit-explicit fluid-structure time-integration schemes,
which are often required to resolve the physics of the aforementioned class of FSI problems, evaluating at each
time-step the distance to the wall is computationally prohibitive. For this reason, this talk presents two
complementary approaches for reducing this computational cost. The first one recognizes that many quantities
depending on the wall distance are relatively insensitive to its inaccurate evaluation in the far field. Therefore, it
simplifies a state-of-the-art algorithm for computing the distance to the wall accordingly. The second approach
relies on an effective distance error estimator to update the evaluation of the distance function only when otherwise
a quantity of interest that depends on it would become tainted by an unacceptable level of error. The talk will also
highlight the potential of combining both approaches for dramatically accelerating the solution of highly nonlinear,
turbulent, FSI problems by reporting on the performance of the simulation of the inflation of a disk-gap-band
parachute system in a supersonic airstream. 1. Z. Huang, P. Avery, C. Farhat, J. Rabinovitch, D. Derkevorkian and
L. D. Peterson, Simulation of Parachute Inflation Dynamics Using an Eulerian Computational Framework for
Fluid-Structure Interfaces Evolving in High-Speed Turbulent Flows, AIAA-2018-1540, AIAA SciTech 2018,
Kissimmee, Florida, January 8-12 (2017) 2. J. Rabinovitch, Z. Huang, P. Avery, C. Farhat, A. Derkevorkian and L.
D. Peterson, Preliminary Verification and Validation Test Suite for the CFD Component of Supersonic Parachute
Deployment FSI Simulations, AIAA-2018-1542, AIAA SciTech 2018, Kissimmee, Florida, January 8-12 (2017)
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Coupling of Incompressible Fluid Features to Mechanical and Thermal
Features of LSDYNA

Roger Grimes*, Facundo Del Pin**, Inaki Caldichoury***, Rodrigo Paz****

*Livermore Software Technology Corporation, **Livermore Software Technology, ***Livermore Software
Technology, ****Livermore Software Techonology

ABSTRACT

LSDYNA has evolved from a Finite Element Package for Mechanical Simulation to a Multi-Physics Simulation
Package. Initially that meant the inclusion of Thermal capabilities for the Mechanical Capabilities. But LSDYNA now
has features for Electromagnetics, Incompressible Fluid Flow and Compressible Fluid Flow. Over a decade ago
LSTC (Livermore Software Technology) started the development of Incompressible Fluid (ICFD) Flow Features
which required integration with the existing mechanical and thermal capabilities. This talk will present how we
implemented this coupling for - ICFD with Mechanical Explicit Time Integration - ICFD with Mechanical Implicit Time
Integration - ICFD Conjugate Heat Transfer with Mechanical Thermal Computations We will highlight the coupling
of features with examples.
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Controlling the Solution Transfer Error in Multi-physics Coupling for Climate
Problems

Iulian Grindeanu*, Vijay Mahadevan**, Robert Jacob***
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ABSTRACT

It is well known that operator decomposition and unresolved solution of coupled atmosphere and ocean models, or
physics and dynamics components of an atmosphere, can lead to large numerical approximation errors that can
also cause stability issues. In this context, one of the components contributing to the spatiotemporal accuracy is
due to the mapping between different discretizations of the sphere, to resolve spatial scales of interest in the
various coupled model components. In some atmospheric and ocean model solvers, consistent and conservative
remapping strategies strongly determine the propagation of discretization accuracy between models. This could
also become an issue in atmosphere models where physics and dynamics are on different grids. Tracer advection
done by remapping is also subject to these errors. Understanding and controlling all sources of errors in a coupled
system dynamically will be key to achieving predictable and verifiable results on future architectures. We will
compare several conservative and non-conservative solution transfer and remapping methods implemented within
the framework of TempestRemap and MOAB in comparison to the state-of-the-art methods implemented within
ESMF, and discuss the implications on numerical accuracy and computational efficiency for representative coupled
model problems.
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Computed Tomography Characterization of Voids in Ordinary and Ultra-High
Performance Concrete

Andrew Groeneveld*, Charles Burchfield**

*US Army Engineer Research and Development Center, **US Army Engineer Research and Development Center

ABSTRACT

Ongoing research on multiscale modelling of concrete materials requires accurate characterization of the structure
of the material at lower length scales. In order to characterize these materials at these scales, void sizes and
spacing should be investigated along with matrix constituents and any aggregates or fibers present. This work
investigates the volume and spacing of voids in two concretes, SAM-35 and Cor-Tuf Baseline. X-ray computed
tomography was used to image the internal structure of concrete cylinders. Volume element (voxel) sizes in the
reconstructed 3D images ranged from 32 to 57 µm. Voids were identified using an x-ray attenuation threshold and
connected component analysis. The void volume and inter-void spacing (based on Delaunay triangulation between
centroids) were determined. Distribution fitting was performed to generate probability density functions for use in
modelling.
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Protein Transport in Curved Lipid Bilayer Membranes: An Extended
Saffman-Delbruck Approach Incorporating Hydrodynamics in Curved Fluid

Interfaces

Ben Gross*, Paul Atzberger**, Misha Padidar***

*University California Santa Barbara, **University California Santa Barbara, ***University California Santa Barbara

ABSTRACT

We develop fluctuating hydrodynamics approaches to extend Saffman-Delbruck theory to capture the collective
drift-diffusion dynamics of proteins within curved lipid bilayer membranes. Our approach is at the level of fluid
interfaces having any curved radial manifold shape. We take into account the two dimensional hydrodynamics of
the two curved leaflets of the bilayer coupled with the three dimensional hydrodynamics of the surrounding bulk
fluid. Using analytic and computational approaches, we show how Gaussian curvature can significantly impact
dissipation within the curved two dimensional membrane fluid to augment the collective drift-diffusion dynamics of
protein inclusions. We further show for the self-assembly of protein clusters that these effects contribute significant
kinetic contributions giving differences with widely used non-hydrodynamic theories. We also present general
results on the collective drift-diffusion dynamics when heterogeneous curved structures are present in the
membrane geometry showing how these local Gaussian curvature effects influence hydrodynamic coupling in some
interesting ways.
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Algorithms for the Simulation of Curvilinear and Axisymmetric Hydraulic
Fractures with Lag

Benjamin Grossman-Ponemon*, Adrian Lew**

*Stanford University, **Stanford University

ABSTRACT

Hydraulically-driven fractures are ubiquitous in nature as magma-filled dykes around volcanos or water-filled cracks
which drive the calving ice sheets in the arctic. They are best known by their commercial use in fracking treatments
by the oil and natural gas industry, leading an energy boom in the United States and abroad. Deeper understanding
of these processes drive the need for robust simulation of hydraulic fractures. However, simulation of the evolution
of fluid-filled fractures is difficult due to the need to track changing crack geometry, advance the fluid inside the
crack, and compute a functional over the singular stress fields around the crack tip to determine the crack path. The
recently-developed technique of Universal Meshes (UM)[1] offers a solution to these problems. By snapping only
nearby nodes of a background mesh to the crack, the geometry of the problem may be resolved exactly, and a
suitable domain on which to solve for the evolution of the fluid is generated. From UM, an algorithm to simulate
fluid-filled fractures with lag is developed. Examples in plane-strain and axisymmetry are considered. [1]
Rangarajan, R., Chiaramonte, M.M., Hunsweck, M.J., Shen, Y. and Lew, A.J., 2015. Simulating curvilinear crack
propagation in two dimensions with universal meshes. International Journal for Numerical Methods in Engineering,
102(3-4), pp.632-670.
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Application and Numerical Solution of 14-Moment Maximum-Entropy-Based
Moment Closures for Descirbing Non-Equilibrium Gaseous Flows with

Shocks

Clinton Groth*, Lucie Freret**

*University of Toronto, **University of Toronto

ABSTRACT

The development and application of novel 14-moment maximum-entropy-based moment closures are explored for
prediction of non-equilibrium gaseous flows with shocks. Closure formulations based on both an interpolative
approach as well as that based on a bi-Gaussian approximation for the distribution function are considered. Both
closure strategies possess or mimic many of the desirable mathematical and computational features of closures
following maximum-entropy principles on which they are based. However, in contrast to closures based directly on
maximum-entropy concepts, the proposed interpolative and bi-Gaussian closures afford closed-form expressions
for the closing moment fluxes and thereby avoid costly numerical solution procedures commonly associated with
the latter. A Godunov-type finite-volume scheme with block-based anisotropic adaptive mesh refinement (AMR) is
also described for the efficient solution of the resulting moment equations on multi-block body-fitted hexahedral
mesh and the suitability and accuracy of the14-moment systems for describing non-equilibrium gaseous flows with
shocks is demonstrated by considering several canonical flow problems, including planar shock structure.
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Dynamic Models in Molecular Dynamics

Roman Gruzdev*, Arkadiy Soloviev**

*Southern Federal University, Rostov-on-Don, Russia, **Don State University, Rostov-on-Don, Russia

ABSTRACT

This work is devoted to the research of dynamic models of graphene based materials with molecular dynamics
(MD) simulation. Our goal is to develop new methods for sample building and analysis and include those to the
ACELAN-COMPOS software. Material of interest in current research – graphene – was chosen due to its unique
physical properties. Main points of computer experiment are: to build molecular model of the sample; to investigate
the model with LAMMPS software; to prove correctness of the results with ACELAN software. LAMMPS package
was chosen as open-source up-to-date MD software with good computational potential and ACELAN with its
ACELAN-COMPOS module is finite element analysis software developed at the Department of Mathematical
Modeling of Southern Federal University. In MD simulation we apply specific loadings to the sample to perform
amplitude-frequency analysis. After this step we perform the same analysis in ACELAN-COMPOS, thus we
obtained 2 sets of frequencies. By applying statistical analysis we concluded that results are correct and in
correspondence with other works.
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Investigating the Effect of Local Vision-Guided Scleral Remodeling on the
Development of the Eye

Rafael Grytz*, Mustapha El Hamdaoui**, Keyur Savla***

*University of Alabama at Birmingham, **University of Alabama at Birmingham, ***University of Alabama at
Birmingham

ABSTRACT

It is thought that the retina can detect defocus and alter scleral remodeling to match the eye’s size to its optics
during development, producing eyes with good focus (emmetropia). Extensive evidence from animal studies shows
that this emmetropization mechanism can adapt the eye’s size to an experimentally altered focal plane using a
powered lens. Clinical trials have attempted to use this mechanism for myopia control by prescribing lenses that are
less powerful than needed to correct for the existing myopia. A myopic eye is too long for its own optics. Instead of
slowing the myopia, the undercorrection of children’s vision accelerated myopia progression. We propose that
species-specific differences in the peripheral defocus underlie this species-dependent response. We have further
developed our multi-scale model of the tree shrew eye [1] based on the assumptions that scleral growth is globally
controlled by genetic factors while scleral remodeling is locally controlled by genetic factors and local refractive
error. We estimated the focal surface from refractive and biometric measurements of three eyes. The peripheral
defocus (35 degrees off-axis) showed a myopic shift of -4.13 (1.40D STDEV) compared to the central axis. Unlike
tree shrews, humans often show a hyperopic shift in the periphery. We computed the local refractive error at the
anterior surface of the sclera and transfered it to each scleral finite element using a mesh free approach. We
simulated the emmetropization process from 24 to 180 days of visual experience (DVE). The simulation replicated
the normal development of a tree shrew eye in good agreement with experiments. When the overall defocus was
changed by using a negative powered lens, the eye adapted its size to precisely match the new focal surface.
Inducing a hyperopic shift in the periphery by increasing the width of the focal surface by 50% at 24 DVE lead to
-3.3D myopia at 180 DVE. Undercorrecting for the peripheral defocus-induced myopia by using a -2D lens (starting
at 90DVE) increased the final myopia to -4.9D at 180DVE. Our results suggest that eyes with a myopic shift in the
periphery (such as tree shrews) emmetropize well even if the overall defocus is altered. Eyes with a hyperopic
peripheral shift (such as humans) tend to become myopic and undercorrection can lead to more myopia. This is the
first model that provides a plausible explanation for this species-dependent response of the emmetropization
process. [1] R Grytz, M El Hamdaoui. J Elast 2017;129:171-195.
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Assessment of Wall Stresses and Internal Mechanical Heart Power in the
Left Ventricle

Matthias Gsell*, Gernot Plank**

*Medical University of Graz, **Medical University of Graz

ABSTRACT

Introduction: Aortic valve disease (AVD) causes pressure and volume overload of the left ventricle (LV) which may
trigger adverse remodeling and precipitate progression towards heart failure (HF). As myocardial energetics can be
impaired during AVD, LV wall stresses and mechanical heart power provide a complementary view on LV
performance which may aide in better assessing the state of disease. Objectives: Using a high resolution
electro-mechanical (EM) in silico model of the LV as a reference, we evaluate clinically feasible Laplace-based
methods for assessing LV wall stresses and mechanical heart power. Methods: We used N=4 in silico finite
element (FE) EM models of LV and aorta of patients suffering from AVD. All models were personalized with clinical
datasets under pre-treatment conditions. LV wall stresses and mechanical power were computed accurately from
FE kinematic data and compared with clinically feasible estimation methods which were applied to the same FE
model data. Results and Conclusion: Simulation results showed fundamental discrepancies between Laplace
stress and internal mechanical power with the corresponding FE-based analogues, but Laplace-analysis provided
sufficiently accurate estimates of mechanical peak power for clinical application. Further, external hydrodynamic
power computed from synchronously recorded pressure-volume (PV) data in the LV cavity and internal mechanical
power computed from LV deformation yielded essentially identical results since power expenditure during
isovolumic phases was small. Thus both approaches either based on PV or Laplace analysis, are suitable for
estimating peak mechanical power of the LV non-invasively, given that sufficiently accurate estimates of LV peak
pressure are available.
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Peridynamic Analysis of Impact Failure for Concrete Gravity Dam

Xin Gu*, Qing Zhang**, Erdogan Madenci***

*Hohai University; University of Arizona, **Hohai University, ***University of Arizona

ABSTRACT

Peridynamics (PD) is an alternative approach to the classical continuum mechanics. It is based on nonlocal
interactions. The PD form of the equation of motion appears as an integral-differential equation instead of partial
differential equations [1]. Especially the bond-based peridynamics (BB PD) has proven robust in analyzing crack
growth and progressive failure of structures under extreme loads. However, the BB PD has the fixed Poisson’s ratio
restriction, which is fixed to 1/4 in three-dimensional problems and plane strain problems, and 1/3 in plane stress
problems. The conjugate BB PD model introduced by Wang et al. [2] is one of extensions of the traditional BB PD
to overcome this limitation. In the conjugate BB PD, the nonlocal interaction forces are not only related to normal
stretch of bonds, but also related to rotation bond angles of a pair of conjugate bonds. In present study, we will
further develop the conjugate BB PD model to analyze the projectile impact failure and penetration problems of
concrete gravity dam. Description of damage and failure process of dams under projectile impact and blast-impact
objectively is a significant but difficult issue [3]. A dam suffers from the effects of gravity and hydrostatic pressure
when the reservoir is full. The process of a projectile impact on the dam at different positions will be simulated after
static deformation analysis. The improved conjugate BB PD is found to be effective for simulating the projectile
impact failure process of dams, which involves the crack nucleation, crack propagation, final fracture and local
failure. References [1] Silling SA. Reformulation of elasticity theory for discontinuities and long-range forces.
Journal of the Mechanics and Physics of Solids. 2000, 48:175-209. [2] Wang Y, Zhou X, Shou Y. The modeling of
crack propagation and coalescence in rocks under uniaxial compression using the novel conjugated bond-based
peridynamics. International Journal of Mechanical Sciences, 2017,128-129:614-643. [3] Gu Xin, Zhang Qing.
Progress in Numerical Simulation of Dam failure under Blast Loading. Journal of Hohai University (Natural
Sciences). 2017,45:45-55. (in Chinese).
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Rate-dependent Fluid Behavior and Superficial Collagen as Protective
Mechanisms of Kangaroo Shoulder Cartilage at High Strain-rates
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*Queensland University of Technology, **The University of Adelaide

ABSTRACT

Aritcular cartilage exhibits complex mechanical behaviors such as strain-rate-dependency under external loading. It
is believed that the interplay and interaction of cartilage constituents, i.e. proteoglycans, collagen and tissue fluid is
the key reason for such complex behavior in cartilage tissues. In this study, we use the kangaroo as an animal
model. Through integrating with experimental studies using kangaroo cartilage, a porohyperelastic numerical model
with a strain rate-dependent permeability function is developed to understand the contribution of fluid on the
strain-rate dependent indentation behavior. Comparison of the porohyperelastic models with constant,
strain-dependent and strain-rate-dependent permeability models indicates a statistically significant contribution of
rate-dependent fluid flow to the mechanical behavior, especially at high strain-rates. However magnitude of the
contribution of the rate-dependent fluid behavior was small. Therefore it is hypothesized that superficial collagen of
shoulder cartilage to have a higher contribution to its mechanical behavior. Mechanical properties extracted by
calibrating a newly developed indentation equation on the experimental results of sequential enzymatic degraded
proteoglycan and superficial collagen indicated that superficial collagen plays a more significant role than
proteoglycans in facilitating the strain-rate-dependent behavior of shoulder cartilage. Contrary to the results in
studies on knee cartilage, the superficial collagen is found to equally contribute to shoulder cartilage behaviour at
all strain-rates, thus affirming its significance in the mechanical behavior of shoulder cartilage. Based on the results
of the investigation, it has been concluded that, although fluid affects the tissue behavior at high strain-rates,
mechanical indentation behavior is dominated by the contribution of the superficial collagen. However, stain limiting
superficial layer in combination with rate-dependent fluid behavior can be attributed to protective mechanisms that
reduces excessive deformation of the cartilage at large strain-rates.
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Bio-inspired Scaffolds for Bone Grafting

Yucong Gu*, Arun Nair**

*University of Arkansas, **University of Arkansas

ABSTRACT

Ceramic implants are widely used in bone replacement and repairing the bone fracture. Every month, thousands of
people need to undergo a surgical procedure called bone grafting to place an implant in their bones. It is a very
complex surgical procedure, without a proper ceramic implant, it will pose significant health risks to the patient, or
fail to heal properly. A good ceramic implant needs to have high porosity and large pore size to allow new bone
cells to grow. However, a scaffold with higher porosity and larger pore size tends to reduce the mechanical
strength. Thus, it is important to find a structural design, which allow the implant to have a high porosity and large
pore size while retaining high strength. In this talk, computational models of bio-inspired scaffold are developed
along with other common scaffolds and are subject to different loading conditions. The different geometries are
tested under bending and compression loads to find the maximum stress and stress distribution. We predict the
material properties based on density functional theory calculations, the effect of porosity in the material properties
are modeled based on empirical relation by utilizing the density as the scaling factor. Our results show that the
bio-inspired scaffold has relatively low stress levels when compared to other common scaffold structures. We also
extend the study to test the bio-inspired scaffold with varying anionic and cationic substitutions occurring in the
bone at the nanoscale. This study will provide an insight into a better scaffold design from bio-inspired structures
and also the effect of substitutions on scaffolds.
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On the Interplay Between Macroscopic Localization and Void Coalescence
for Strain Rate Sensitive Materials
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*University Carlos III of Madrid, **University Carlos III of Madrid, ***University Carlos III of Madrid, ****Technion,
Israel Institute of Technology

ABSTRACT

Significant progresses have been made in the last decades on the understanding and modeling of the
micromechanics that govern the ductile fracture phenomena in porous metallic materials subjected to complex
stress states. Two modes of plastic flow localization commonly occur in the failure of ductile materials. The first is
the so-called “macroscopic localization” and occurs when the deformation becomes highly non-uniform and
localizes into a thin band. The second one is the so-called “coalescence” and occurs when nearby microscopic
voids interact and merge, leading to the formation of macroscopic cracks. The question addressed in the present
work is whether macroscopic localization occurs prior or after the void coalescence. For that purpose, we have
developed an original numerical methodology, based on 3D unitary-cell computations in ABAQUS/Standard, to
simulate the evolution of a spherical void subjected to complex stress states: predefined Triaxiality and Lode
parameters which remain fixed during loading. The key and original feature of our investigation, which is based on
a previous work of Teko?lu et al., (2014), is to consider the strain rate dependence on the flow behavior of the
material. We have identified that the viscosity of the material plays a crucial role on both localization modes.
Nevertheless, irrespective of the material properties considered, our numerical results have shown that
“macroscopic localization” occurs always earlier than “coalescence”. The implications and consequences of such
behavior will be exposed and discussed.
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A New Closed-form Method for the Inertia Force and Moment Calculation in
Reciprocating Piston Engine Design
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ABSTRACT

The piston crank mechanism is an important component of the reciprocating piston engine, and it is an inherent
vibration system. The calculation of the unbalance quantity is a critical procedure in the balancing mechanism
design, which is adopted to balance the inertia loading. The traditional method usually used Taylor series
expansion with crank-conrod ratio, then Fourier transform with the crank angle. The influence on the calculations
resulting from the high order terms was generally ignored in Taylor expansion. However, the high order terms of
Taylor expansion will also contribute to the low order terms in the Fourier series. This will induce poor precision in
the inertia loading calculation, especially in the high crank-conrod ratio engine. This paper proposes a new
closed-form method, which only adopts Fourier transformation. The coefficients of the Fourier transformation terms
contain the contributions of all order terms of the crank-conrod ratio. Therefore, we name it as a closed-form
method. Compared with the traditional method, the closed-form method could improve the numerical accuracy of
the secondary reciprocating inertia force by 1.5% ~ 4%, when the crank-conrod ratio varies from 0.25 to 0.4. Using
this new closed-form method to design a balancing mechanism, the primary and secondary reciprocating inertia
forces can be completely balanced. For the engine, which the primary and secondary inertia forces are balanced,
the ratio of the residual inertia force to the total force with the traditional method is 1.5%, while the ratio decreases
to 0.5% with the closed-form method. The closed-form method is independent of the engine
configurations?including centric engines and eccentric engine, single and multi-cylinder engines. This paper gives
the applications in some cases as well.
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Modeling of Ship-Wave Interaction Using Isogeometric Analysis Method
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ABSTRACT

The purpose of this study is to develop a numerical method that can solve the fluid-structure interaction (FSI) for
near coastal ship behavior. The general structural response of ships is described by Mindlin plate theory and wave
behavior is modeled by the shallow water equation. We propose the unified spatial discretization by using the
Isogeometric analysis method (IGA) for both structure and fluid. The ship structure IGA method is the standard
approach follows Galerkin weak form. And the IGA method for solving shallow water equation is using strong form
collocation method with special discretization procedure. First, we place the collocation points at the maximum of
each shape function on the parent domain to avoid the local rank deficiency. Then we introduce the
non-conservative form of shallow water with flux splitting algorithm. A quasi-upwind scheme is developed to
maintain the stability and regain the high order accuracy of NURBS shape functions. The proposed method is also
proofed to have TVD characteristics by numerical experiment. The developed algorithm is applied to the standard
sub-critical, hyper-critical flow for verification purposes. The IGA method shows robust behavior and high accuracy
in those tests. Then, we test the numerical tank with ship structure floating and observe the ship motion and stress
distribution.
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Novel Fatigue S-N Models for Steel Reinforcing Bars with Pitting Corrosion
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ABSTRACT

Abstract: Fatigue resistance of corroded steel reinforcing bars plays an important role in the safety of reinforced
concrete bridges subjected to fatigue load and corrosive environment. This paper is concerned with modelling and
estimating uncertainties in fatigue life of corroded steel reinforcing bars under constant amplitude loading. Novel
S-N model formats incorporating the effect of corrosion degree ? (?-S-N models) are proposed based on linear
elastic fracture mechanics. The proposed ?-S-N models consider the corrosion effect on fatigue life of steel
reinforcing bar in a rational background of fatigue crack propagation. The performances of the proposed ?-S-N
models are compared with the existing models in the literatures by Akaike Information Criterion (AIC), Bayesian
Information Criterion (BIC), and Bayes factors. In addition, the applicability and selection of different models are
discussed.
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ABSTRACT

Numerical models can help to push forward the knowledge about complex dynamic physical systems. Turbidity
currents are a kind of particle-laden flows that are a very complex natural phenomenon. Simply, they are turbulent
driven flows generated between fluids with small density differences carrying particles. They also are one
mechanism responsible for the deposition of sediments on the seabed. A detailed understanding of this
phenomenon may offer new insight to help geologists to understand reservoir formation, a strategic knowledge in
oil exploration. We present a finite element residual-based variational multiscale formulation applied to the
numerical simulation of particle-laden flows in a Eulerian-Eulerian framework. Thus, the mathematical model results
from the incompressible Navier-Stokes equation combined with an advection-diffusion transport equation. When
sediment concentrations are high enough, empirical rheological relations close the model, describing how sediment
concentrations influence the mixture viscosity. The central issue addressed here is to investigate, by computational
simulations, the effects on the flow dynamics of one representative empirical rheological model. Two numerical
setups, inspired by complex laboratory tests, are used for the analysis. The first is a tank with a lock-exchange
configuration and the second employs a channel with a sustained current. Our findings suggest how turbulent
structures and sediment deposition are affected by this empirical rheological law.
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ABSTRACT

Goal-oriented error estimation is used when we are interested in a specific quantity of interest (QoI), say a linear
functional of the solution of some partial differential equation, the so-called primal problem. Introducing its adjoint
problem, with the QoI as right-hand side, the error in the QoI can be represented through the error of both the
primal and the adjoint solutions. In practice, since these errors are unknown, a computable a posteriori
goal-oriented error estimate can be obtained using for instance the solutions on a finer mesh. To be useful for
adaptive strategies, the error estimate needs to be broken into local contributions and this decomposition is not
unique. Even though the various error representations yield the same result globally, i.e. when summing all the
local contributions, the local error indicators vary from one representation to another. Therefore, adaptive
algorithms will perform differently depending upon the selected representation. The goal of this presentation is first
to introduce different local error indicators for an abstract problem and then to compare their performance, when
used in adaptive mesh refinement, through several numerical examples.
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Stochastic Modeling and Sampling of Anisotropic Stored Energy Functions
on Complex Geometries

Johann Guilleminot*, Brian Staber**

*Duke University, **Universite Paris-Est

ABSTRACT

This talk is concerned with the construction and efficient sampling of stochastic models for spatially dependent
anisotropic stored energy functions. An information-theoretic formulation is first proposed to account for theoretical
constraints related, for instance, to the mathematical analysis of the nonlinear stochastic boundary value problem.
A sampling algorithm is subsequently constructed and relies on solving a set of stochastic partial differential
equations. These equations depend explicitly on key geometrical features inherited from the manifolds defining the
boundaries of the domain. Various applications on vascular tissues are finally presented to assess the relevance of
the stochastic computational framework.
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ABSTRACT

The design of composite structures in different engineering sectors requires the understanding of the different
failure mechanisms that usually take plane in long fibre reinforced composites (LFRCs). Specifically, inter-fibre
(matrix) failure is one of the principal failure mechanisms of such materials at the micromechanical level. The
initiation of this physical phenomenon is generally located at the fiber-matrix interface and subsequently migrates
into the matrix region. The coalescence of these fracture events is responsible for macroscopic failure, which
generally provokes the reduction of the stiffness properties at the structural level. In this contribution, we investigate
the onset and propagation of fibre-matrix decohesion and subsequent migration into the matrix by means of the
novel numerical framework combining the Phase Field approach of fracture, for the bulk failure, and the Cohesive
Zone model, for the fibre-matrix interface failure, as proposed in [1]. One of the central aspects of the current
methodology regards its easy integration into any FE code suing a fully-implicit solution scheme. The obtained
numerical predictions prove the robustness and versatility of the proposed numerical method, which allows the
accurate prediction of fracture events from different signature in heterogeneous media to be performed. These
results show an excellent accuracy with respect to experimental observations. Finally, these current simulations can
be seen as a point of departure to construct a multiscale numerical framework within the context of the phase field
approach of fracture for fibrous heterogeneous materials. References [1] Paggi, M., &amp;amp; Reinoso, J. (2017).
Revisiting the problem of a crack impinging on an interface: a modeling framework for the interaction between the
phase field approach for brittle fracture and the interface cohesive zone model. Computer Methods in Applied
Mechanics and Engineering, 321, 145-172.
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ABSTRACT

Non-Intrusive Coupling Techniques (NICT) open the field to a variety of new analysis capabilities (non-intrusive
domain decomposition [1], 2D-1D/3D coupling [2], determinist/stochastic analysis). In particular, NICT may meet the
challenges of industrial multi-scale analysis of large aero-structures: it allows investigating local structural
non-linearities, while avoiding any human intervention on existing global models. This is a significant step beyond
when compared to existing numerical technologies, which may already afford the coupling of different structural
models (sub-modeling), but remain penalizing in terms of operability; or which are valid only within limited domains
where local non-linearities do not affect the global behavior significantly. Significant industrialization efforts and
dissemination towards AIRBUS stress analysis community will be reported here: implementation of NICT as a
global to local, implicit to implicit coupling engine into ABAQUS was managed, relying on co-simulation and adapted
meshing strategy. Specific needs of civil aircraft structural engineering have been addressed: global shell to local
solid modeling, linear orthotropic elasticity at global scale to damage and failure of composite materials at local
scale. Attention was paid to consider models actually representative of day-to-day stress analysis exercises, which
involve geometrical complexity, large number of dofs, mixture of element types (shell, connectors &amp;amp;amp;
solid), assembly of parts through imposed kinematical constraints. Critical sources of local non-linearity have been
considered in local models: contact, damage and failure of composites, captured through adapted solid meshes
(discretization at meso-constituents scale, plies &amp;amp;amp; interfaces) and relevant constitutive models. The
advent of NICT capabilities into FEM industrial software lays the path to future evolution of industrial design
&amp;amp;amp; certification processes. State-of-the-art series of models, from global rough representations to
local critical details, are usually processed through top-down analysis paths, with restrained capability of bottom-up
updates: outcomes from detail simulations are not leveraged properly at global level. Both local and global models
could now be processed jointly, bridging different levels of abstraction together, and enabling real-time forwards and
backwards analysis. Such intended &amp;amp;quot;multi-level structural analysis process&amp;amp;quot; will be
exemplified by re-exploring design &amp;amp;amp; sizing exercises practiced on representative areo-structures. [1]
&amp;amp;quot;Non-intrusive Coupling: Recent Advances and Scalable Nonlinear Domain
Decomposition&amp;amp;quot;, M. Duval, J.-C. Passieux, M. Salaün and S. Guinard, Archives of Computational
Methods in Engineering, 23(1):17-38, 2016 [2] &amp;amp;quot;On the computation of plate assemblies using
realistic {3D} joint model: a non-intrusive approach&amp;amp;quot;, G. Guguin, O. Allix, P. Gosselet and S.
Guinard, Advanced Modeling and Simulation in Engineering Sciences, 3(16), 2016
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ABSTRACT

Fluid structure interactions with complex geometries are simulated using a finite element formulation coupled with
several numerical techniques to ensure stability and accuracy. First, an edge based error estimator for anisotropic
mesh adaptation is used to detect automatically all flow features and boundary layers. A Variational MultiScale
stabilized finite element method is employed to solve the Navier-Stokes equations. Finally, an immersed volume
method is proposed to deal with fluid-structure interactions. This paper is meant to show that the combination of
anisotropic meshing with stabilized finite element methods provides an adequate framework for solving turbulent
flows past immersed complex geometries at high Reynolds numbers. Several 3D challenging test cases and
comparisons are proposed, such as flow past an airship, a drone and a flying car.
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ABSTRACT

The ability to conduct simulations for air-blasts and their subsequent interaction with structures is vital in the study
of a range of security and safety concerns. For significant stand-offs between the blast and the structure, a range of
analytic/simplified simulation techniques can provide suitable results, e.g. conwep [1] for simple geometries.
However, for blasts which originate close to the structure or with complex geometries, the interaction of the
explosive products, air shock, structure geometry, and material failure necessitate the use of more complex
computational frameworks. Zapotec [2], an Euler-Lagrange code which couples the hydrocode CTH with the
structural transient-dynamics finite element code Sierra/SM, provides such a framework. This presentation includes
a short overview of the Zapotec code methodology, and then compares Zapotec simulations to two simple test
series which investigate structural response to explosive detonations with small standoffs where analytic/simplified
simulation techniques can fail. The Zapotec simulations compare well to the experimental results in both cases,
giving confidence in the use of Zapotec for near-structure air-blast scenarios. The presentation concludes with a
demonstration simulation of explosive blast on a large-scale structure. 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. Sandia document reference number: SAND2017-13775 A.
[1] Hyde DW. (1988). User’s Guide for Microcomputer Programs CONWEP and FUNPRO. US Army Corps of
Engineers. Report AD-A195 867. [2] Bessette G, et. al. Zapotec: A Coupled Eulerian-Lagrangian Computer Code,
Methodology and User Manual, Version 3.0. Sandia National Laboratories. Report SAND2016-11223.
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Analytical Solution of Torsional Vibration of Uniform Circular Shaft with
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Engineering University

ABSTRACT

In the existing literature, many methods have been proposed to obtain the natural frequencies and modes of the
vibration of uniform circular shaft with multiple concentrated elements. The torsional vibration problem was solved
by using the Holzer method decades years ago.This problem was tackled by transfer matrix method and the finite
element method after the rapid development of computer technology. The methods mentioned above are
approximate solutions, their results are not accurate. Until 1975 (and 1979), Gorman (and Blevins) presented a new
method to obtain the exact expressions of the natural frequencies and mode shapes of a uniform shaft carrying a
single rotary inertia or torsional spring. In 1988, Rao gave the exact expressions for the torsional frequencies and
mode shapes of the generally constrained shafts and piping with two disks. Ref. studied the torsional vibration
problem of beam containing lumped elements under cantilever boundary conditions and fixed boundary conditions.
As for the exact solutions of the torsional vibration of uniform shafts carrying multiple concentrated, the information
concerned is rare. Only Chen presented an exact solution for free torsional vibration of a uniform circular shaft
carrying multiple concentrated elements adopting the numerical assembly method, but it is still a approximate
approach. In this paper, A new analytical method (AM) was used to perform the torsional vibration analysis of a
uniform circular shaft carrying multiple concentrated elements (rotary inertias) with arbitrary magnitudes and
locations. Three boundary conditions were studied: free–free, clamped–free and clamped–clamped. Several
general rules were obtained, and the cause of the explanation was given. And it has been found that the agreement
between the present results and the lumped mass method (LMM) results is good. Compared with existing method,
the presented AM may be one of the simplest tools for studying the title problem.
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ABSTRACT

Abstract: In modern aeroengine, the aviation regulatory agency require that all commercial turbine jet engine must
include a strong blade containment system. This containment system usually consists of a thin metal casing
designed to safely contain debris in the event of engine blade fragmentation. Inconel 718 nickel base superalloy is
widely used in the manufacture of aeroengine casing. In the present study, to obtain real Johnson-Cook constitutive
model and failure criteria parameters, a series of uniaxial compression and tensile tests of this material over a wide
range of strain rate and temperature are carried out firstly. Then, with the help of Abaqus commercial software, the
ball projectile and the Inconel 718 Plate are optimized for reasonable Hypermesh design, and then the parameters
of Johnson-Cook constitutive model and failure criteria from experiments are employed to simulate different
penetration conditions. To analyze and valuate the simulation accuracy and calculation methodology, a lot of the
ballistic impact tests on Inconel718 target plates are also conducted. Moreover, the deformation and damage of the
impact samples are Macro and micro analyzed by optical microscope and SEM. The numerical results of different
simulation conditions (i.e. failure criteria, mesh qualities and boundary conditions) are compared with test results on
ballistic impact. An ideal and higher precision results are obtained by elaborating adjustment for simulation process.
Based on these results, it can conclude that, the combination of ductile fracture criterion and shear fracture criterion
is better than the single Johnson-Cook failure criterion to obtain better simulation results; the fine mesh size
(0.35mm) can better reflect the failure mode around the penetration hole than the coarse ones, and completely
fixed boundary has a better performance than which partial fixed on predicting the overall deformation. Keywords:
Penetration, Constitutive model, Failure criteria, Mesh quality, Simulation Reference [1] Silva M A G, Cisma?iu C,
Chiorean C G. Numerical simulation of ballistic impact on composite laminates[J]. International Journal of Impact
Engineering, 2005, 31(3):289-306. [2] Wang Y, Chen X, Young R, et al. Finite element simulation of ballistic impact
on woven fabric assemblies[J]. Finite Element Analysis, 2010.
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Moving Morphable Component (MMC)-based Explicit Topology
Optimization-some New Developments

Xu Guo*, Weisheng Zhang**

*Dalian University of Technology, **Dalian University of Technology

ABSTRACT

Moving Morphable Components (MMC) method, which does topology optimization in an explicit and geometrical
way, is a new computational framework for structural topology optimization. Unlike traditional solution frameworks,
where topology optimization is achieved by eliminating unnecessary materials from the design domain or evolving
the structural boundaries, a set of morphable components are used as building blocks of topology optimization in
the MMC framework and optimal structural topology is obtained by optimizing the shapes, lengths, thicknesses,
orientations and layout (connectivity) of morphable structural components. The advantages of the method are that
1) it can integrate the size, shape, and topology optimization in CAD modeling systems seamlessly. 2) The method
can combine both the advantages of explicit and implicit geometry descriptions for topology optimization. 3) It also
has the great potential to reduce the computational burden associated with topology optimization. The proposed
work introduces some new developments of the MMC-based method, including solving large-scale
three-dimensional topology optimization problem efficiently, additive manufacturing oriented design (self-supporting
structure design, minimum length scale control and graded lattice structure design), topology optimization with
multiple materials, explicit control of structural complexity, kirigami pattern design of complex 3D structure and so
on. Some representative examples are presented to illustrate the effectiveness of the proposed method.
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ABSTRACT

Moving Morphable Components (MMC) method, which does topology optimization in an explicit and geometrical
way, is a new computational framework for structural topology optimization. Unlike traditional solution frameworks,
where topology optimization is achieved by eliminating unnecessary materials from the design domain or evolving
the structural boundaries, a set of morphable components are used as building blocks of topology optimization in
the MMC framework and optimal structural topology is obtained by optimizing the shapes, lengths, thicknesses,
orientations and layout (connectivity) of morphable structural components. The advantages of the method are that
1) it can integrate the size, shape, and topology optimization in CAD modeling systems seamlessly. 2) The method
can combine both the advantages of explicit and implicit geometry descriptions for topology optimization. 3) It also
has the great potential to reduce the computational burden associated with topology optimization. The proposed
work introduces some new developments of the MMC-based method, including solving large-scale
three-dimensional topology optimization problem efficiently, additive manufacturing oriented design (self-supporting
structure design, minimum length scale control and graded lattice structure design), topology optimization with
multiple materials, explicit control of structural complexity, kirigami pattern design of complex 3D structure and so
on. Some representative examples are presented to illustrate the effectiveness of the proposed method.
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Discrete Element Modeling of Flexible Fiber Flow and Heat Transfer in a
Rotating Drum

Yu Guo*, Fan Yang**, Hanhui Jin***

*Department of Engineering Mechanics, Zhejiang University, Hangzhou, China, **Department of Engineering
Mechanics, Zhejiang University, Hangzhou, China, ***Department of Engineering Mechanics, Zhejiang University,

Hangzhou, China

ABSTRACT

Rotating drums have been frequently used to dry granular materials. The rotation of horizontally-arranged
cylindrical drum about its major axis drives the materials inside it to flow and mix, facilitating the contacts and heat
transfer between particles and drum wall surface. A flexible fiber model incorporated with heat transfer models has
been developed for the studies of flow and heat transfer of flexible fibers in a rotating drum, which are much less
understood than those of rigid spheres. In the simulations of rotating drum with flexible fibers, we look at contact
number per fiber (coordination number), fiber movement trajectory, velocity distribution, temperature distribution,
and heat transfer rate. The effects of some important fiber properties, such as fiber bending elastic modulus, fiber
aspect ratio, fiber-fiber friction coefficient, and fiber-drum friction coefficient, on the fiber flow and heat transfer are
explored. The knowledge obtained from the computational simulation studies is expected to guide the design and
optimization of a rotating drum device for drying the flexible fibrous materials, such as textile and biomass
materials.
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ABSTRACT

A steel-concrete composite waffle floor system (SCCWFS) that consists of orthogonal steel beams and a flat RC
slab has potential applications in long-span building floors because of its large loading capacity, low depth-to-span
ratio, and excellent ductility, as demonstrated by a previous experimental program. According to the test results, the
spatial composite effect between the orthogonal steel beams and concrete slab significantly influences the
performance of the SCCWFS. However, the complexity of the spatial composite effect in the SCCWFS makes it
much more difficult to determine the rigidity and the internal force distribution in a routine design practice than the
one-way steel-concrete composite floor or the RC waffle slab. To address this problem, a parameterized grillage
model is developed in which intrinsic factors are defined to describe the critical properties of the deformation
pattern, the reaction force and moment distribution of the SCCWFS; relation factors are defined to relate these
properties of the SCCWFS to that of its corresponding steel grillage. Based on the parameterized grillage model,
parametric analyses are conducted using a beam-shell mixed finite-element (FE) model and the influence of
various parameters on intrinsic and relation factors is investigated, in which the beam height, slab thickness,
length-to-width ratio, and so on are shown to be of importance. Based on the batching modelling technique
developed in this paper, the data of a total of 5190 numerical models associated with seven parameters covering
almost all the practical cases are then obtained. A step-shaving method is then proposed to derive formulas, which
is based on the method of analysis of regression and could act as a powerful tool to deal with models that are
influenced by multiple variables and the analytical form could not be directly obtained. Based on the parameterized
grillage model and the step-shaving method, computational formulas to predict the vertical displacements, reaction
force and moment distribution of the SCCWFS are derived and verified. Finally, design procedures,
recommendations and simplified forms of the formulas are proposed, in which the formulas are proved to have an
error of approximately 10%.
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ABSTRACT

ABSTRACT Following a series of recent innovations, isogeometric analysis for trimmed thin shell surfaces is
currently developing into an accurate, efficient and mature design-through-analysis methodology. Based on a
series of recent publications on the topic, we identify four key components for establishing a successful
isogeometric methodology for trimmed shell analysis: (1) an efficient and accurate isogeometric shell technology,
(2) methods to enforce boundary and coupling conditions at non-matching trimming curves, (3) quadrature methods
for the integration of stiffness and residual forms in trimmed elements and along surface-to-surface intersection
curves, (4) and the ability to query accurate geometric information related to trimmed surfaces and
surface-to-surface intersection curves from CAD data structures. The first three components have profited from
significant progress in both isogeometric and embedded domain finite element methods in recent years. The fourth
component, the interaction of trimmed shell analysis with CAD data structures, is essential for demonstrating the
competitiveness for complex real-world trimmed objects. This work contributes to this emerging technology with
respect to the following aspects. On the analysis side, we present a robust variationally consistent Nitsche-type
formulation for thin shells at large deformations that weakly enforces coupling constraints at trimming curves. On
the geometry side, we present a set of algorithms that enable automatic interaction of trimmed shell analysis with
CAD data structures based on the STEP exchange format. We integrate these methodologies in a comprehensive
framework for isogeometric trimmed shell analysis. We demonstrate that our framework is able to seamlessly
perform large-deformation stress analysis of an industry-scale 76-patch surface model of a Dodge RAM hood, while
delivering comparable accuracy with respect to Simulia’s commercial software package Abaqus. REFERENCES [1]
Y. Guo, M. Ruess, D. Schillinger, “A parameter-free variational coupling approach for trimmed isogeometric thin
shells”, Comp. Mech., Vol. 59, pp. 693-715, (2017). [2] Y. Guo, M. Ruess, “Nitsche’s Method for a Coupling of
Isogeometric Thin Shells and Blended Shell Structures”, Comput. Meth. Appl. Mech. Engrg., Vol. 284, pp. 881-905,
(2014). [3] M. Ruess, D. Schillinger, A.I. Özcan, E. Rank, “Weak coupling for isogeometric analysis of non-matching
and trimmed multi-patch geometries”, Comput. Meth. Appl. Mech. Engrg., Vol. 269, pp. 46–71, (2014).
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ABSTRACT

Biological cell membranes consist of many organized phospholipid molecules. Rupture, i.e. the forceful opening of
large area pores, in these membranes is a common form of cell damage, and irreversible rupture has been
implicated in disease, e.g. muscular dystrophy. Understanding and perhaps controlling membrane pore formation
would be promising not only in disease treatment and prevention, but also in applications such as gene therapy and
drug delivery. Previously, only circular pores were known to form in biological membranes. However, recent
experimental study of model bi-layer lipid membranes spreading on solid supports has led to the discovery of two
new rupture modes: fractal and floral [1]. These modes share at least a qualitative similarity to the interaction of
immiscible fluids in porous media (e.g., viscous fingering and invasion percolation). What is poorly understood are
the reasons a membrane might prefer to form one type of fracture pattern rather than another. It is hypothesized
that heterogeneous mechanical pinning (i.e., adhesion) between lipid bilayers governs this preference.
Unfortunately, the very small fluid volume entrapped between the layers, as well as the difficulty in controlling the
number of pinning sites, poses limits on the experimental investigation of rupturing. To investigate these different
rupture morphologies, we developed a numerical model based on cellular automation (CA). A cellular automation
consists of a grid of that are assigned a specific state (e.g., a 0 or 1). These states evolve through the application of
a few very simple rules. Despite their simplicity, CA are able to capture a range of complex behavior, even emergent
behavior, in the areas of growth, aggregation, segregation, and percolation [2]. While CA have been of particular
interest to, for example, the geological science and spatial simulation communities, its application to lipid rupture
mechanics is novel. Our new CA incorporates rules from both standard percolation models and particle-based
fracture methods. We demonstrate the CA via simulations of circular, floral, and fractal morphologies and show how
these can be obtained through simple alterations of pinning density and behavior. REFERENCES [1] Gözen, I. et al.
Fractal avalanche ruptures in biological membranes. Nature Materials 9, 908-912 (2010). [2] O&amp;apos;Sullivan,
D. and Perry, G.L.W., Spatial Simulation: Exploring Pattern and Process, Wiley-Blackwell, 2013.
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ABSTRACT

Multi-material assemblies hold the key to achieve light weighting, enhanced performance, and functionality in
automobiles, aircraft, and other manufacturing applications. The desired product performance is achieved by
collectively utilizing the favorable properties of different materials. Joining of such materials using conventional
welding techniques, however, poses a significant challenge owing to the large differences in the physical properties
of the constituent components. In dissimilar metallic systems such as Steel-Aluminum or Magnesium-Steel, the
traditional fusion based welding processes can lead to undesirable large and continuous intermetallic phases, due
to difference in melting points of the two metal alloys being welded. Solid-state joining techniques like friction stir
welding and high velocity impact welding provide a viable approach to join such dissimilar materials. The process of
determining optimal welding process parameters that lead to a robust solid-state joint using a purely experimental
approach is time-consuming and expensive. Computational tools play a key role in developing a predictive
understanding of the resultant joint properties. We present an integrated finite element method based
computational approach with experimental support to quantitatively describe process-structure-property
relationships for solid-state joints. Such a scientific framework can help accelerate the development and
deployment of these solid-state joining techniques for manufacturing applications.
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ABSTRACT

This work is aimed to review major challenges associated with probabilistic assessment of structural integrity
specifically for aircraft applications and suggest most promising ways for their mitigation. The review and
corresponding analysis are based on publically available sources and experience covering a broad range of aircraft
and rotorcraft primary load-bearing structures in uncertain conditions. Challenges of both fundamental general
solutions and practical engineering implementations are considered and prioritized. Also, challenges of different
natures, such as computational (e.g., numerical efficiency), physical (e.g., methodologies to predict random
damage), and practical (e.g., limited statistical information on input data) are discussed and listed. Among
down-selected major challenges are issues associated with a) assessment of structural integrity with very low
probabilities of failure; b) efficient modeling of random load, usage and environmental conditions; c) stochastic
fatigue modeling of aircraft structures; d) impact/ballistic modeling of aircraft structures as random phenomena; e)
multi-scale methods developed specifically for probabilistic assessment; f) integration of probabilistic modeling with
statistical input characterization; g) simplified "engineering" methods of probabilistic analysis and assessment; and
so on. For the down-selected challenges, potential solutions critically assessed for either direct implementation or
additional enhancement or as an opportunity for future consideration. Finally, major observations and conclusions
are summarized in form of practical recommendations.
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ABSTRACT

Today there is a strong development of wind power in northern Sweden, where risk for icing conditions is present.
Icing of the blades leads to changing load conditions, production loss and risk of overloading the machine
components. When the ice loose from the blades, the ice throw can lead to both physical damage and personal
injury. Uncertainties around these issues threaten the planned expansion in the northernmost regions. Prediction of
loads and production losses are of great importance for the durability and economy of wind power plants [1]. A
thrust worthy numerical model of ice loads on wind turbines will be a valuable tool for minimizing the costs due to
damage and production losses caused by icing. This work presents a numerical model for simulating ice accretion
on a wind turbine blade in lab-scale. It is a multi-physic model with interaction of three phases: the air, the water
droplets and the wind turbine blade. The air flow is modelled with incompressible fluid dynamics (ICFD), the water
droplets in the air is modelled with the discrete element method (DEM) and the wind turbine blade is modelled with
the finite element method (FEM). A two way coupling is used for the interaction between the air and the water
droplets and between the air and the wind turbine blade. A freezing condition controls the ice accretion when the
water droplets hits the wing profile. The simulation is compared with a lab-scale experiment of ice accretion of a
wind turbine profile in a wind tunnel found in literature [2]. The experiment is well documented with well defined
parameters such as: temperature, wind velocity, water content in the air, size of the water droplets, wing profile and
angle of attack. Two simulations were done for two different angles of attack and validated by comparing ice
profiles on the blades numerically and experimentally for the two cases. Similar ice profiles were found numerically
and experimentally. [1] IEA Wind Recommended Practice 13: Wind Energy in Cold Climates, 2012. [2] C. Hochart
et. al., “Wind Turbine Performance under Icing Conditions”, Wind Energy, 11, 319-333 (2008)
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ABSTRACT

The parameters that characterize reduced 1D models of the cardiovascular system (CVS) feature variability both
between patients and within a single individual, depending on physiological conditions. Characterizing this variability
via uncertainty quantification (UQ) studies on the CVS entails two major challenges: (i) the computational resources
required by full 3D models may not be easily accessible by users (e.g., hospitals) due to practical limitations, privacy
concerns, or time constraints; (ii) Reduced 1D models may be inaccurate in capturing anomalies of the physiology
in the presence of cardiovascular pathologies like stenoses or aneurysms. This introduces additional (epistemic)
uncertainty that should also be characterized. The objectives of this study are (I) to design UQ solvers tailored to the
CVS that promote parallelism and scalability, and (II) to enhance the accuracy of 1D reduced models without
incurring computational cost. The Domain Decomposition Uncertainty Quantification (DDUQ) approach [1] performs
UQ at the subsystem level, and propagates uncertainty information encoded as polynomial chaos coefficients via
overlapping DD techniques, allowing for a reduction of the computational time. The local cross-sectional dynamics
discarded by 1D models can be retrieved via educated reduced models such as the Transversally Enriched Pipe
Element Method (TEPEM) [2], or HiMod methods [3]. The main stream dynamics and the transverse components
are solved by the Finite Element Method (FEM) and by Spectral Methods, respectively, to guarantee high accuracy
at low computational cost. Preliminary results show that (i) The computational cost of UQ in the CVS can be
drastically reduced by promoting the independence of the subsystems and avoiding full-system simulations; (ii) The
solver is scalable; (iii) Educated reduced models improve the accuracy of any 1D solver, at approximately the same
computational cost. Acknowledgements CNPq, FAPERJ, NSF grant DMS 1419060. 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&amp;amp;amp;apos;s National Nuclear Security Administration under contract DE-NA-0003525.
References 1. K. Carlberg, M. Khalil, K. Sargsyan, and S. Guzzetti. Uncertainty propagation in large-scale networks
via Domain Decomposition. In preparation, 2017. 2. L. Mansilla Alvarez, P. Blanco, C. Bulant, E. Dari, A. Veneziani,
and R. Feijóo. Transversally enriched pipe element method (TEPEM): An effective numerical approach for blood
flow modeling. IJNMBE, 33(4), 2017. 3. Guzzetti S, Perotto S, Veneziani A. Hierarchical Model Reduction for
Incompressible Fluids in Pipes. IJNME. 2017.
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A Stabilized Cut Discontinuous Galerkin Framework (cutDG): I. Boundary
Value and Interface Problems
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ABSTRACT

ABSTRACT We develop both theoretically and implementationwise a novel cut Discontinuous Galerkin framework
(cutDG) by combining stabilization techniques from the cut finite element method [1] with the interior penalty
discontinuous Galerkin methods (DG) for elliptic [2] and hyperbolic problems [3]. The domain of interest is
embedded into a background mesh and can cut through it in an arbitrary fashion. The discrete discontinuous
Galerkin related bilinear forms are only integrated those parts of the mesh entities which are inside the physical
domain of interest. In contrast to the classical cell-merging/agglomeration approach, we augment the discrete
bilinear forms by properly designed stabilization to guarantee optimal convergence and condition number estimates
independent of the particular cut situation. We show that the stabilization terms have to satisfy only a few abstract
assumptions and we discuss possible realizations. The theoretical properties are illustrated by a number of
numerical experiments including convergence and condition number tests for elliptic boundary and interface
problems as well as pure advection-reaction problems. REFERENCES [1] E. Burman, S. Claus, P. Hansbo, M. G.
Larson, and A. Massing. CutFEM: discretizing geometry and partial differential equations. Internat. J. Numer. Meth.
Engrg., 104(7):472- 501, November 2015. [2] D.N. Arnold. An interior penalty finite element method with
discontinuous elements. SIAM J. Num. Anal. , 19(4):742-760, 1982. [3] F. Brezzi, L. D. Marini, and E. Süli, Math.
Models Methods Appl. Sci. 14(12):1893-1903, 2004.
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ABSTRACT

Due to the non-interpolatory behavior of spline basis functions, treatment of non-homogeneous essential boundary
conditions in isogeometric analysis (IGA) is non-trivial. Several techniques including weak imposition via variational
methods, or strong imposition via fitting algorithms have been proposed e.g. [1,2]. However, since splines are
inherently poor in capturing rapidly varying functions, these methods result in significant error for non-smooth or
discontinuous boundary conditions. In this paper, we propose a new method for the imposition of
non-homogeneous essential boundary conditions in IGA by the introduction of an extension of NURBS
representation. The proposed generalization is obtained by decoupling the weights associated with the control
points, along both physical and parametric coordinates. This brings the possibility of treating the out-of-plane
weights of boundary control points in the appropriate parametric direction as extra design variables to better
approximate the boundary condition, while maintaining the underlying geometry and its parameterization intact. A
global approximation technique is then introduced by setting up a nonlinear least square optimization problem
whose design variables are the out-of-plane coordinates and weights of boundary control points. Subsequently, the
optimization problem is solved by employing the Levenberg-Marquardt algorithm, and the obtained optimal results
are imposed strongly on the problem. As the numerical results demonstrate, this procedure dramatically improves
the accuracy of imposition of essential boundary conditions. In particular, unlike the existing NURBS-based
methods, the proposed algorithm is able to capture sharp variations and discontinuities in the boundary conditions
close to machine precision even with a coarse discretization, and without increasing the multiplicity of knots,
thereby maintaining higher order continuity of the solution over the whole computational domain. Several numerical
examples are presented to demonstrate substantial superiority of the suggested approach compared to existing
methods. [1] Wang D, Xuan J. An improved NURBS-based isogeometric analysis with enhanced treatment of
essential boundary conditions. Comput Methods Appl Mech Eng 2010; 199:2425–36. [2] Chen T, Mo R, Gong ZW.
Imposing Essential Boundary Conditions in Isogeometric Analysis with Nitsche’s Method. Appl Mech Mater 2011;
121–126:2779–83.
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ABSTRACT

In many contact application involving high pressure like the case of integrated bearing track for aeronautical
applications, surface hardening are necessary to ensure wear resistance. Chemical treatment such as nitriding and
carburizing are often chosen and performed. The hardening depth can reach 700µm and need grinding,
tribo-finishing or other manufacturing processes to give the engineering surface the good surface states in relation
with the finale application. In this paper, a FEM simulation of a combined turning burnishing (CoTuB) process is
proposed in order to explain how and why, when rough turning and ball burnishing processes proceed
simultaneously they can lead to a very high hardening level and a hardening depth two or three times higher than
those obtained after nitriding or carburizing. Three-dimensional simulations of the turning process by an improved
thermo-mechanical moving loading, and simultaneously the burnishing simulation by a rigid ball, allowed having a
great idea of the heating and cooling history of elementary volumes on the surface and beneath it, related to the
several revolutions. These information combined with the mechanicals actions imposed by the ball, can explain
how the strain hardening occurs in those special thermodynamics conditions. They can also explain the physical
mechanisms that are activated and why the hardening depth is increased after each revolution depending on the
temperature dependence of the material behavior, the recovering rate of the ball and the process parameters.
Residual stress state can also be determined by the propose FEM multiphysics simulations. They allow
understanding how from a revolution to another, tensile residual stress, very close to the extreme surface, induced
by turning process became progressively compressive when the ball burnishing proceeds. The final simulated
residual stress profiles beneath the surface are then compared to those obtained by experimentations. Results are
very surprising and very interesting. Till now, induced phenomena are well known for turning process and ball
burnishing process when they are used separately. Surface integrity of the engineering surface in terms of
hardening level and depth, residual stress, and so on, is very improve when those two well-known processes act
together and simultaneously. This combination has surely a great future for very high accurate surface engineering
applications with an increased lifetime of security mechanical parts among others.
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ABSTRACT

With the development and the generalization of digital image correlation (DIC) and digital volume correlation (DVC)
techniques, the volume of data acquired has drastically increased. This raises new challenges, such as data
storage, data mining or the development of relevant experiments-simulations dialog methods such as model
validation and model calibration. Data pruning of the experimental results is a relevant solution, focusing on
meaningful data while saving time and storage. We developed an objective method to reduce drastically the
amount of data thanks to model reduction techniques. From experimental snapshots, containing the values of a
given field (displacement, strain...) in all the sample at all time steps, and image correlation error maps, we can
extract reduced basis and coordinates of the full experiment. These basis are used to build an experimental
Reduced Domain (RD) where the data is actually needed or relevant with a modified hyper-reduction method. This
RD can be completed with a chosen Zone Of Interest (ZOI), enabling to decide to keep the data where it seems
worthwhile. The RID can only be 10% or 25% of the complete sample. Then, in order to simplify data exploitation
and storage, we can only focus on the RD and the projection of the reduced basis on this new geometry, reducing
drastically the amount of data stored. Moreover, keeping only the pruned experimental data still enables model
calibration. They can be directly imposed as Dirichlet boundary conditions, with the use of an hybrid
FEM/hyper-reduction method. The hybrid method calculations are 10 to 70 times quicker than full field FEM
calculations. The method is applied for a model validation and calibration of a polyurethane resin-bonded sand
sample studied in in situ X-Ray CT. The experimental RD was determined thanks to computed displacement field
and and its uncertainty. Two elastoplastic constitutive models of gradual complexity were assessed. The procedure
showed that the simpler approach failed to model correctly the complex behavior of the bonded sand and motivated
the development of more sophisticated constitutive equations. This new model was successfully validated and
calibrated.
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ABSTRACT

Abstract: With the development in high-precision lithography and thin film sputter deposition techniques, the
fabrication of large-scale metamaterials has enabled to implement. Nanolattices are fabricated in creating
lightweight, strong, and damage-tolerant structural metamaterials which are made up of microscale tubes with
nanoscale thickness [1]. Existing studies have found that the failure behaviour of metallic glass can occur
brittle-to-ductile transition by reducing the sample size to the nanoscale [2]. For nano-architected metallic glass, it
can take advantage of both structural and material size effects. Hence, the bending stiffness and failure behaviour
of the metallic glass nanolattices with octet unit cells were investigated by using numerical simulations for 3-point
bending test in this work. The force-deflection response curves of the nanolattices with crisscrossed hollow tubes
related to different cross-section shapes, different wall thicknesses and different tube aspect ratios are obtained,
respectively. The simulation results reveal that the mechanical properties of the nano architected metamaterial
could be controlled by the structural configuration as well as the wall thickness, cross-section shape and aspect
ratio of hollow tubes. It is seen that the thickness and cross-section shape of hollow tube have strong influence on
the flexural strength and failure modes of the nanolattices subjected to bending load. By changing the thickness
and ellipticity of hollow tubes, it’s possible to control the failure behavior (buckling, material yield and fracture) of the
nanolattices. When the tube thickness is thick or the cross-section shape is prone to a circle, the nanolattices tend
to fail due to the material yield failure and fracture. When the tube thickness is thin or the cross-section shape is
prone to a squashed ellipse, the buckling of hollow tubes is more likely to happen in the nanolattices before the
plastic damage occurred. The mechanical response of the nanolattices exhibit significantly ductility by reducing the
aspect ratio of hollow tubes. The conclusions from the numerical simulations could provide the guideline for the
optimization design of the nanolattices. Reference [1] Meza LR, Das S, Greer JR. Strong, lightweight, and
recoverable three-dimensional ceramic nanolattices. Science, 2014, 345(6202): 1322-1326. [2] Lionta R, Greer JR.
3D nano-architected metallic glass: Size effect suppresses catastrophic failure. Acta Material, 2017, 133: 393-407.
[3] Montemayor LC, Wong WH, Zhang YW, Greer JR. Insensitivity to Flaws Leads to Damage Tolerance in Brittle
Architected Meta-Materials. Scientific Reports, 2016, 6: 20570.
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ABSTRACT

Abstract: Welding is a fundamental process in manufacturing marine structures. Welding induced residual stress
and deformation is, however, inevitable due to non-uniform distribution of temperature and plastic yielding during
welding process. Fatigue has been always a highly challenging and complex engineering issue which is faced by
the maritime and offshore industry worldwide. However, the reported 3-D fatigue crack propagation results in
welded joint obtained from finite element technique are scarce. In this work, a procedure to numerical simulation for
the propagation behaviour of fatigue cracks in a 3-dimensional welded structure subjected to welding induced
residual stress and fatigue loads was developed. Firstly, sequentially 3-D coupled thermo-mechanical finite element
analyses were performed for the simulation of welding process to predict the temperature and residual stress
distribution field in a complex welded component by using double ellipsoidal heat source model and the element
birth and death technique. And then, a numerical approach based on the cohesive elements, modified
Paris-Erdogan law and nodal release method was proposed to simulate 3-D fatigue crack growth process, in which
the stress intensity factor at crack tip was calculated with the consideration of plasticity induced crack closure and
the cohesive element model is employed to the formation of new crack propagation surface. The effects of welding
parameters (including welding velocity, heat input and welding sequence) to the residual stress distribution in a 3D
welded joint were investigated and the influences of welding residual stress to fatigue crack propagation behaviour
and life were analysed based on numerical simulation. The simulation results reveal that the residual stress
induced by welding significantly affected the fatigue life of the welded joint. The residual stress has a degradation
effect on the fatigue cracks which are located at the interface zone of weld material and base material. It is seen
that the fatigue crack propagation life of the welded joint significantly decreases by around 50% for the same
fatigue loading when the residual stress is taken into account. This work can help estimate the fatigue life and
structural integrity of complex welded structures in the marine and offshore industry. Reference [1] Fricke W.
Fatigue analysis of weld joints: state of development. Marine Structures, 2003, 16:185-200. [2] Zhu X.K, Chao Y.J.
Effects of temperature-dependent material properties on welding simulation. Computers and Structures, 2002,
80:967–976.
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ABSTRACT

In this talk we present a conservative multispecies BGK model that follows the spirit of the original, single species
BGK model by making the specific choice to conserve species masses, total momentum, and total kinetic energy
and to satisfy Boltzmann’s H-Theorem. We apply this model to the case of mixtures in dense plasmas where one of
the species is electrons, which requires a quantum treatment of the collision model to take degeneracy effects into
account. We also develop a complete hydrodynamic closure for the ionic case via the Chapman-Enskog expansion,
including a general procedure to generate symmetric diffusion coefficients based on this model. We numerically
investigate velocity and temperature relaxation in dense plasmas and compare the model with previous
multispecies BGK models, and discuss the trade-offs that are made in defining and using them.
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ABSTRACT

Vortex generators are widely used for heat and mass transfer enhancement in multifunctional heat
exchangers/reactors. Most of the studies focus on rigid vortex generators which generate a complex flow structure
consisting mainly of streamwise vortices and hairpin like structures. It was shown that theses vortices enhance the
mixing process between the different flow regions as well as the heat transfer. In this paper, numerical simulations
are used to study laminar flow in a circular pipe fitted with several arrays of flexible vortex generators. Five arrays of
four equally spaced trapezoidal vortex generators are inserted in a circular pipe and inclined in a reversed position
opposite to the flow direction with a certain angle of attack. A periodic rotation of 45 degrees is applied to the tabs
arrays. The vortex generators are flexible and can deform due to the periodic fluid forces applied on the surfaces of
vortex generators. The tabs oscillate without the addition of any external source of energy except that of the flow
itself. The flow structures are analyzed using the proper orthogonal decomposition (POD) technique and the effect
of tabs oscillation on vortices creation, suppression and dislocation is analyzed in details. Heat transfer is also
analyzed and quantified by taking into consideration the additional pressure losses caused by the tabs oscillations.
It is shown that the Nusselt number was increased by about 118% in the flexible vortex generators case relative to
the rigid tabs case.
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ABSTRACT

We present a new parallel-adaptive implementation for asynchronous spacetime discontinuous Galerkin method for
hyperbolic problems; see for example [1]. In order to circumvent synchronous bottlenecks that might prevent
efficient use of next-generation exascale platforms, we set aside established techniques and abstractions of parallel
computation, such as the domain decomposition method (DDM) and the bulk synchronous parallel (synchronous
time marching) model, and replace them with a scalable, barrier-free asynchronous solution scheme and localized
fine-grain spacetime adaptive meshing. We use the Tent Pitcher algorithm [2] to generate fully unstructured
spacetime meshes that satisfy a causality constraint to enable locally implicit aSDG solutions. These involve local
Galerkin projections on a sequence of spacetime patches (small clusters of spacetime finite elements) that inherit
the stability of implicit solvers while the overall solution exhibits the linear computational complexity reminiscent of
explicit methods. The duration of each patch is determined independently and is not restricted by the order of the
local basis. The processes of constructing and solving patches are interleaved and naturally share the same
granularity. Locality and shared granularity render most of the algorithm embarrassingly parallel. Advancing a
conforming space-like front mesh through the spacetime analysis domain is central to the Tent Pitcher algorithm.
We maintain the front mesh as a global data structure to avoid DDM load balancing, a major synchronous
bottleneck. Aside from querying and updating the front mesh, the algorithm is embarrassingly parallel. Adaptive
meshing is implemented via modifications of the front mesh that govern refinement and coarsening of spacetime
patches. However, because we must maintain the conforming property of the front mesh, these adaptive
modifications are not naturally local. We present a Lazy Refinement method, first proposed but not implemented in
[2], that localizes adaptive updates to the front mesh. Thus, adaptive front modifications, spacetime patch
generation, and patch solutions share a common granularity and are embarrassingly parallel. We describe a
software architecture that implements this scheme and present numerical results that demonstrate excellent
scalability on a shared-memory host. Progress toward a distributed implementation and meshing in three spatial
dimensions and time will also be discussed. References: [1] R. Abedi, B. Petracovici, and R. B. Haber. “A
spacetime discontinuous Galerkin method for linearized elastodynamics with element-wise momentum balance.
Comp. Methods Appl. Mechs. Engnrg. 195(25-28), 3247–3273 (2006). [2] Shripad Thite. Spacetime Meshing for
Discontinuous Galerkin Methods. Ph.D. thesis, Dept. Computer Science, Univ. Illinois Urbana-Champaign, August
(2005).
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ABSTRACT

We propose a stabilized finite element framework able to compute two and three-dimensional free surface flows of
highly viscoplastic fluids. We chose to focus on two kinds of viscoplastic flow models: the Bingham model,
corresponding to the most usual one, and the $\mu(I)$ model, that was introduced to predict dense granular
rheology. Momentum and mass equations have been solved by using the Variational MultiScale method, coupled
with a regularization technique and anisotropic mesh adaptation. A convective self-reinitialization Level-Set method
has been used as a multiphase tool for describing the interface evolution. The obtained results on viscoplastic
column collapses show good agreement with literature results in two-dimensional flows, and we provide new
three-dimensional flows results.
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ABSTRACT

To obtain high-accuracy phase-specified strain field in Digital Image Correlation (DIC), a novel technique was
developed using strain gradient calculation and numerical phase separation. This technique is introduced and
verified to fulfill the need of a higher accuracy strain fields in heterogeneous or discontinuous matter especially in
micro-scale mechanics. In this paper, the second-order displacement gradient application is performed using Lu et.
al. procedure [1] to present the peak accuracy of the technique and its application in heterogeneous matter. In
addition, this exercise is performed to highlight the importance of second-order displacement gradient in
heterogeneous applications. For verification purpose, the strain field resulted from second-order displacement
gradient using strain gradient and phase separation technique was compared to its correspondences; first,
first-order displacement gradient; second, first and second-order before applying the technique; third, strain field
resulted from Finite Element Analysis (FEA) and its images were used as input for all DIC results as a bench mark
for the comparison. The resulted strain from the second-order displacement gradient after applying the technique
showed closer values to the FEA compared to first-order. Highlights about the differences in heterogeneous
application are presented and discussed. In addition, the resulted strain from first-order displacement gradient after
applying the technique showed closer results to the FEA than second-order displacement gradient before applying
the technique. This shows the effect of applying the strain gradient and phase separation technique on the resulted
strain field in heterogeneous matter. This will allow micro-mechanics researchers to study a full Representative
Volume Element using DIC in a high accuracy to verify their models. In addition, this is the only technique,
according to the author’s knowledge, that results a full strain field including high-accuracy strain values at interfaces
using DIC. Therefore, the interface mechanics researchers will be able to verify their models using DIC as well. [1]
H. Lu; P.D. Cary, &amp;amp;quot;Deformation measurement by digital image correlation: Implementation of
second-order displacement gradient,&amp;amp;quot; Experimental Mechanics, vol. 40, no. 4, pp. 393-400, 2000.
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ABSTRACT

The floating/fixed ocean structures such as wind power plants and other structures on offshore have to be taken
account of safety in rough sea and tsunami. It is necessary to predict behaviors for both structures and fluid. The
structures in the ocean are subjected to forces from the fluid. Particle methods of fluid dynamics have advantages
for safe analyses to defend from natural disasters which are tsunami etc. than other numerical methods. The
smoothed particle hydrodynamics (SPH) method [1] which is one of the particle methods is applied to some
problems of fluid dynamics and solid mechanics. The SPH methods are mainly utilized to a number of problems for
the fluid dynamics. If the structures in the ocean will be subjected to the large deformation from the waves, the
stress may exceed the yield stress in the structures. The elastic-plastic effects have to be taken into account for the
behavior of the structures. In the present study, the behavior of the floating or fixed structures in the ocean are
calculated by using the SPH method and the computational elastic-plastic calculation for structural analysis which is
appropriate to the SPH method are presented. [1] Lucy LB (1977) A numerical approach to the testing of the fission
hypothesis The Astronomical Journal 82, 1013-1024.
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ABSTRACT

In this talk we present two recent applications of boundary element methods in computer graphics, in particular in
the area of physics-based animation. Surface-only simulation techniques can achieve high efficiency and favorable
scaling with increasing resolution by eschewing volumetric discretization and performing computations solely on the
surface of the physical domain. At present however, three-dimensional liquid phenomena are simulated with
volumetric solvers largely due to numerical challenges introduced by the nonlinearity of the governing fluid
equations and the high density ratio between liquid and air. In the first part of this talk, we present a surface-only
technique for simulating incompressible, uniform-density liquids in three dimensions. The liquid surface is captured
by a triangle mesh on which a Lagrangian velocity field is stored. Because advection of the velocity field may
violate the incompressibility condition, we describe an orthogonal projection technique to remove the divergence,
while requiring the evaluation of only two boundary integrals. The forces of surface tension, gravity, and solid
contact are all treated by a boundary element solver, allowing us to perform detailed simulations of a wide range of
liquid phenomena, including waterbells, droplet and jet collisions, fluid chains, and crown splashes. In the second
part of this talk, we present a boundary element based method for fast simulation of brittle fracture. By introducing
simplifying assumptions that allow us to quickly estimate stress intensities and opening displacements during crack
propagation, we build a fracture algorithm where the cost of each time step scales linearly with the length of the
crack-front. The transition from a full boundary element method to our faster variant is possible at the beginning of
any time step. This allows us to build a hybrid method, which uses the expensive but more accurate BEM while the
number of degrees of freedom is low, and uses the fast method once that number exceeds a given threshold as the
crack geometry becomes more complicated. We show that our method produces physically reasonable results in
standard test cases and is capable of dealing with complex scenes faster than previous finite- or boundary-element
approaches. We believe that both of our contributions advance the applicability of boundary element based
techniques to physics-based animation and visual effects productions.
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ABSTRACT

In this presentation, we propose industrially optimized numerical schemes to solve the G-equation model in
premixed turbulent combustion on a 3D polyhedron mesh. The governing equations are described by the Favre
mean (G-equation) and the fluctuation (G-variance equation) of flame represented by a zero level set of continuous
implicit function. The turbulent flame surface equations and the turbulent flame speed formulations make a closure
of G equation and G-variance equation. The G-equation is a standard level set equation containing the advection,
surface normal flow, and mean curvature terms. The proposed scheme has mainly three advantages. The first is
that it numerically shows higher order of convergence on very limited unknown variables in 3D polyhedron mesh.
The second is that it can be easily applicable to the 1-ring face neighborhood structure for a parallel computation
which is the simplest decomposed domain. The third is that a time step restriction caused by the CFL condition is
practically reduced by the proposed semi-implicit scheme. The first and second advantages are also shown in a
propagation in normal direction [1]. In case of the G-equation, an extension of algorithm in [1] is presented with the
advection and mean curvature terms on a polyhedron mesh. The G-variance equation does not allow turbulent
diffusion normal to the mean flame front. From the conventional method in [2], an approximation of a tangential
diffusion term is used. We compare the difference between the original tangential diffusion and the method in [2]
mainly used in the combustion community. In premixed turbulent combustion engines, we would like to present a
practical difference between a higher order method and a typical upwind method of solving the G-equation and
G-variance equation. Standard numerical results of each velocity term in the G-equation are also illustrated. [1] J.
Hahn, K. Mikula, P, Frolkovic, B. Basara, Inflow-Based Gradient Finite Volume Method for a Propagation in a
Normal Direction in a Polyhedron Mesh, Journal of Scientific Computing (2017) 1–24. DOI:
10.1007/s10915-017-0364-4. [2] N. Peters, Turbulent Combustion, Cambridge University Press (2000).
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The Parametric HFGMC Micromechanics for Damage Analysis of Composite
Materials and Structures

Rami Haj-Ali*, Jacob Aboudi**
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ABSTRACT

A nonlinear formulation of the parametric high fidelity generalized method of cells (HFGMC) is offered for the
micromechanical analysis 2D and 3D multiphase periodic composites (Haj-Ali and Aboudi, 2013) with evolving
damage. The new analytical formulation and computational implementation of the parametric HFGMC is performed
(Haj-Ali and Aboudi, 2016) with consideration for efficient nonlinear multi-scale computations. An average virtual
work integral form is proposed for the HFGMC method which allows for the definition of a generalized internal
resisting force vector along with its corresponding symmetric stiffness matrix. Unlike the nodal displacement-based
finite element (FE), the HFGMC and its weak form are cast in terms of the work-conjugate average displacement
and traction vectors, defined on the surfaces (faces) of the discretized volumes (subcels or elements). The HFGMC
micromechanics is shown to be well suited for integrating the microplane theory for the fiber-matrix spatial and local
nonlinaer and damage fields. Another implementation of the parametric HFGMC will be demonstrated for the
multi-scale and damage analysis of laminated composite structures. To that end, a refined hexagonal-array
repeating unit-cell (RUC) HFGMC micromodel for the unidrectional composite is used. Local fiber and matrix
damage approaches are examined. The accuracy of the developed nonlinear multiscale approach is demonstrated
by a comparison with experimental results available in the litreture of notched laminated composite structures
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Structural Optimization of Efficient Thin Film Solar Cells Using Surrogate
Models

Shima Hajimirza*

*Texas A&M; University

ABSTRACT

This work uses surrogate modeling for efficient optimization and design of nano-scale thin film solar cell structures
with enhanced opto-electrical characteristics. Study of thin film structures that selectively respond to input
irradiance requires solving complex electromagnetic and quantum level first principle simulations. These
simulations are intense and time-consuming. Therefore design of efficient sub-wavelength thin film structures is a
complex optimization of a function with extremely high computational cost. Surrogate modeling can be invoked to
alleviate the computational burden of design by approximating the wavelength-dependent opto-electrical
characteristics of nano-scale geometries using selected sampling data and learning. We demonstrate that this
approach can be reliably used to design several thin film solar cells with enhanced conversion efficiency in times
significantly shorter than conventional optimization techniques offer. We study multi-layer silicon-based solar cells
as well as organic thin film cells infused with nano-particles. The studied structures all benefit from surface texturing
which is a commonly used technique for increasing the optical depth of a semiconductor without increasing the
physical depth, therefore increasing the overall photon absorption and carrier collection. The underlying
mechanisms responsible for such modifications (e.g. surface plasmonic excitation) are complex and geometry
dependent. We demonstrate that Artificial Neural Networks can be used to learn these mechanisms as a function of
geometry and wavelength. The surrogate model can then be used reliably for consequent optimization and
analysis.
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ABSTRACT

To maintain the rate of convergence of high-order methods in simulations over curved domains the mesh entities
must be curved to the boundary with a sufficient order of geometric approximation. The application of high-order
methods to problems with complex geometric domains requires the tool for the creation and adaptation of curved
meshes. Building on previous efforts that focused on supporting quadratic curved element mesh adaptation [1], this
presentation will overview efforts to extend those procedures to higher-order mesh geometry and improve curved
anisotropic mesh adaptation. The most commonly used approach to create curved meshes is to employ the
available straight-sided or linear mesh generation tools for the initial mesh and then apply operations to upgrade
that mesh to the desired higher-order curved mesh. However, there are now mesh generation tools that generate at
least quadratic curved meshes (e.g., [2]). A tool has been created that can accept a mesh with either
straight-sided/linear or curved/quadratic elements and upgrade that mesh to a higher-order curved mesh. Note that
the current procedure is limited to meshes for which curved boundaries are being approximated by triangular faces.
In addition to curving mesh entities classified on the domain boundaries, this procedure includes identifying and
fixing poorly shaped and invalid internal entities that are created as a result of curving the boundary entities. Poorly
shaped or invalid entities are fixed by applying appropriate split, swap, collapse, and interior mesh entity curving
operations. The same sets of operations are used in the mesh adaptation procedure that is driven by an anisotropic
mesh metric field. Bezier mesh geometry is used internally in these procedures due to its ability to more effectively
control the mesh geometry as well as to provide efficient algorithms and computation. These procedures are easily
linked with high-order analysis codes, for example, ACE3P code that is used to model complex particle accelerator
geometries and MFEM code that is used to simulate plasma heating in a tokamak device using complex antenna
arrangements. [1] Lu, Q., Shephard, M.S., Tendulkar, S. and Beall, M.W., 2014. Parallel mesh adaptation for
high-order finite element methods with curved element geometry. Engineering with Computers, 30(2), pp.271-286.
[2] Simmetrix web page, www.simmetrix.com.
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On Asymptotic and Pre-asymptotic Convergence Rates of Higher Order FE
Methods

Harri Hakula*, Ivo Babuska**
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ABSTRACT

The pointwise convergence of the Legendre expansion is of interest both theoretically through the application of the
p-version of FEM. The known results in 1D and higher dimensions are asymptotic in nature, that is, concerned with
p approaching infinity. In many cases, however, it is meaningful to consider pre-asymptotic behaviour where a
well-defined convergence rate exists but is different from the eventual asymptotic one. In particular this is relevant
in the context of engineering applications where the polynomial orders can be far from the asymptotic range. Our
work is based on Wahlbin [1] and Saff and Totik [2]. Adaptive hp-method solvers must be able to make local
changes both in the mesh (h) and the local polynomial order (p). Sobolev regularity estimation [3] is often used in
determination of the local p. Sobolev regularity estimation is based on certain asymptotics of the Legendre
expansion and thus may lead to ambiguous results if the local polynomial order is in the pre-asymptotic range. We
illustrate this using benchmark problems including engineering application, thin shells of revolution and show the
ultimate validity of the theorems. Computing hp-FEM simulations at very high polynomial orders requires
non-standard solver technology. Our solver, based on Mathematica, supports integration using long floating point
formats and in the case of constant coefficient problems also exact integration. We rely on Mathematica’s builtin
solvers for linear algebra. In this talk we emphasize the need for further work both in theory and construction of
modern solvers supporting very high polynomial orders if the applications so require. [1]Wahlbin, L.B. A comparison
of the local behavior of spline L2-projections, Fourier series and Legendre series. In Singularities and Constructive
Methods for Their Treatment, volume 1121 of Lecture Notes in Mathematics, pages 319–346. Springer, 1985. [2]
Saff, E.B and Totik,V. Polynomial-Approximation Of Piecewise Analytic-Functions, Journal of the London
Mathematical Society--Second Series, 39, 1989, 487-498. [3] Houston, P. and Suli, E. A note on the design of
hp-adaptive finite element methods for elliptic partial differential equations, CMAME, 194, 2005, 229-243.
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Importance of Plasma Amino Acid Profile for Induction of Hepatic Steatosis
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ABSTRACT

We previously reported that a low-protein or a low-amino acid diet caused animals to develop fatty liver containing
a high level of triglycerides (TG), similar to the human nutritional disorder “kwashiorkor”. Only a dietary arginine or
threonine deficiency was sufficient to induce hepatic TG accumulation. However, supplementation of a low-amino
acid diet with arginine or threonine failed to reverse it. In addition, we could not find any correlation between serum
amino acid concentrations and liver TG level in terms of a single amino acid. So we dealt with individual data sets
of serum amino acid concentrations as multi-dimensional vector data to conduct a comprehensive in silico analysis
using machine learning programs. As an input data, we took data from a total of 135 rats which were fed various
diets supplemented with 20 kinds of single amino acids. We carried out the Self-Organizing Map (SOM) analysis
using only serum amino acid concentrations as input data which did not include the data on liver TG. By this
analysis, we obtained a square map on which rats with similar serum amino acid profiles were successfully put near
each other. Surprisingly, even though the classification was made only based on the data on serum amino acid
concentrations, liver TG level was also smoothly classified, suggesting that the liver TG level was correlated well
with a serum amino acid profile. Next, we applied another machine learning algorithm, multi-layer perceptron
(MLP). We took serum amino acid concentrations of each rat as input data, and liver TG as output data. For
learning, we made several MLPs whose numbers of mid-layers were 3, 4 and 5. After learning was completed, the
serum amino acid concentrations of “unlearned” rats were put into each algorithm to obtain their output liver TG
values. Then the obtained liver TG values were compared with measured actual liver TG values, and differences
and error rates were calculated. As a result, higher number of mid-layers exhibited a lower error rate and individual
hepatic TG accumulation levels could be predicted using just a data set of serum amino acid concentrations with
good accuracy. In silico analysis succeeded in predicting liver TG level from the serum amino acid profile. Based on
these results, we conclude that serum amino acid profile, which is sensed by hepatocytes, defined the hepatic TG
levels.
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Quantification of Multiscale Second-order Flow Structures in the Wake of a
Square Wall-mounted Cylinder under Two Inflow Scenarios

Charlotte Haley*, Mihai Anitescu**, Christopher Geoga***
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ABSTRACT

Widely used methods for quantification of flow structures in turbulence such as proper orthogonal decomposition or
dynamic mode decomposition provide an incomplete description of fully spatiotemporal flow dynamics, since they
ignore the coupling between spatial and temporal oscillatory modes. Additionally, it is difficult to verify and validate
the result of a simulation or compare with another simulation by looking at the modes alone. We propose a fully
spatiotemporal approach to the problem of identifying spatially varying modes of oscillation in fluid dynamics
simulation output by means of multitaper frequency-wavenumber spectral analysis. Two-dimensional spectrum
estimation allows one to extract velocities of traveling waves and phase angles of standing waves in a section of
data composed of one spatial dimension and one time dimension. Additionally, these estimates are accompanied by
confidence intervals which allow one to assign significance in the direct comparison of two simulations&amp;apos;
output in wavenumber-frequency space. This analysis applied to data obtained from simulation of a square
wall-mounted cylinder under laminar and turbulent inflow conditions reveals widely different flow characteristics.
Laminar inflow case data has a strong traveling wave in wavenumber-frequency space while turbulent spectra show
more diffuse behavior with power in frequency-wavenumber space concentrated along a line corresponding to a
turbulent energy cascade with velocity 0.95 nondimensional units.
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ABSTRACT

Comprehensive experimental data on the fatigue properties of extruded Al6082-T6 is used together with crystal
plasticity simulations to investigate the microstructure and surface roughness influence on fatigue initiation. The
surface roughness of the specimens used in the experiments was mapped with White Light Interferometry (WLI)
and the location of the fatigue initiation sites was identified and characterized in each sample. With surface
geometries based on the WLI scans, densely meshed non-linear FE models were used to identify the locations of
the highest macroscopic stress concentrations. A somewhat surprising outcome of the experimental study is that
the majority of fatigue failures were initiated at surface irregularities that did not correspond to the most significant
macroscopic stress concentration. Since the depths of the surface irregularities are comparable to microstructure
features - such as the grain size - the present study explores to what extent microstructure variations can be a
cause for the observed material behavior. The numerical investigation is performed by using crystal plasticity
simulations and simulation models which are based on the actual surface geometries and material microstructures
encountered in the experiments. Grain structure and texture are taken into account and the simulations reveal that
variations in the microstructure can indeed make initiation of fatigue more likely to occur near surface notches that
have macroscopic stress concentrations lower than maximum. Different frequently employed fatigue initiation
parameters (FIP) are investigated and it is shown that a FIP based on a modified Fatemi-Socie criterion adds
valuable information on local slip activity. The predictions obtained by using this criterion are to some extent
conflicting with the results based on other FIPs, for example based on accumulated plastic strain or stored energy.
A key observation is that macroscopic stress concentrations alone are insufficient and crystal plasticity simulations
provide a competent additional tool in analyzing fatigue initiation mechanisms in polycrystalline samples. Not only
the magnitude of stress concentrations, but also the stress gradients near surface irregularities appear as important
aspects to consider when analyzing fatigue initiation. In addition, highly misoriented grain interfaces, which
constitute significant barriers to plastic slip, provide internal domains in the material where initiation of fatigue
damage appears more likely to occur than at the stress concentrations that are due to the surface roughness. The
present investigation clearly highlights the importance of considering the influence of microstructure heterogeneities
on fatigue properties in polycrystals.
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Numerical Implementation of Viscoelastic Constitutive Models with Phase
Evolution

Craig Hamel*, Jerry Qi**
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ABSTRACT

Polymeric materials exhibit the phenomenon that new structures (such as crosslinking, crystal formation, or
reformation of chains, etc.) are formed in a stress-free state. This aspect of these materials adds great complexity
when deformation and polymerization occur simultaneously which is the case in many active polymeric material
systems. We refer to this notion as phase evolution and view this idea as a cornerstone for the formulation of
accurate constitutive models that capture the behavior of soft active materials. Previous literature regarding the
mechanics of materials exhibiting phase evolution has been limited to hyperelastic constitutive models and has not
included dissipative effects. This work examines the implementation aspects of numerically integrating a large
deformation material model which exhibits viscoelastic properties as well as phase evolution. Due to the
ever-increasing demand of efficient simulation based design this has limited the application of certain materials with
complex multi-physical behavior such as shape memory systems. An efficient method for implementing such
models would further the presence of active materials within industry. The major challenge is efficiently accounting
for individual phases possessing different reference configurations and being able to track this complex mechanical
response when the material is subjected to large deformations. To account for this material behavior a continuum
based approach will be used to formulate a general finite strain framework that captures the coupling of the
viscoelastic response with phase evolution. A naïve implementation of such a model proves to be computationally
cost prohibitive as the number of phases and viscous state variables increases. This necessitates the development
of a viscoelastic effective phase model (VEPM) to account for the effect the combined deformation histories have
on the mechanical response. The VEPM reduces the number of state variables to a constant number for an
arbitrary number of phases allowing for an efficient implementation in commercial FEM software. Both the naïve
and VEPM implementation of the model will be compared for simple mechanical boundary value problems to verify
the accuracy as well as a rudimentary convergence and running time studies. Finally, exemplary 3D finite strain
simulations will be presented and compared to experimental results to verify the method.
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A hysteretic constitutive model for dry woven composite fabric under large
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ABSTRACT

Draping composite reinforcement on non-developable shapes necessarily leads to deformations in the plane
generating large shears between warp and weft. Sliding between fibers and between yarns creates friction that
dissipates energy. This paper presents a constitutive model describing the dissipative behavior of 2D composite
textile reinforcements under large strain. The model is based on two innovative points. First, the additive
decomposition of Green - Naghdi is considered, which leads to write the yield function and the plastic law in a
conventional manner. This is very uncommon for anisotropic fields. Secondly, nested surfaces according with Mroz
Theory define the strong non-linearity of the problem. The use of these two points allows to define a flexible
dissipative model for numerical simulations. The dissipation process driven by fibres friction is exclusively
associated with the in-plane shear deformation mode. As a result, the material parameters are calibrated using
standard methods, like the Picture Frame.
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ABSTRACT

Eddy shocklets arise in compressible turbulent flows where turbulent velocity fluctuations become locally
supersonic and lead to the formation of small-scale, weak, and unconfined shock-like structures. In practice, eddy
shocklets can be expected to occur in high-speed compressible flows, such as exist inside scramjet engines, and
are strongly moderated by viscous diffusion. As a result, the thickness of these eddy shocklets is of the same order
as the Kolmogorov microscale of the flow. This is in distinct contrast to strong, confined shockwaves generated by
the mean flow configuration, whose thicknesses scale with the local molecular mean free path. Despite being very
weak shockwaves that can notionally be resolved by standard direct numerical simulation techniques, eddy
shocklets represent a distinct challenge to the numerical stability and accuracy of monotonic and non-oscillatory
numerical methods, including mature and popular shock-capturing schemes such as the Godunov finite volume
method of corner transport upwinding with piecewise-parabolic reconstruction (CTU-PPM). In this talk, we present
findings from several sets of three-dimensional direct numerical simulations (3D DNS) conducted to evaluate the
effects of various kinetic and thermal energy forcing techniques to sustain compressible homogenous turbulence in
an adiabatic domain, as well as to determine the required spatial, temporal, and statistical resolution to study eddy
shocklets using the CTU-PPM reacting flow code Athena-RFX. We find that different large-scale kinetic energy
forcing schemes can result in substantially different Mach number scaling and small-scale statistics of dilatational
fluctuations generally, and eddy shocklets in particular. In agreement with previous literature, we find that the use of
negative thermal energy forcing, which ensures statistical stationarity in an adiabatic domain, also leads to
significant quantitative differences in dilatational dynamics. Finally, we compare results from simulations with
different physical configurations, including different caloric equations of state, bulk viscosities, and Prandtl numbers.
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Multi-Level Spectral Deferred Correction Scheme for the Shallow-Water
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ABSTRACT

The numerical modeling of global atmospheric processes is a challenging scientific application and requires
accurate time integration methods for the discretized governing partial differential equations. These complex
processes operate on a wide range of time scales, and often have to be simulated over long periods of time – up to
a hundred years for long-term paleoclimate studies –, which constitutes a challenge for the design of stable and
efficient integration schemes. We propose an efficient and high-order accurate implicit-explicit numerical scheme
combining Multi-Level Spectral Deferred Corrections (MLSDC) with a spatial discretization based on the Spherical
Harmonics (SH) transform to solve the shallow-water equations on the sphere. In MLSDC, a sequence of low-order
corrections is applied iteratively to a provisional solution to achieve high-order temporal accuracy. The corrections
are performed on a hierarchy of coupled space-time levels to shift the computational work to the coarse levels and
reduce the cost of the integration. Our MLSDC scheme fully takes advantage of the features of the SH transform in
the construction of accurate transfer functions between space-time levels as well as in the design of efficient
solvers for the implicit systems. Using numerical examples, we show that our implicit-explicit MLSDC numerical
scheme is stable for large time steps, and achieves up to eighth-order temporal accuracy. We also compare its
computational cost to that of existing single-level implicit-explicit time integration methods.
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A Hybrid Local/Nonlocal Continuum Model for Wave Propagation in Linear
Elastic Solid

Fei Han*, Gilles Lubineau**
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ABSTRACT

In this paper, we apply a hybrid local/nonlocal continuum model to study wave propagations in the linear elastic
solid. Through this hybrid model, the peridynamic model, which is a nonlocal continuum model, is applied to the key
domain of a structure, where damage and fracture exists to cause the wave dispersions. In the rest of the structure,
the classical continuum model is used to describe wave propagations without dispersions. The wave speeds of
plane waves for low- and high-frequency are derived in different domains described by the pure local, pure nonlocal
and hybrid models, respectively. The wave dispersions are plotted through the analytical and numerical solutions.
The discrete formulation of the hybrid equations of motion is also described. Two-dimensional numerical examples
illustrate the validity and accuracy of the proposed model. It is shown that the hybrid local/nonlocal continuum
model can be successfully applied to simulate wave propagations in the linear elastic solid with a crack.
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Effect of Microstructural Resolution in Virtual Samples on Property
Evaluation of Cement Paste Using Crack Phase Field Model
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ABSTRACT

Virtual specimens with complex random microstructures can be obtained from micro-CT. Depending on the length
characteristics of the microstructural features, the detailed description of the microstructural features in the
generated virtual specimens are influenced by the resolution or voxel size of the samples. When the virtual samples
are evaluated using virtual loading tools, the maximum number of voxels in the virtual samples should be within the
limit of plausible computation effort. Due to this limitation and to guarantee the representative volume of the
evaluated samples, the degree of detailed microstructural description can be affected. This, in turn, can also affect
the evaluated properties. In this study, effect of void microstructure resolution of cement pastes on the
characterization and property evaluation is investigated. The virtual samples are prepared from the synchrotron
micro-CT images, and the same data set with different resolutions are characterized and evaluated using the crack
phase field model [1]. Through the analysis, the effect of resolution change on the microstructural characteristics
and material responses (stiffness and tensile strength) is evaluated, and the characterization and the properties are
correlated. The issue of selecting modeling input parameters for the crack phase field model is addressed, and the
selected parameters are applied to cementitious materials with additional distinct microstructural features, i.e.,
cement paste embedded with glass beads. The modeling parameter selection process for virtual specimens, where
distinct void microstructural features with different scales are present, is discussed. [1] C. Miehe, L.-M. Schänzel, H.
Ulmer, Phase field modeling of fracture in multi-physics problems. Part I: Balance of crack surface and failure
criteria for brittle crack propagation in thermo-elastic solids, Comput. Meth. Appl. Mech. Eng. 294 (2015) 449–485.
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ABSTRACT

It is known that intermittent localized turbulence in a channel flow sustains in the form of oblique bands, so-called
turbulent stripe [1]. The stripe pattern forms obliquely against the mainstream with an interval much larger than the
channel gap and sustains steadily. Studies of such large-scale intermittent structures are important for
understanding the subcritical transition process, but the robustness of the structure in multiphase flows has not
been investigated. Pan &amp; Banerjee [2] showed that small particles suppress sweep motions and large particles
enhance them in the particle-laden turbulent flow. In the former case, another study also reported a particle-induced
drag reduction [3]. However, it is still unclear whether the turbulent stripe would be formed or not in flows with small
particles. In this study, we investigate the subcritical transition process in particle-laden channel flows with focusing
on the stripe formation. We performed direct numerical simulations of pressure-driven plane channel flows with
point particles, in which particle-particle interactions were not considered. The volume fraction of particles we tested
here was low sufficiently to neglect the interactions. The particle motion was described by the
Basset-Boussinesq-Ossen equation. Force on particles was considered as drag force to calculate the particle-fluid
interaction. We investigated the effect of particles on the turbulent stripe, varying the Stokes number at a fixed
volume fraction. In the one-way coupling simulation, we found that particle distribution was rather homogeneous in
the wall-parallel direction even with the turbulent stripe. On the other hand, heavier particles accumulate near the
wall even without gravity. In the two-way coupling, the stripe appeared to be disturbed and broken temporarily for
the heavier particles. This result might be caused by particles accumulating near the wall. In the full paper, we would
discuss the influence of interaction force on the fine-scale eddies in the turbulent stripe. References [1] T.
Tsukahara, Y. Seki, H. Kawamura and D. Tochio, DNS of turbulent channel flow at very low Reynolds numbers, In
Proc. 4th Intl Symp. on Turbulence and Shear Flow Phenomena, 2005. [2] Y. Pan and S. Banerjee, Numerical
simulation of particle interactions with wall turbulence, Phys. Fluids, 8, 2733, 1996. [3] L. H. Zhao, H. I. Andersson,
and J. J. J. Gillissen, Turbulence modulation and drag reduction by spherical particles, Phys. Fluids, 22, 081702,
2010.
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Microstructural Finite Element Modeling of Discontinuous Fiber Reinforced
Composites

Imad Hanhan*, Ronald Agyei**, Michael D. Sangid***
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ABSTRACT

Fiber reinforced polymer composites are light weight and high strength materials, making their development
desirable especially for the aerospace industry. However, their implementation hinges on large scale testing
programs, which require thousands of specimen level experimental tests to qualify their mechanical properties.
Combined with the fact that composite materials still have many unknown behaviors and failure mechanisms, it can
be very complicated to certify the use of a composite material and model its mechanical behavior. A common
practice for composite modeling is to homogenize the material properties for macro-scale applications, and use
their predicted elastic properties – coupled with an internal damage parameter – to represent the mechanical
response of the material. For discontinuous fiber composites, homogenization becomes even more complicated,
due to extreme spatial heterogeneity in the microstructure. This work aims to model the behavior, including the
damage evolution, of discontinuous fiber reinforced composites at the microstructural level. While not
homogenizing the material increases the computational cost, it allows for identifying and modeling the
heterogeneous deformation mechanisms and helps build confidence in the model’s predictions. Preliminary work in
this study is to instantiate the exact geometry of the microstructure from X-ray computed tomography (XCT)
reconstructions, as well as to conduct linear elastic models of the exact microstructure. The model’s prediction of
deformation is directly compared to companion results from in situ XCT studies. This work aims to accelerate the
qualification of fiber reinforced composite materials by developing enhanced predictive capabilities of the strength
and failure mechanisms at the microstructural level. Overall, the results expand the current understanding of
composite mechanical performance, and provide a methodology for multi-scale composite material modeling.
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ABSTRACT

In this work, we will talk about the numerical solution for nonlinear beam model under uncertainty with nonlocal
damping. Specifically, we consider a stochastic beam equation with additive space-time noise with a time-fractional
derivative modelling a damping effect. However, solving such an equation numerically is usually prohibitively
expensive, even in one dimension. The main challenges are high cost of Monte Carlo simulation for realizations in
random space and a large amount of storage due to the nature of the fractional derivative. To alleviate the
difficulties, we develop a fast deterministic solver for the nonlinear stochastic beam model with reasonable
computational cost and low memory storage. More precisely, we adopt an implicit-explicit scheme in time so that
the nonlinear term is treated explicitly. With the time discretization scheme, we use a Fourier spectral method in
physcial space which leads to fully decoupled stochastic ODEs. Thus the resulting scheme can be embarrassingly
parallelized. Moreover, we approximate the fractional derivative by a fast L1 scheme with a low storage. Numerical
example will be given to show the efficiency and accuracy of the numerical solution.
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Spectral Behavior of Nitsche&apos;s Method
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ABSTRACT

Incompatible discretization methods provide added flexibility in computation by allowing meshes to be unaligned
with geometric features and easily accommodating non-interpolatory approximations. Such formulations that are
based on Nitsche&apos;s approach to enforce surface constraints weakly, which shares features with stabilized
methods, combine conceptual simplicity and computational efficiency with robust performance. The basic workings
of the method are well understood, in terms of a bound on the parameter. However, its spectral behavior has not
been explored in depth. In addition to the physical eigenpairs which approximate the exact ones, as in the standard
formulation, Nitsche&apos;s method gives rise to mesh-dependent eigenpairs associated with weak enforcement of
boundary or interface constraints. The dependence of the eigenvalues on the Nitsche parameter is related to a
boundary quotient of the eigenfunctions (reminiscent of the Rayleigh quotient). Numerical studies show that, for the
most part, the constraint eigenvalues exhibit essentially linear growth with the parameter, whereas the physical
eigenvalues are virtually constant, in line with the values of the corresponding boundary quotients. This behavior
sheds light on the role of the stabilization parameter in attaining coercivity for the Nitsche method. Departures from
this behavior occur in specific veering zones, in which the eigenpairs lack clear type. Eigenvalue veering does not
impair the performance of the method. The spectrum of a reduced system obtained by algebraic elimination
contains only physical eigenpairs, and is free of veering. The favorable features of the reduced system warrant its
use in the solution of boundary-value problems. To date, incompatible discretizations are rarely used for eigenvalue
problems in engineering applications, possibly due to the potential presence of mesh-dependent constraint
eigenpairs. Removing the added degrees of freedom on the boundaries addressed by the Nitsche approach by
Irons-Guyan reduction is a relatively inexpensive procedure that preserves the essential structure of the underlying
formulation, and yields a system that contains only physical eigenpairs. As such, the spectrum is virtually insensitive
to stabilization beyond the threshold required for coercivity, preserving the conditioning of the standard formulation.
Being free of the constraint eigenpairs, the Irons-Guyan reduced Nitsche formulation of the eigenvalue problem may
be solved by any conventional eigenvalue solver. This procedure facilitates the use of Nitsche&apos;s method for
formulating eigenvalue problems, and justifies its use in explicit dynamics.
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Shear Transformation Zone Dynamics Simulations of Nanomechanical
Experiments

Thomas Hardin*, Christopher Schuh**
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ABSTRACT

Shear Transformation Zone Dynamics (STZD) simulations treat plastic deformation of metallic glass as a series of
thermally activated, localized, discrete shear events. In STZD, shear events interact and their effects propagate on
a continuum level, often modeled by the Finite Element Method. The shear events are controlled using Transition
State Theory and the kinetic Monte Carlo method, enabling STZD simulations to cover experimentally relevant time
scales. However, past STZD simulations have modeled samples of only a few tens of nanometers in any
dimension, precluding side-by-side comparison with actual nanomechanical experiments. This talk presents STZD
simulations on experimentally relevant length and time scales, and discusses the methods used to achieve such
large sample sizes. Also, the role of free volume as a simulation state variable is discussed, with particular focus on
tension-compression asymmetry. Finally, the challenges and opportunities in pairing STZD simulations side-by-side
with experiments are discussed.
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ABSTRACT

Simulations of practical engineering applications must solve coupled systems of nonlinear partial differential
equations (PDEs), with features evolving on a wide range of spatial and temporal scales. This multiscale and
multiphysics nature is a challenge for classical computational methods and may impose prohibitive computational
requirements. To overcome these challenges, we have developed a novel multiresolution wavelet based algorithm
to solve PDEs with significant data compression and explicit error control. Our proposed numerical method exploits
the features of the biorthogonal interpolating wavelet family of basis functions, and second generation wavelets, to
solve initial-boundary value problems on finite domains. We maximize the traditional data compression ability of
wavelets by creating a unique multiresolution representation for each field, and using the minimum number of
collocation points to define the coarsest resolution. Moreover, we compute spatial derivatives by operating directly
on the wavelet bases. We provide a priori error estimates for the wavelet representation of fields, their derivatives,
and the aliasing errors associated with the nonlinear terms in a PDE. Then, our estimates are used to construct a
sparse multiresolution spatial discretization that guarantees the prescribed accuracy for each unknown. Our
algorithm includes a predictor-corrector procedure within the time advancement loop to dynamically adapt the
computational grid and maintain the prescribed accuracy of the solution of the PDE as it evolves. Furthermore, we
present a simplified index notation for the wavelet operations to facilitate their matrix-free computational
implementation. Our highly adaptive algorithm has been verified on a variety of nonlinear problems including
Burgers&amp;apos; equation and the Navier-Stokes equations. Convergence to the analytical solutions is achieved
at a rate which is in agreement with a priori estimates. Our algorithm provides accurate solutions to coupled
systems of nonlinear PDEs with explicit error control, significant data compression, and fine scale features are well
resolved with no spurious numerical oscillations.
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ABSTRACT

A meshless blended radial basis function (RBF) methodology is developed to solve conjugate heat transfer
problems with convection to viscous compressible flow coupled with conducting solids. The radial basis function
interpolation uses Hardy Multiquadrics which depends on a shape parameter and the shape parameter is typically
chosen to be a large value rendering the RBF flat. The approach of choosing a large shape parameter tends to
interpolate smooth data very well providing spectral accuracy in cases, although this approach tends to fail for
steep gradients requiring the shape parameter to be lowered to capture the shock and prevent oscillations. The
blended radial basis function method uses low shape parameter interpolation when shocks or steep gradients are
detected and then switches to high value shape parameter RBF interpolation where the data is smooth. The
blended RBF approach has proven to show stability and accuracy in many test cases. Numerical examples are
presented to validate the approach of solving viscous compressible flow with conjugate heat transfer using the
blended RBF methodology.
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ABSTRACT

Biological materials, like bone, wood, silk or the mussel byssus, often tailor their mechanical properties using
reversible cross-links. These cross-links are weaker than the covalent backbone of the structures and, thus,
normally fail before the backbone ruptures when the structure is loaded. This rupture of cross-links may expose
some – previously shielded – part of the molecule to loading. This interplay of cross-link rupture and revealing of
hidden length provides a very efficient energy dissipation mechanism leading to an elevated toughness of the
structure. Because the cross-links “sacrifice“ themselves for the overall mechanical performance of the structure,
they are also called “sacrificial bonds”. The reversibility of bonds means that sacrificial bonds may reform after the
load is released. This mechanism ensures that the system recovers its original mechanical properties with time,
providing some self-healing capabilities. In my talk I will present a computational model to study the influence of
sacrificial bonds on the mechanical behavior of fibrous systems. We model linear polymer chains using atomistic
bead-spring models. Some of these beads are defined as “sticky” and may form additional cross-links. Using Monte
Carlo methods, computational load displacement curves are obtained and analysed. I will discuss how the density
of sticky sites, their arrangement, topology and coordination influences the mechanical behavior of a single polymer
chain or of a chain bundle. In particular, it will be shown that temperature and entropy reduce the efficacy of these
bonds significantly, although the cross-links are relatively strong with a binding energy of approximately 50 kBT [1].
It will be discussed how the topology of formed cross-links influences the most basic mechanical parameters of the
system like elastic modulus, work to fracture and strength. I will show that compared to non-cross-linked fibers the
strength in chain bundles may even be reduced when cross-links are introduced in the system [2]. Finally, the
influence of the coordination of cross-links on the mechanics of fibrous systems will be discussed. Motivated by
metal coordination bonds that may form cross-links between more than two monomers, it will be shown that a higher
coordination changes the mechanics of the system drastically [3]. [1] Nabavi, Harrington, Paris, Fratzl &amp;
Hartmann, New. J. Phys. 16, 013003 (2014) [2] Nabavi &amp; Hartmann, Soft Matter 12, 2047 (2016) [3] Shabbir
&amp; Hartmann, New J. Phys. 19, 093024 (2017)
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ABSTRACT

In many urban areas, tramways are the backbone of the local public transport system imposing high requirements
on its reliability. During service, rail fractures and material degradation due to wear or environmental influences are
the main causes of disruptions. Rail fractures occur if the loads acting onto the rails induce stress states which
exceed the strength of the steels the rails are made of. In the case of rail transport, these loads, resulting
predominantly from the rail car axles, are not only extraordinary high, but also concentrated on small contact areas
between the rail car wheels and the rails. In this study, the fracture tendency of tramway rails is investigated by
employing a novel shear-compliant beam theory, considering normal and shear forces, bending moments as well
as primary and secondary torsional moments. Our main interest lies in shear stress distributions throughout the
cross sections of grooved rails. Interestingly, the locations of maximum shear stresses arising from discontinuities
in shear forces, as encountered with abrupt changes in the embedment conditions, agree remarkably well with
fracture patterns observed in real life. This marks a new level of advanced computational mechanics entering
railway engineering.
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ABSTRACT

Mineralogical compositions, such as shale, are modeled as multiphase porous materials with mechanical properties
that are mainly influenced by mineral grains, pores, pore networks, and their permeability. Asymptotic expansion
homogenization (AEH) is a multiscale computational methodology primarily used for determination of stress and
deformation in heterogeneous materials. By decoupling the local (micro) and a global (macro) length scales, this
method is proved to be a computationally efficient tool to evaluate the continuum field quantities in a localized
region of interest. In this research, an AEH scheme is built into a finite element model to study the thermo-elasticity
of heterogeneous porous media. A stochastic method based on Gaussian function distributions is used to generate
realistic random microstructures within the matrix, with different porosities. Based on the proposed AEH method,
homogenized material properties, namely thermal conductivity, Young’s modulus, and thermal expansion
coefficient of the porous media are determined. Consequently, the effect of pore size and porosity on distribution of
stress and deformation in a cylindrical shale sample placed in a gas permeability chamber is studied. The effect of
gas pressure gradient coupled with other microstructural variables on the evolution of stress and deformation at
microscales are studied.
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ABSTRACT

Residual stresses and deformations continue to remain one of the primary challenges towards expanding the
application of selective laser melting (SLM) as an industrial scale manufacturing process. The process continues to
suffer from these challenges due to the localized heating, rapid cooling and high temperature gradients that occur
during the process. To address these issues, numerical model based process optimization strategies for
laser-scanning paths are presented and discussed. Various reduced order models simulating the thermal,
mechanical and thermo-mechanical phenomena during SLM, which have been developed by combining
commercial software with in-house codes, are demonstrated. A multilevel optimization strategy is adopted using a
customized genetic algorithm developed for optimizing cellular scanning strategy for selective laser melting, with
the objective of reducing residual stresses and deformations. The resulting thermo-mechanically optimized cellular
scanning strategies are compared with standard scanning strategies and have been used to manufacture standard
samples. The optimization results show how model-based process optimization can reduce the geometrical
irregularities and ensure dimensional tolerances. Keywords: Additive Manufacturing, 3D printing, thermomechanical
modelling, distortions, optimization
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Abstract. The non-homogeneous boundary condition for the pressure Poisson 

partial differential equation in MPS are transformed to the source term of the 

pressure Poisson partial differential equation.  

 

1 INTRODUCTION  

 

When Koshizuka et al. [3] developed the Moving Particle Semi-implicit method, 

they computed pressure by solving the Poisson partial differential equation with 

the “homogeneous” Neumann boundary condition. Later, Asai [5] , Tamai [6] and 

other researchers solved the Poisson partial differential equation with the “non- 

homogeneous” Neumann boundary condition.  

By the mathematics theory about partial differential equation,  

non-homogeneous boundary condition can be transformed to the source term of the 

partial differential equation by using Dirac delta functions [1]. 
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In this presentation, the authors applies this mathematics theory to the 

problem how to compute pressure by solving the Poisson partial differential 

equation. The non-homogeneous Neumann boundary condition will be transformed 

to the source term of the Poisson partial differential equation with the 

homogeneous Neumann boundary condition. This source term corresponds to the 

particle number density feedback of the Moving Particle Semi-implicit method.  

 

2.  FLUID PARTICLES 

 

Let Ω(t) be the liquid’s fluid domain at time 𝑡.  Let ∂Ω(t) be the boundary of 

the fluid domain Ω(𝑡) . The boundary ∂Ω(t)  consists of the free surface 

∂Ω(𝑡)_Dirichlet of the liquid and the wall ∂Ω_Neumann of the waterway. That is  

           ∂Ω(𝑡)  =  ∂Ω(𝑡)_Dirichlet ∪  ∂Ω_Neumann                 (1) 

We assume that the wall of the waterway does not move and ∂Ω_Neumann does 

not change as the time 𝑡 goes on. . 

For the position 𝒓 = ( 𝑟x,  𝑟y, 𝑟𝑧 ) ∈ Ω(t)  and the time 𝑡 , let 𝒂(𝑡, 𝒓)  be the 

acceleration of the fluid particle 𝒓,  let 𝒗(𝑡, 𝒓) be the velocity of the fluid particle 

𝒓,, let 𝑃(𝑡, 𝒓) be the pressure around the fluid particle 𝒓, and let 𝜌(t, 𝒓) be the 

mass density around the fluid particle 𝒓.  Let  

       
 𝜕

 𝜕𝒓
  = (

 𝜕

 𝜕𝑟x
 ,  

 𝜕

 𝜕𝑟y
 ,  

 𝜕

 𝜕𝑟𝑧
  )                                       (2) 

be the spatial partial differential operator. Then the Laplace partial differential 

operator ( which is positive definite ) is expressed as  

     (−1)
 𝜕

 𝜕𝒓
∙

 𝜕

 𝜕𝒓
 =   (−1)

 𝜕

 𝜕𝑟x
 

 𝜕

 𝜕𝑟x
  + (−1) 

 𝜕

 𝜕𝑟y

 𝜕

 𝜕𝑟y
 +  (−1)

 𝜕

 𝜕𝑟𝑧

 𝜕

 𝜕𝑟𝑧
   (3) 

 

3. NAVIER-STOKES PARTIAL DIFFERENTIAL EQUATION 

 

The dynamics of the fluid particle 𝒓 is governed by the following   

Navier-Stokes partial differential equation 

    
𝐷𝒓

𝐷𝑡
= 𝒗(𝑡, 𝒓)       for  𝒓 ∈ Int 𝛀(𝑡)                               (4) 
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    𝜌 𝒂(𝑡, 𝒓) = 𝜌
𝐷𝒗

𝐷𝑡
= (−1)

 𝜕𝑃

 𝜕𝒓
+  𝜇

 𝜕

 𝜕𝒓
∙

 𝜕

 𝜕𝒓
 𝒗(𝑡, 𝒓) + 𝜌 𝒈   for  𝒓 ∈ Int 𝛀(𝑡) (5) 

and the boundary conditions  

        0 =  𝒗(𝑡, 𝒓)  for  𝒓 ∈ 𝝏𝛀_Neumann                          (6) 

        0 =  𝒂(𝑡, 𝒓)  for  𝒓 ∈ 𝝏𝛀_Neumann                          (7) 

        0 =  𝒗(𝑡, 𝒓) ∙ 𝒏(𝒓)  for  𝒓 ∈ 𝝏𝛀_Neumann                     (8) 

        0 =  𝒂(𝑡, 𝒓) ∙ 𝒏(𝒓)  for  𝒓 ∈ 𝝏𝛀_Neumann                     (9) 

Here, 𝒈 = (0, 0, −9.81[m/s2])  is the gravity acceleration. 𝒏(𝒓)  is the “inner” 

normal vector at position 𝒓 ∈ ∂Ω_Neumann . 

Since we consider the case that the fluid’s velocity is sufficiently smaller than 

the sound velocity, we assume the flow’s incompressibility 

      
 𝜕

 𝜕𝒓
∙  𝒗(𝑡, 𝒓) = 0        for  𝒓 ∈ Int 𝛀(𝑡)   (10) 

 

4.  PRESSURE POISSON PARTIAL DIFFERENTIAL EQUATION AND 

BOUNDARY CONDITION 

 

Applying ∂/ ∂𝒓  to the both sides of the Navier-Stokes partial differential 

equation (5) and considering the incompressibility (10), one obtain the following 

Poisson partial differential equation 

        𝜌
 𝜕

 𝜕𝒓
∙ 𝒂(𝑡, 𝒓) = (−1)

 𝜕

 𝜕𝒓
∙

 𝜕

 𝜕𝒓
 𝑃(𝑡, 𝒓) + 0 + 0   for  𝒓 ∈ Int 𝛀(𝑡)   (11) 

id est 

        (−1)
 𝜕

 𝜕𝒓
∙

 𝜕

 𝜕𝒓
 𝑃(𝑡, 𝒓) = 𝑓(𝑡, 𝒓) =  𝜌

 𝜕

 𝜕𝒓
∙ 𝒂(𝑡, 𝒓)   for  𝒓 ∈ Int 𝛀(𝑡)  (12) 

Let 𝒏(𝒒)  be the “inner” normal vector at position 𝒒 ∈ ∂Ω_Neumann . The 

spatial partial derivative along the “inner” normal vector and the spatial partial 

derivative along the “outer” normal vector may not equal. The spatial partial 

derivative along the “inner” normal vector can be computed by physical quantities 

in the fluid domain Ω(𝑡) , although the spatial partial derivative along the “outer” 

normal vector cannot be computed by physical quantities in the fluid domain Ω(𝑡) .  

Taking the inner product between the inner normal vector 𝒏(𝒒) and the both 

sides of the Navier-Stokes partial differential equation (5), one obtain the 
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Neumann boundary condition  

   𝜌 𝒂 ∙ 𝒏 = (−1)
 𝜕𝑃

 𝜕𝒏
  + (𝜇

 𝜕

 𝜕𝒓
∙

 𝜕

 𝜕𝒓
 𝒗  ) ∙ 𝒏 +   𝒈 ∙ 𝒏 for 𝒒 ∈ ∂Ω_Neumann (13) 

id est  

   
 𝜕𝑃(𝑡,𝒒)

 𝜕𝒏(𝒒)
= ℎ(𝒒)  =   𝒈 ∙ 𝒏 + (−1)𝜌 𝒂 ∙ 𝒏 + (𝜇

 𝜕

 𝜕𝒓
∙

 𝜕

 𝜕𝒓
 𝒗 ) ∙ 𝒏       (14) 

                                =  𝒈 ∙ 𝒏 + 0 + 0                              (15) 

because the boundary condition (8) and (9) at the wall ∂Ω_Neumann . 

At time 𝑡 and the position 𝒒 ∈ ∂Ω(𝑡)_Dirichlet  on the free surface, the pressure 

satisfies the Dirichlet boundary condition  

       𝑃(𝑡, 𝒒) = 0  for 𝒒 ∈ ∂Ω(𝑡)_Dirichlet                              (16) 

 

5.  GREEN FUNCTION FOR HOMOGENEOUS BOUNDARY CONDITION 

 

Let 𝐾(𝒓, 𝒒) be the Green function of the Poisson partial differential equation 

and the homogeneous boundary condition [2]. The Green function 𝐾(𝒓, 𝒒) satisfies 

the Poisson partial differential equation  

     δ(𝒓 − 𝒒) =  (−1)
 𝜕

 𝜕𝒓
∙

 𝜕

 𝜕𝒓
 𝐾(𝒓, 𝒒)   for 𝒓, 𝒒 ∈ Int Ω(𝑡)         (17) 

with the source term δ(𝒓 − 𝒒) , the homogeneous Neumann boundary condition  

 𝜕

 𝜕𝒏(𝒓)
 𝐾(𝒓, 𝒒) = 0 for 𝒓 ∈ ∂Ω(𝑡)_Neumann for 𝒒 ∈ Int Ω(𝑡)      (18) 

and the homogeneous Dirichlet boundary condition 

     𝐾(𝒓, 𝒒) = 0  for 𝒓 ∈ ∂Ω(𝑡)_Dirichlet and for 𝒒 ∈ Int Ω(𝑡)       (19) 

 

6.  NON-HOMOGENEOUS BOUNDARY CONDITION IS TRANSFORMED TO 

THE SOURCE TERM OF THE POISSON PARTIAL DIFFERENTIAL EQUATION 

 

The solution 𝑃(𝒓) of the pressure Poisson partial differential equation (12) 

and the boundary conditions (14) (16) is expressed by the following integral  

 𝑃(𝑡. 𝒓) = ∫ 𝐾(𝒓, 𝒒) 𝑓(𝑡, 𝒒)𝑑𝒒
𝒒∈𝛺(𝑡)

+ ∫  𝐾(𝒓, 𝒒) ℎ(𝒒)
𝒒∈𝜕𝛺Nuemann

𝑑𝝈(𝒒)  (20) 
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Let 𝛅(𝒒) be the delta function whose support is ∂Ω_Neumann.  

     𝑃(𝑡, 𝒓) =  ∫ 𝐾(𝒓, 𝒒) 𝑓(𝑡, 𝒒)𝑑𝒒
𝒒∈𝛺(𝑡)

+ ∫  𝐾(𝒓, 𝒒)ℎ(𝒒) 𝛅(𝒒)
𝒒∈𝛺(𝑡)

𝑑𝒒  (21) 

                    =  ∫  𝐾(𝒓, 𝒒)(  𝑓(𝑡, 𝒒) + ℎ(𝒒) 𝛅(𝒒)   )𝑑𝒒                           (22)
𝒒∈𝛺(𝑡)

 

Then the pressure 𝑃(𝑡, 𝒓) is also be computed by the following Poisson partial 

differential equation  

        (−1)
 𝜕

 𝜕𝒓
∙

 𝜕

 𝜕𝒓
 𝑃(𝑡, 𝒓) = 𝑓(𝑡, 𝒓) + ℎ(𝒓) 𝛅(𝒓)   for  𝒓 ∈ Int 𝛀(𝑡)      (23) 

with the source term 𝑓(𝑡, 𝒓) + ℎ(𝒓) 𝛅(𝒓)  and the homogeneous B.C. 

       
 𝜕𝑃(𝑡,𝒒)

 𝜕𝒏(𝒒)
= 0   for 𝒒 ∈ ∂Ω_Neumann                            (24) 

        𝑃(t, 𝒒) = 0  for 𝒒 ∈ ∂Ω(𝑡)_Dirichlet                             (25) 

 

7.  PARTICLE NUMBER DENSITY FEEDBACK IN MPS 

 

  Tanaka and Masunaga [4] computed the pressure by solving the following 

Poisson partial differential equation  

(
 −1

 𝜌0
)

 𝜕

 𝜕𝒓
∙

 𝜕

 𝜕𝒓
 𝑃(𝑡, 𝒓) = (1 − 𝛼)

  𝜕

 𝜕𝒓
∙

 0−𝒗(𝑡−Δ𝑡 ,   𝒓)

 Δ𝑡
 +  𝛼 

 𝑛(𝑡 ,   𝒓) − 𝑛0

 Δ𝑡 Δ𝑡
 (26)  

        = (1 − 𝛼)
  𝜕

 𝜕𝒓
∙

 𝒗(𝑡 ,𝒓)−𝒗(𝑡−Δ𝑡 ,𝒓)

 Δ𝑡
 +  𝛼 

 𝑛(𝑡 ,𝒓) − 𝑛0

 Δ𝑡 Δ𝑡
               (27) 

        = (1 − 𝛼)
  𝜕

 𝜕𝒓
∙ 𝒂(𝑡, 𝒓)  +  𝛼 

 𝑛(𝑡 ,   𝒓) − 𝑛0

 Δ𝑡 Δ𝑡
     for  𝒓 ∈ Int 𝛀(𝑡)  (28) 

with homogeneous boundary conditions. Here, 𝑛(𝑡, 𝒓)  is the particle number 

density at time 𝑡, 𝑛0 is the true value of the particle number density,  𝜌0  is the 

true value of the mass density of the fluid, and  0 ≤ α ≤ 1 is the weight coefficient 

for the feedback of the particle number density.  

  By considering that the fluid particles always collides the bottom of the wall 

∂Ω_Neumann the waterway, the equation (23) corresponds to the equation (28).  
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8  CONCLUSIONS 

The pressure Poisson partial differential equation with the non-homogeneous 

boundary condition is transformed to the pressure Poisson partial differential 

equation with homogeneous boundary condition whose source term is the mass 

density feedback which was introduced by Moving Particle Semi-implicit method .  
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Using Modeling and Machine Learning to Accelerate High-Throughput
Experimental Materials Discovery

Jason Hattrick-Simpers*, Fang Ren**, Logan Ward***, Travis Williams****, Kevin Laws*****,
Christopher Wolverton******, Apurva Mehta*******

*NIST, **SLAC National Accelerator Laboratory, ***University of Chicago, ****University of South Carolina,
*****University of New South Wales, ******Northwestern University, *******SLAC National Accelerator Laboratory

ABSTRACT

Over the past 10 years there has been a resurgent interest in the development of novel metallic alloys, both as
multiple principle component solid solution alloys, so-called high entropy alloys (HEA) as well as amorphous
metallic glasses. Although a number of empirical rules have been proposed for the prediction of potential alloy
compositions, calculating their stability and quantifying their properties of interest at operating temperatures from
first principles represents a significant challenge. In fact, even high-throughput experimental studies struggle to
effectively explore such large composition-processing-property parameter spaces efficiently. Here, I will discuss an
approach that seeks to address the rational experimental exploration of such alloys by combining theory,
experiment and data science. Our approach is to use insights from the literature, theory, and/or data mining to
identify the regions of parameter space most likely to yield interesting materials. We then employ computationally
guided high-throughput synthesis techniques to strategically probe composition and processing space. In situ
synchrotron diffraction studies yield tens of thousands of data sets describing the evolution of the alloy phase and
corrosion products. The data are evaluated using automated knowledge extraction techniques, enabling us to
assess our experiments, update the models used to generate the initial lead materials, and plan the next material
system to study. In this talk, I will emphasize our recent work using these techniques to investigate phase stability
in metallic glasses.
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Title: A Collision-Based Hybrid Method for Linear Transport

Cory Hauck*

*Oak Ridge National Laboratory

ABSTRACT

We present a hybrid method for simulating kinetic equations with multiscale phenomena in the context of linear
transport. The method consists of (i) partitioning the kinetic equation into collisional and non-collisional
components; (ii) applying a different numerical method to each component; and (iii) re- partitioning the kinetic
distribution after each time step in the algorithm. Preliminary results show that, for a wide range of test problems,
the combination of a low-order method for the collisional component and a high-order method for the non-collisional
component provides a level of accuracy that is comparable to a uniform high- order treatment of the entire system.
We also investigate the use of integral-deferred correction techniques to increase the temporal accuracy of the
individual components of the hybrid method and assess the benefits in overall efficiency.
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Homogenization and Design Optimization for a Periodic Heterogeneous
Plate with Frame Structure under a Given Constraint

Michael Hauck*, Julia Orlik**, Stephan Wackerle***

*Fraunhofer ITWM, **Fraunhofer ITWM, ***Fraunhofer ITWM

ABSTRACT

The design optimization problems for heterogeneous elastic plates with frame structure as shown in [1] arise in
many different applications, for instance in filters under local bending or analysis of textiles. We consider a plate with
an in-plane periodic structure under a local point-bending moment or force. We employ basic homogenization
techniques for linear periodic heterogeneous plates and pass to the anisotropic Kirchhoff-Love plate in the limit,
where the effective bending coefficients were obtained from the auxiliary bending unit experiments on the periodicity
cell by averaging of the local moments of outer-plane stresses. Since the plate structure is made of beam, we use
the beam-FE method for solving the cell-problems. We homogenize the plate and then find an analytic solution
under the local bending perturbation. Our further aim is to minimize the deflection caused by a localized load in the
effective anisotropic plate. For that case we need to define a design space as in [2], which takes into account the
constraint of anisotropy. We provide a particular example, where we can show how the design parameters influence
the maximal plate deflection. References: [1] Hauck, M., Klar, A., &amp;amp; Orlik, J. (2017). Design optimization in
periodic structural plates under the constraint of anisotropy. ZAMM?Journal of Applied Mathematics and
Mechanics/Zeitschrift für Angewandte Mathematik und Mechanik. [2] Orlik, J., Panasenko, G., &amp;amp; Shiryaev,
V. (2016). Optimization of Textile-Like Materials via Homogenization and Beam Approximations. Multiscale
Modeling &amp;amp; Simulation, 14(2), 637-667.
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VMS A Posteriori Error Estimation for the Incompressible NS Equations

Guillermo Hauke*, Diego Irisarri**

*EINA - Zaragoza, **EINA - Zaragoza

ABSTRACT

The genesis of stabilized methods was established in [1] from the standpoint of the variational multiscale theory
(VMS). By splitting the solution into resolved and unresolved scales, it was shown that stabilized methods take into
account an approximation of the unresolved scales into the finite element solution. Recent works have shown that
these unresolved scales contain fairly accurate error information that can be exploited to formulate explicit a
posteriori error estimators which are consistent with the assumptions inherent to stabilized methods [2,3]. In this
presentation new highlights will be given about global and local a posteriori estimation for the incompressible
Navier-Stokes equations using the VMS error time-scales. References: [1] T.J.R. Hughes, Multiscale phenomena:
Green&apos;s functions, the Dirichlet-to-Neumann formulation, subgrid scale models, bubbles and the origins of
stabilized methods. Comput. Meth. Appl. Mech. Engrg. 127, 387-401, (1995). [2] G. Hauke, D. Fuster and M.H.
Doweidar, Variational Multiscale a-Posteriori Error Estimation for Multi-dimensional Transport Problems. Comput.
Meth. Appl. Mech. Engrg. 197, 2701-2718, (2008) [3] G. Hauke, D. Fuster, F. Lizarraga, Variational Multiscale
a-Posteriori Error Estimation for Systems: The Euler and Navier-Stokes Equations. Comput. Meth. Appl. Mech.
Engrg. 283, 1493-1524, (2015)
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A Review of VMS for A Posteriori Error Estimation

Guillermo Hauke*

*EINA - Zaragoza

ABSTRACT

The variational multiscale theory (VMS) was proposed in [1] to explain and unify various fundamental problems in
computational mechanics including the origin of stabilized methods. By splitting the solution into resolved and
unresolved scales, it was shown that stabilized methods take into account an approximation of the unresolved
scales into the finite element solution. These unresolved scales contain important subgrid information, that has been
used up for providing accurate turbulence models for LES [2]. Recent works have also shown that the unresolved
scales can be used to formulate explicit and implicit a posteriori error estimators which are consistent with the
assumptions inherent to stabilized methods [3]. In this presentation we will summarize the achievements of VMS
and the error-time scales to estimate the numerical error and its potential to adapt the meshes. [1] T.J.R. Hughes,
Multiscale phenomena: Green&apos;s functions, the Dirichlet-to-Neumann formulation, subgrid scale models,
bubbles and the origins of stabilized methods. Comput. Meth. Appl. Mech. Engrg. 127, 387--401, (1995). [2] Y.
Bazilevs, V.M. Calo, J.A. Cottrell, T.J.R. Hughes, A. Reali, G. Scovazzi, Variational multiscale residual-based
turbulence modeling for large eddy simulation of incompressible flows. Comput. Meth. Appl. Mech. Engrg. 197,
173--201, (2007) [3] G. Hauke, D. Fuster, F. Lizarraga, Variational Multiscale a-Posteriori Error Estimation for
Systems: The Euler and Navier-Stokes Equations. Comput. Meth. Appl. Mech. Engrg. 283, 1493--1524, (2015)
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Uncertainty Quantification in Finite Element Models: Application to Soft
Tissue Biomechanics

Paul Hauseux*, Jack S. Hale**, Raphaël Bulle***, Franz Chouly****, Alexei Lozinski*****,
Stéphane P.A. Bordas******

*University of Luxembourg, **University of Luxembourg, ***University of Luxembourg, ****Bourgogne Franche
Comté University, *****Bourgogne Franche Comté University, ******University of Luxembourg and Cardiff University

ABSTRACT

We present probabilistic approaches aiming at the selection of the best constitutive model and to identify their
parameters from experimental data. These parameters are always associated with some degree of uncertainty. It is
therefore important to study how this statistical uncertainty in parameters propagates to a safety-critical quantity of
interest in the output of a model. Efficient Monte Carlo methods based on variance reduction techniques (Sensitivity
Derivatives Monte Carlo methods [Hauseux et al. 2017] and MultiLevel Monte Carlo [Giles 2015] methods) are
employed to propagate this uncertainty for both random variables and random fields.  Inverse and forward
problems are strongly connected. In a bayesian setting [Matthies et al. 2017], developing methods that reduce the
number of evaluations of the forward model to an absolute minimum to achieve convergence is crucial for tractable
computations. Numerical results in the context of soft tissue biomechanics are presented and discussed.
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A Plate Element Formulation for Modeling Progressive Damage and
Residual Strength of Laminates

Devlin Hayduke*

*Materials Sciences Corporation

ABSTRACT

Advanced composite material systems are vital to the development of lightweight, multi-functional aerospace
structures. In addition to reducing the weight of the structure, these material systems provide the ability to expand
the function of the structure by tailoring stiffness and strength characteristics for numerous applications.
Consequently, carbon fiber-reinforced epoxy structures have become very attractive for airframe applications. It is
normally accepted that a limiting characteristic of laminated composite structures of this nature is the response of
the impacted material to compressive loads, e.g. buckling. It is also well documented that delamination is the
predominant damage mode in composite materials subjected to impact damage. Consequently, novel advanced
composite material design and analysis approaches are sought to minimize the risk of damage from low-energy
impacts resulting from operations and maintenance impact accidents. An analysis tool that contains novel
mathematical/physical approaches for accurately assessing the residual compressive strength in impact-damaged
composite structures is desired. In response to this need, a user element (UEL) subroutine for use with
commercially available analysis codes has been developed by Materials Sciences Corporation. In particular, an
enhanced plate formulation element that offers advantages in both the economy and reliability of computations has
been realized. The formulation integrates a nonlinear material model to evaluate progressive damage and failure of
composite materials on a ply-by-ply basis while incorporating a shear correction model that accurately predicts the
nonlinear transverse response of impacted composite structures. A brief overview of the theoretical formulation of
the element and embedded nonlinear material model will be provided. Followed by examples of standard
characterization tests and the corresponding data reduction methodology required to determine model parameters
for a commonly used intermediate modulus carbon fiber reinforced epoxy material system. In addition, an example
of the residual strength predictions for a standard test specimen that exhibits progressive damage due to
transverse shear will be reviewed. Finally, results of analysis models, e.g., dynamic and quasi-static, that were
used to predict residual strength of an impacted laminated panel will be compared to experimental results.
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Investigation of Fluid-Driven Fracture in Porous Medium Using Diffusive
Phase-Field Fracture Approach

Bang He*, Pania Newell**, Mary Wheeler***

*The University of Utah, **The University of Utah, ***The University of Texas at Austin

ABSTRACT

The fluid-driven fracture exists in many porous mediums, including but not limited to, geological subsurface media,
biological organs, chemical reactant, etc. The fracture in porous matrix is usually a primary concern, because it
often relates to the failure of entire material system. Therefore, understating the mechanism of fluid-driven fracture
in porous medium is an important task in many scientific and engineering applications. However, because of the
complex coupled physics of the intertwining interaction among fluid flow, porous medium, and fracture propagation,
as well as the stress singularity at the crack tip, it is usually challenging to numerically investigate it. Some recent
works on the phase-field modeling have constructed the generalized free energy equation for saturated porous
medium by taking the pressure term and phase-field free energy into account, where the phase-field method is
extended to the fully coupled fluid-driven fracture problems in porous medium. With this method, it is feasible for us
to take a closer look at the essential characteristics of the fluid-driven fracture in porous medium and circumvent the
discontinuity problem in numerical simulation. Therefore, we conducted two comprehensive investigation of the
fluid-driven fracture in porous medium based on the penny crack model, considering that penny crack is massively
investigated in published literature and there are lots of data available to validate our numerical result through
comparison. The first part will focus on the influence of fluid injection pressure on fracture growth pattern for a given
porous medium. With this work, the relation between fracture propagation and fluid injection can be established.
Moreover, we anticipate that the underlined porosity (e.g. shape, size, and distribution) will also impact the fracture
growth. Therefore, aside from the injection pressure-fracture relation, we will also present an endeavor to explore
the porosity and pore size effect on fracture growth by using the multi-scale phase-field modeling method for
fractured porous structure. In this study, the contribution of porosity and pore size to fracture will be studied by
considering their continuous effect on the permeability and Biot&amp;apos;s coefficient. Furthermore, at the
pore-scale, the fracture growth along the variation of porosity and pore size will also be examined by modeling the
pore with micro element and carrying over the micro element response to macro models. Through this investigation,
we can extend our understanding on how



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

An Evaluation Approach of Dynamic Brittle Fracture Using Limited Sensor
Data

Jingjing He*, Yibin Zhou**, Yongxiang Wang***, Haim Waisman****, Rilin Shen*****

*Beihang University, **Beihang University, ***Columbia University, ****Columbia University, *****Harbin Institute of
Technology

ABSTRACT

The prevention of fracture-induced failure is a major challenge in engineering designs, as a consequence, a wide
variety of numerical simulations of fracture processes have been studied over decades. In this work, we propose a
simulation approach for brittle fracture to the dynamic case combined with dynamic responses reconstruction
method and phase-field model. In contrast to discrete descriptions of fracture, phase-field descriptions do not
require numerical tracking of discontinuities in the displacement field. The fracture surface is approximated by a
field, which smoothes the boundary of the crack over a small region. The evolution of fracture surfaces follows from
the solution of a coupled system of partial differential equations, which greatly reduces implementation complexity.
The previous work named as REMD (reconstruction based on empirical mode decomposition) is extended to
accurately obtain the structural displacement responses in time domain. One of the advantages of the REMD is to
provide accurate dynamic response information for fracture crack simulation using sparse and remote strain
gauges installed in the structure. For the mode shape information will change as the stiffness of cracked elements
decrease in the fracture process, we present a step calculation scheme to update the exact mode shape included
crack evolution information. Then, the behavior of the dynamic model is studied by performing a number of
numerical cases. These cases show that the combination of the phase-field model and REMD provides an effective
method for simulating fracture process in two dimensions.
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A Decomposed Subspace Reduction for Fracture Mechanics Based on
ISBFM Galerkin Meshfree Method

Qizhi He*, J. S. Chen**, Camille Marodon***

*University of California, San Diego, **University of California, San Diego, ***OptimaRH Consulting

ABSTRACT

Repeated simulations of fracture in materials under various conditions are important in many applications but are
computationally unaffordable. A decomposed subspace reduction (DSR) method is proposed for fracture
mechanics modeled by a Galerkin meshfree method, where the meshfree approximation is based on a smooth
reproducing kernel approximation enriched by non-smooth near-tip basis functions. The Galerkin formulation is
formulated via the integrated singular basis function method (ISBFM) [1, 2] to avoid the need of high-order
quadrature scheme for domain integration near the crack tip, and consequently yields a sparser discrete system for
effective model order reduction (MOR) procedures. The DSR method is proposed for the ISBFM discrete system,
such that the low-rank representation of the smooth subspace is obtained while the non-smooth subspace is
optimally preserved. Compared with the standard model reduction based on a modal projection, DSR better
represents the singularity and discontinuity properties of fracture problem in its low-dimensional reduced-order
approximation. Numerical examples are given to validate the effectiveness of the proposed MOR method for
fracture mechanics. References [1] Georgiou, G. C., Olson L, Smyrlis Y. S., A singular function boundary integral
method for the Laplace equation, Communications in Numerical Methods in Engineering, 12(2), pp. 127–134. 1996.
[2] Chen, J. S., Marodon, C., Hu, H. Y., Model order reduction for meshfree solution of Poisson singularity
problems. International Journal for Numerical Methods in Engineering, 102(5), pp.1211–1237, 2015.
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Adaptive Reduction of the Dimensionality of Multiscale Models in Solid
Mechanics and Structural Dynamics

Wanli He*, Charbel Farhat**

*Stanford University, **Stanford University

ABSTRACT

Heterogeneous materials are often encountered in solid mechanics and structural dynamics problems. The brute
force Finite Element (FE) solution of such problems usually requires extremely fine meshes and leads to
prohibitively expensive numerical simulations. For this reason, alternative approaches such as the multiscale FE2
have been developed. Typically, these assume that the material configuration is homogeneous at the macroscale
but heterogeneous at the smallest represented scale, and couple the sequence of scales using localization and
homogenization procedures. For many problems however, they remain computationally unaffordable as at each but
the finest scale, they require the solution of a unit cell problem at each quadrature point of the associated FE mesh.
For this reason, a model reduction framework was recently presented in [1] for dramatically accelerating the
solution of nonlinear dynamic multiscale problems. In this framework, the dimensionality of the governing equations
is reduced using the POD method, and computational efficiency is achieved for the evaluation of the nonlinear
reduced-order terms using the Energy Conserving Sampling and Weighting method. Training is performed in two
steps. First, a microscale hyper reduced-order model is constructed in-situ in order to achieve significant speedups
even in non-parametric settings. Next, a classical offline-online training approach is performed to build a parametric
hyper reduced-order macroscale model. A notable feature of this approach is the minimization, at the macroscale
level, of the cost of the training using the in-situ hyper reduced-order microscale model to accelerate snapshot
acquisition. A weak spot however is the in-situ training itself which, for sufficiently large macroscale models,
requires an adaptive reduction process to keep the global ROB accurate and economical at all times. This talk will
present such an adaptive process based on the concept of a database of local ROBs that is constructed and
updated on-the-fly. This process treats the deformation gradient as a vector parameter domain, which enables it to
locate each unit cell problem in the database and assign to it online the most appropriate local ROB. Its accuracy is
optimized by collecting new snapshots as needed and updating accordingly the local ROBs. The resulting adaptive
nonlinear model reduction framework is illustrated with the fast solution of several nonlinear dynamic multiscale
problems. 1. M. J. Zahr, P. Avery, and C. Farhat, A Multilevel Projection-based Model Order Reduction Framework
for Nonlinear Dynamic Multiscale Problems in Structural and Solid Mechanics, International Journal for Numerical
Methods in Engineering, Vol. 112, pp. 885-881 (2017)
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Beam Damage Localization Using Indirectly Identified Mode Shapes

Wen-Yu He*, Jian He**, Wei-Xin Ren***, Songye Zhu****

*Hefei University of Technology, **Hefei University of Technology, ***Hefei University of Technology, ****The Hong
Kong Polytechnic University

ABSTRACT

This paper presents a damage localization method for beam structures by using the indirectly identified mode
shapes without reference data. Mode shapes with high spatial resolution in a damaged state is extracted from the
moving vehicle response via Hilbert transform (HT). To avoid the low anti-noise ability of the central difference
method, regional mode shape curvature (RMSC) in the damaged state is defined to replace the traditional mode
shape curvature. Subsequently the RMSC in an undamaged state is estimated by using the RMSC in a damaged
state and the polynomial approximation that assumes RMSC in an undamaged state has smooth surface. Finally
the RMSC change is used to localize damage in beam structures. Numerical studies are carried out to investigate
the feasibility and efficiency of the proposed damage localization index (DLI). The results indicate that the proposed
method can effectively overcome the disadvantages of traditional mode shape based damage localization methods
, such as the requirement for high spatial resolution and reference mode shapes, and the central difference method
induced low anti-noise ability.
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Numerical Simulation for the Fracture Behaviour of Carbon Nanotubes

Xiaoqiao He*

*City University of Hong Kong

ABSTRACT

An atomic-based cellular automata algorithm (ACAA) is presented for the atomic-scale simulation of carbón
nanotubes (CNTs). The ACAA employs the inter-atomic potential to account for multi-body interactions. Thus, the
ACAA method is as accurate as the molecular dynamic (MD) method and much faster than MD simulations. The
stress-strain response from elastic deformation to fracture of CNTs is simulated by using the ACAA method. The
effect of a vacancy defect is examined on the tension characteristic of CNTs. The numerical results show that the
ACAA is a effective method for the simulation of large system of CNTs.
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The Effect of Marangoni Instabilities on Horizontal Ribbon Growth

Brian Helenbrook*

*Clarkson University

ABSTRACT

An arbitrary-Lagrangian-Eulerian hp finite element is used to study the dynamics of single-crystal horizontal ribbon
growth of silicon. Solidification kinetics are included to model the non-isotropic growth of solid silicon. This study
focuses on the fluid dynamics of the process in particular examining how Marangoni flows affect the final grown
crystal. It is shown that depending on the chosen magnitude of the derivative of surface tension coefficient with
temperature, marangoni stresses can cause a chaotic flow to develop. This flow leads to fluctuations in the
free-surface height, which in turn create irregularities on the surface of the grown crystal. The amplitude and
wavelength of the irregularities predicted by the model 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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Fast, Robust and Portable Implementations of Complex Mechanical
Behaviours with the MFront Code Generator

Thomas Helfer*

*CEA, DEN, DEC, SESC

ABSTRACT

The PLEIADES software environment is devoted to the thermomechanical simulation of nuclear fuel elements
behaviour under irradiation. This platform is co-developed in the framework of a research cooperative program
between Électricité de France (EDF), AREVA and the French Atomic Energy Commission (CEA). Within this
plateform, a unified software environment for capitalisation of material knowledge has been developed and released
as an open-source project: the MFront code generator [2,3]. This code generator provides several high level domain
specific languages that allow the user to express the constitutive equations in a form closed to their mathematical
expression. Those domain specific languages use a mathematical library based on advanced programming
techniques provided by the C++ language (template meta-programming, static polymorphism, expression
templates, loop unrolling, etc..) which allow the compiler to highly optimize the generated code. This talk will focus
on mechanical behaviours which are by essence complex and may have significant impact on the numerical
performances of mechanical simulations. MFront users can describe all kinds of mechanical phenomena, such as
viscoplasticity, plasticity and damage, for various types of mechanical behaviour (small strain or finite strain
behaviour, cohesive zone models). MFront provides various interfaces to finite element solvers which allow the
same implementation to be used in many finite element solvers, such as: Abaqus/Standard and Abaqus/Explicit,
Ansys APL, CalculiX, Code_Aster, Cast3M, etc. Several benchmarks show that the generated mechanical
behaviours are computationally efficient and have performances on par with native build-in implementations in
Code_Aster, Cast3M, Abaqus/Standard, etc. This talk will provide: - an overview of the MFront code generator. - an
example of the implementation of complex plastic behaviour at finite strain with an implicit scheme and the impact of
the algorithms used to solve the implicit system on the robustness and numerical performances: those algorithms
range from simple physically motivated modifications to the standard Newton-Raphson algorithm to advanced
trust-region algorithms (Powell DogLeg, Levenberg-Marquart). [1] David Plancq et al. PLEIADES: a unified
environment for multi-dimensional fuel performance modeling. In Interna- tional meeting on LWR fuel performance,
Florida, 2004. [2] http://tfel.sourceforge.net [3] Thomas Helfer et al. Introducing the open-source mfront code
generator : Applica- tion to mechanical behaviours and material knowledge management within the PLEIADES fuel
element modelling platform. Computers & Mathematics with Ap- plications, 70(5) :994–1023, September 2015.
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Biofidelic FEMs for Assessing Hip Fracture Risk in Elderly Women
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ABSTRACT

Introduction FEM based prediction of hip fracture risk has in the past focused on the sensitivity of quasi-static
femoral strength as a fracture risk indicator. The load that the femur is subjected to as a result of impact, which is
the cause of most hip fractures, has sparsely been investigated. This study aimed to develop a high throughput
pipeline for generating biofidelic FEMs that simulate impact loading resulting from sideways falling and assess their
fracture classification accuracy. Methods Whole pelvic FEMs were generated from baseline CT scans for 254
females from the AGES-Reykjavik cohort. The femur on the impacted side was segmented from the CT data and
corresponding FEM generated with heterogeneous, visco-plastic material properties mapped to it [1]. Models of soft
tissue and other skeletal structures, not fully visible in the CT data, were generated with a combination of morphing
and statistical shape modelling techniques. The FEMs were subject to sideways fall impact at 3 m/s. Fragility ratio
(FR) was defined as the ratio between peak forces of paired biofidelic models, one with fully elastic and the other
with non-linear material properties for the proximal femur. An expected end-point value (EEV) was defined as the
FR weighted by the probability of falling assessed based on self-reported fall frequency at baseline. Bone tissue
tensile damage and change in maximum volumetric strain (?MVS) were also assessed based on the FEM results.
Fracture classification was quantified in terms of area under the receiver-operator curve (AUC). Results
Age-adjusted AUC was highest for ?MVS (0.72), followed by FR (0.71), aBMD (0.70), and EEV (0.68). Partial-AUC
corresponding to an osteoporotic threshold (aBMD of 0.57g/cm3) was highest for FR (0.043), followed by EEV
(0.042), ?MVS (0.033), and aBMD (0.028). Maximum elastic femur force was correlated with femoral head radius,
pelvis width, and soft tissue thickness (R2=0.79; RMSE=0.46 kN;
p&amp;amp;amp;amp;amp;amp;amp;amp;amp;amp;lt;0.005). Discussion The marginal improvement in FE-based
AUC values compared to aBMD was similar to previous studies [2], however larger differences were observed for
partial-AUC. The addition of fall frequency information did not significantly improve the sensitivity of hip fracture
classification, suggesting that an improved assessment of fall probability is necessary for accurately identifying
individuals predisposed to fracture. A novel estimate of peak femoral impact force as a function of subject
biometrics provides valuable information for future studies simulating subject-specific impact loads. References [1]
Enns-Bray et al., JMBBM, 78:196-205, 2018. [2] Kopperdahl et al., JBMR, 29:570-580 2014.
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Multi-Scale Fracture Mechanics Approach to Simulate Crack Propagation in
Repaired Sensitized Aluminum

Bozhi Heng*, Stephanie TerMaath**
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ABSTRACT

Stress corrosion cracking (SCC) is one of the main failure modes of Al-Mg (5xxx series) alloys used in marine
structures. The precipitation of Al2Mg3 ?-phase along grain boundaries takes place when Al-Mg alloys are exposed
to elevated temperature over a prolonged time, which is defined as sensitization. The combination of marine
environment and sensitization makes the alloys more susceptible to SCC due to the dissolution of the ?-phase in
salt water. Fiber reinforced composite patches have been demonstrated as an effective approach to prevent and
slow crack growth in ship structures. Characterization of crack repair performance will allow for use of composite
patches as an alternative to traditional repair techniques as a permanent repair. The goal of this research is to
develop high-fidelity multi-scale computational models to predict and investigate crack growth in sensitized
aluminum repaired with composite patches. The main challenge of this research is the lack of conclusive
experimental data and the current incomplete knowledge of the complex mechanism for SCC. Therefore, the main
objective is to develop mathematical models to describe the mechanisms of crack growth in sensitized aluminum
through experimentation and multi-scale modeling. Then the mathematical models will be applied to investigate the
effects of composite patches on crack propagation in sensitized aluminum. The greatest advantage of the proposed
multi-scale modeling is its ability to cover micro factors of material microstructure in SCC such as ?-phase
distribution and grain orientation. However, this makes it difficult to homogenize models from a low-level scale to a
high-level scale model. A developed probabilistic approach will be used for the homogenization process. Multiple
cracks and branching crack growth is another reason for the complication of SCC analysis. A 3D model based on
extended finite element method (XFEM) will be developed to simulate stress corrosion crack propagation with
complex crack surfaces and crack paths.
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Discretization of Weak and Strong Discontinuities in Non-Conformal Meshes
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ABSTRACT

In the numerical analysis of heterogeneous materials, weak and strong discontinuities arise in the field variables
due to rapidly changing mechanical properties at material interfaces or due to propagation of cracks if a specific
failure load is exceeded. Details about the local topology of heterogeneous microstructures are typically taken from
imaging methods or are given in terms of random distributions. To reduce the time for costly meshing processes,
different non-standard discretization techniques have been developed to discretize these heterogeneities in
non-conforming meshes. These include polygonal or extended FEM, the hp-d-adaptive finite cell method, or its
hp-adaptive B-spline version [1]. While good convergence rates can be achieved for the latter two, stress
oscillations may occur because sharp material interfaces are modeled in terms of a continuous basis. Here, we
incorporate material interfaces into a non-conforming discretization using a regularized interface representation.
Adaptive, local h-refinement based on THB-splines [2] is applied to provide an hr-adaptive refinement strategy,
where element size h and regularization length r are reduced simultaneously. In combination with specific
homogenization assumptions across the interface, good convergence rates and local stresses are obtained. To
account for local damage and failure, the modeling of the heterogeneous material structure is extended by a
phase-field model for bulk and interface cracks. In this way, the cumbersome topological updates of the analysis
mesh to track the crack path, are avoided. Crack initiation and propagation is controlled by solving an additional
scalar field problem that is coupled to the mechanical one [3]. To model interface failure between two materials we
combine the phase field approach with a local reduction of the critical fracture energy in the area of the regularized
material interface. The method considers possible interactions between the regularization of the interface and the
phase-field and ensures crack propagation with the experimentally observed fracture toughness of the interface.
Finally we demonstrate the proposed modeling approach in numerical examples for crack propagation in
heterogeneous materials using non-conformal meshes. [1] D. Schillinger and E. Rank. An unfitted hp-adaptive finite
element method based on hierarchical B-splines for interface problems of complex geometry. CMAME, 2011. [2] P.
Hennig, S. Müller and M. Kästner. Bezier extraction and adaptive refinement of truncated hierarchical NURBS.
CMAME, 2016. [3] B. Bourdin, G.A. Francfort, and J-J. Marigo. Numerical experiments in revisited brittle fracture.
JMPS, 2000.
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Polymorphic Uncertainty Quantifciation for Stability Analysis of Fluid
Saturated Soil and Earth Structures
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ABSTRACT

Nowadays, numerical simulations enable the description of mechanical problems in many application fields, e.g. in
soil or solid mechanics. During the process of physical and computational modelling, a lot of theoretical model
approaches and geometrical approximations are sources of errors. These can be distinguished into aleatoric (e.g.
model parameters) and epistemic (e.g. numerical approximation) uncertainties. In order to get access to a risk
assessment, these uncertainties and errors must be captured and quantified. In the framework of the priority
program SPP 1886 of the DFG, in the present subproject (sp12) the focus is driven on quantification and
assessment of polymorphic uncertainties in computational simulations of earth structures, especially for
fluid-saturated soils. To describe the strongly coupled and non-linear solid-fluid response behavior, the theory of
porous media (TPM) will be used [1]. To capture the impacts of different uncertainties on computational results, two
promising approaches of analytical and stochastic sensitivity analysis will enhance the deterministic structural
analysis [2, 3]. A simple consolidation problem already provided a high sensitivity in the computational results
towards variation of material parameters and initial values. The variational sensitivities are used as a tool for
optimization procedures and capture the impact of different parameters as continuous functions. An advantage is
the accurate approximation of the solution space and the efficient computation time as well as the consistent and
simultaneous development of the TPM model and its sensitivity expressions. A disadvantage lies in the complex
analytical derivation and algorithmic implementation. In contrast to this access, the probabilistic sensitivity analysis
from the field of statistics provides methods that indeed are combined with high computational costs, but have a
great applicability and comparably low realisation effort. The overall objective is to figure out the respective
strengths to develop more efficient methods and tools for the reliable and economic sizing of earth structures in the
long-run. [1] W. Ehlers and J. Bluhm: Foundations of multiphasic and porous materials, Porous Media: Theory,
Experiments and Numerical Applications, pages 3-86., Springer-Verlag, 2002. [2] J. Stieghan: Variationelle
Sensitivitätsanalyse in der Theorie poröser Medien Technische Universität Carolo-Wilhelmina zu Braunschweig,
2008. [3] J. E. Oakley and A. O&apos;Hagan: Probabilistic sensitivity analysis of complex models: a Bayesian
approach, J. R. Statist. Soc. B, 66(3):751-769, 2004.
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ABSTRACT

Turbomachinery designer e.g. of jet engines constantly strive for maximizing the machine’s power-to-weight ratio
and efficiency, reducing noise emissions, and ensuring structural health. Achieving these objectives requires a
thorough understanding of the flow physics as well as a precise prediction of the machine’s characteristics in the
design process. Turbomachinery flows cover a wide range of Reynolds and Mach numbers ranging from
incompressible to compressible flow, incorporating laminar, transitional, and fully turbulent boundary layers. These
effects as well as three-dimensional vortical flow structures, periodic-unsteady wake interactions, and multistage
flow effects interact and determine the machine’s characteristics. In the design process reduced-order models (e.g.
RANS methods) of such flows are and will be for some time prime due to their computational efficiency. However,
scale-resolving methods provide a powerful tool for the further development of reduced-order models as they
provide spatially and temporal highly-resolved insight into these complex flow physics of realistic configurations.
Against this background and with this motivation the authors applied and developed scale-resolving methods for
complex turbomachinery applications in recent years [1,2]. Basis is an implicit finite-volume approach providing
second order accuracy in time and space which has been applied either for LES (implicit and explicit modeling) or
for hybrid computations. The current presentation focusses on the prescription of exact inflow conditions typical for
turbomachinery configurations by means of a LES of a low-pressure turbine cascade. Those inflow conditions can
either be generated by resource-intensive precursor simulations of three-dimensional periodic boxes or by synthetic
boundary conditions, whereas the latter are cheaper and much more flexible. A modified synthetic-eddy-method will
be presented which suits the demands and specifications of the application to turbomachinery. The approach
provides interfaces for the prescription of steady and unsteady shear-layers, such as wakes, by temporally
changing velocities, Reynolds-stresses, and turbulent length-scales. Furthermore, it will be extended to
compressible flows by adding a mechanism to uncouple acoustic waves. The precision of the method will be shown
by verification and experimental validation. Moreover, the relevance of such a flexible inlet boundary condition
method for accurately simulating turbomachinery configurations with scale-resolving methods will be demonstrated.
[1] Müller-Schindewolffs; Baier; Seume; Herbst (2017): Direct Numerical Simulation Based Analysis of RANS
Predictions of a Low-Pressure Turbine Cascade. ASME J. Turbomachinery, 139(8). [2] Mimic; Jätz; Herbst (2017):
Correlation between Total Pressure Losses of Annular Diffusers and Integral Stage Design Parameters. Proc. of
Global Power and Propulsion Forum, Shanghai, China.
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Elastic and Dynamic Properties of Membrane Phase-field Models: the
Viscosity of Blood and the Bending Rigidity of Red Blood Cells
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ABSTRACT

Phase-field models have been extensively used to study interfacial phenomena, from solidification to vesicle
dynamics. We will analyze a phase-field model that captures the relevant physical features that characterize
biological membranes [1]. We will show that the Helfrich theory of elasticity of membranes can be applied to
phase-field models, allowing to derive the expressions of the stress tensor, lateral stress profile and elastic moduli.
We will discuss the relevance and interpretations of these magnitudes from a phase-field perspective. Taking the
sharp-interface limit we will show that the membrane macroscopic equilibrium equation can be derived from the
equilibrium condition of the phase-field interface. As an application, we will study a dynamic phase-field model that
describes the behavior of red blood cell membranes [2]. The rheological properties of blood depend highly on the
concentration and membrane elasticity of its red blood cells. These properties affect the viscosity of blood, as well
as, its non-linear rheological (shear thinning) behavior. In some cases these effects are related to diseases, such
as typical anemia or alpha-thalassemia. By mean of the analysis of the front advancement of blood in a
microchannel, we will determine experimentally the viscosity of different samples of blood and we will relate the
viscosity with the bending rigidity of its red blood cells. [1] G. R. Lazaro, I. Pagonabarraga, A. Hernandez-Machado,
Eur. Phys. J. E 40, 77 (2017) [2] C. Trejo-Soto, G. R. Lazaro, I. Pagonabarraga, A. Hernandez-Machado, (Prepint,
2018)
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An Axiomatic Formulation for a Class of Multiphysical Systems

Ismael Herrera-Revilla*
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ABSTRACT

Axiomatic formulations are very effective for achieving three fundamental paradigms of mathematical and scientific
thinking: generality, clarity and simplicity (Herrera and Pinder, 2012). Generality yields an enormous economy of
effort in the study and discussion of many subjects; in research, it is invaluable because models possessing it
anticipate results for many unforeseen situations. Clarity yields certainty of knowledge. As for simplicity: simplifying
ideas permit transforming complicated systems and phenomena into simple ones, which in turn upgrades efficiency
and the level of complexity of systems amenable to treatment. For microscopic physical systems Schrödinger
equation constitutes a formulation of this kind. Regarding macroscopic systems, it is well known that the
groundwork for establishing axiomatic approaches to continuum mechanics was done at the second half of the XX
Century by a group of scholars and researchers some of whose most conspicuous leaders were Clifford Truesdell
and Walter Noll. The author had the privilege of participating in some of such developments. Based on their results
the author has introduced a novel axiomatic formulation that, for macroscopic physical systems, constitutes a
counterpart of Schrödinger equation. In this talk, the basic axiomatic formulation of continuous systems is presented
and taking it as starting point is extended to a class of multiphysical systems. Then, I present some of the most
important applications thus far made. REFERENCES Herrera-Revilla, I. & Pinder, G.F. “Mathematical Modelling in
Science and Engineering: An axiomatic approach”, John Wiley, 243p., 2012. Herrera-Revilla, I. “A Systematic
Formulation of Multiphysical Systems and Its Application to Boundary-Layers and Shock-Profiles”. International
Journal for Multiscale Computational Engineering, 14(2): 135-148, 2016.
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ABSTRACT

Analyses of ductile failure by shear banding versus cumulative damage growth by void growth to coalescence are
carried out using a coupled plasticity and damage formulation. The constitutive porous metal plasticity relations
account for void shape effects, void rotation, plastic anisotropy and void coalescence. The latter is modelled using a
separate effective yield function with associated evolution equations of the internal parameters. The resulting model
is a hybrid two-surface pressure-sensitive and dilatant plasticity model. The same model is employed to study (i)
the effect of plastic anisotropy on crack initiation in round notched bars; (ii) the conditions under which failure
occurs subsequent to shear band formation as opposed to void-coalescence induced crack initiation. In particular,
an important distinction is made between shear failure and failure in shear. The results obtained show that plastic
anisotropy is sufficient to trigger shear band formation in initially round bars.
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ABSTRACT

The microstructure of additively manufactured (AM) metals has been shown to be quite heterogeneous and exotic
when compared to conventionally manufactured metals. Consequently, the effective mechanical properties of AM
metal parts are expected to vary both within and among different builds due to the laser interaction with the melt
pool and solidification characteristics. This work presents a multiphysics modeling framework for simulating the
process, microstructure, and properties of AM metal volumes. The framework is entirely automated, from the
generation of the microstructure to the resulting spatial-property maps. The framework uses a 3D solidification and
nucleation model to simulate a grain-resolved build domain created by a multi-pass, multi-layer, Directed Laser
Deposition (DLD) process. The entire build domain is automatically divided into discrete sub-volumes to interrogate
site-specific effective mechanical properties. Each sub-volume is first passed into DREAM.3D, where
microstructural statistics are recorded, and an input file is written out to simulate mechanical testing on the
sub-volume using a parallelized elasto-viscoplastic fast Fourier Transform (EVP-FFT) model. The effective
stress-strain response of each sub-volume is analyzed automatically to extract the effective mechanical properties.
The Young’s modulus is found by applying a Hough transform to the stress-strain response to identify the elastic
region. Based on the Young’s modulus, a 0.2% yield offset is applied to approximate the yield strength of each
sub-volume. Once these effective mechanical properties are found, they are then used to generate heat maps
showing how these properties vary spatially throughout the simulated-build domain. As a demonstration, the
framework is applied to DLD SS316L volumes with microstructures ranging from fully columnar to fully equiaxed. In
this demonstration, we investigate three orthogonal planes (and multiple locations of each plane) throughout each
build volume. The first plane, the transverse-direction – build-direction plane, highlights the impact of successive
build layers on resulting mechanical properties. The next plane, the transverse-direction - laser-scanning direction
plane, highlights variability of the mechanical properties across the build plane at three specific build layers: just
above the substrate, mid-build height, and the top of the build volume. Finally, the scanning-direction -
build-direction plane, sampled on the center of the track and between two successive tracks, looks at the variability
between successive laser tracks. Site-specific property maps are generated for each case to compare the range of
properties both within and among each of the build domains. The multiphysics framework and property maps could
provide a path toward design and qualification of AM metal parts.
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ABSTRACT

In trucks, brake discs made of cast iron are often used, which, in order to ensure the safety of road users, must
satisfy the highest mechanical demands. To calculate the service life of brake discs, it is particularly important to
consider crack growth. The material considered in the presentation is cast iron with lamellar graphite and a pearlitic
matrix. The perlitic matrix is assumed to be isotropic and ductile, whereas the graphite lamellae are considered to
be brittle with an elliptical anisotropy. The phase-field model for crack propagation in multiphase systems by
Schneider et al. [1] was extended in order to simulate cracking in the examined material. For the purpose of the
model extension, a directional and plasticity dependent crack resistance was introduced. Validation examples of
ductile and brittle anisotropic crack propagation are presented. By means of an exemplary cast iron structure, the
applicability of the presented model to a multiphase system will be demonstrated. [1] D. Schneider, E. Schoof, Y.
Huang, M. Selzer, B., Nestler (2016). Phase-field modeling of crack propagation in multiphase systems. Computer
Methods in Applied Mechanics and Engineering, 312, 186-195.
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ABSTRACT

Short fiber reinforced thermoplastics (SFRT) have been of great interest to both research and industry due to their
high specific stiffness and strength as well as their cost-effective application in semi-structural parts. During the
injection-molding process the fibers tend to align with the shear flow in the cavity, resulting in heterogeneous and
complex fiber orientation states that significantly influence the mechanical behavior of the finished part. Mean field
homogenization models are an attractive class of methods that can be applied to composite materials in order to
include the effects of the phase properties, orientation and volume fractions on the effective material behavior and
phase stresses and strains. In this work, the Two-Step [1] and Mori-Tanaka [2] homogenization schemes are
employed to model the mechanical properties of a dry polyamide 6.6 thermoplastic polymer with a short glass fibers
mass fraction of 35% (PA66-GF35). Its microstructural morphology, including the fiber orientation and length
distributions, is resolved by means of x-ray micro-computed tomography scans and a single fiber segmentation and
analysis procedure. An efficient numerical scheme is applied to include this information in the microstructural
model. For the given class of materials and restricting ourselves to monotonic loading, damage and failure is mainly
governed by two mechanisms: Initial interfacial debonding and subsequent matrix rupture. The presented approach
captures the former by means of a probabilistic interfacial damage model based on the concept of effective
inclusions [3] and assuming the interfacial strength to be Weibull-distributed. Matrix rupture is described similarly by
an isotropic progressive damage law. Coupled with the mean field schemes, the modeling approach is capable of
describing the orientation-dependent progressive failure of the material at hand, which is highlighted by a
comparison with experimental data from tensile tests on specimens cut out of injection-molded plates. [1] Pierard,
O., Friebel, C., and Doghri, I. (2004). Mean-field homogenization of multi-phase thermo-elastic composites: a
general framework and its validation. Composites Science and Technology 64, 1587–1603 [2] Benveniste, Y.
(1987). A new approach to the application of Mori-Tanaka’s theory in composite materials. Mechanics of Materials
6, 147–157 [3] Fitoussi, J., Bourgeois, N., Guo, G., and Baptiste, D. (1996). Prediction of the anisotropic damaged
behavior of composite materials: introduction of multilocal failure criteria in a micro-macro relationship.
Computational Materials Science 5, 87–100.
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ABSTRACT

In debris flows, consisting of granular particles and an interstitial fluid, the pore-pressure feedback and the internal
contact stress of the grains are mechanisms of importance. These two characteristics play a crucial role and
significantly affect the dynamic behaviors: the pore pressure feedback, which reduces the intergranular friction and,
hence, enhances the mobility of the whole mixture, and the internal contact stress, which accounts for the
non-linear deformational behavior of granular materials. In this work, we present a continuum-mechanical model for
debris flows, including two additional internal variables, the extra pore-pressure and the hypoplastic stress, the
latter depicting internal friction. These variables are described by a pressure diffusion equation and a transport
equation related to the hypoplastic material, respectively. The thermodynamically consistent model is scaled,
depth-integrated and embedded in terrain-following coordinates, adapting the concept of general topography in
combination with unified coordinates, allowing for the numerically favorable treatment of flows over complex
topography. Numerical simulations are performed with this model, applying a shock-capturing non-oscillatory
numerical scheme. Parameter studies are performed on the properties of the proposed model, complemented by
comparison with experimental data. The results are presented and show that, in comparison to classical debris flow
approaches, the proposed model provides a phenomenological insight into the crucial roles and the impact of the
pore-pressure feedback and hypoplastic intergranular friction in the flow dynamics.
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ABSTRACT

Composite metal strings are used exclusively in amplified instruments such as the electric guitar, which use
electromagnetic pickups to transmit the vibration of strings to an output signal. Instrument strings undergo damage
from mechanical and environmental wear during their design life. Mechanical wear is caused by low-stress
abrasion of the strings on the neck. Over time, the cross section of the strings in the neck region is reduced in area
from being repeatedly pressed against the fret wires. When strings are subject to fatigue from continued use, the
frequency response characteristics change leading to eventual failure of the string. For this reason, musicians and
instrument technicians who make regular use of stringed instruments incur significant costs changing strings on a
regular basis. There is a lack of published literature on the behavior of strings with different geometries and material
properties subject to this type of tension and fatigue applied over the life of the string. The development of a
method to optimize string geometries to obtain a desired frequency response and design life is of great interest to
the players of the instrument as well as manufacturers seeking to modernize their production process. As no
recognized method currently exists for damage identification and prognosis in instrument strings, the strings are
often replaced routinely on an arbitrary basis, irrespective of the actual condition of the strings. The purpose of this
research is to develop a tool capable of accurately predicting failure by monitoring and parameterizing transients in
the frequency domain. Existing technology can determine the fundamental frequency of the signal for tuning
purposes, but neglects the higher-order harmonics in the signal that define the instrument’s tonal quality. As the
strings are fatigued, the amplitude and frequency of the harmonics present in the signal are shifted and scaled
resulting from the damage. This research takes advantage of existing passive sensing and pitch detection
technology, but seeks to use the information obtained from sampling the signal more intelligently. The proposed
approach uses the available high-frequency information in the signal to characterize damage in the instrument
strings. When the instrument is retuned during the life of the strings, the difference between the new signal and the
original calibrated signal is measured and used to characterize damage using digital signal processing techniques
and empirically trained statistical models. A machine learning approach is used to explore design space and
identify combinations of material phases that will optimize the performance of the strings.
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ABSTRACT

Recently a new formation and assembly strategy was proposed in [1], which resulted in significant speedups in the
formation and assembly time of the Galerkin mass matrix in isogeometric analysis. The strategy relies on two key
ideas: 1) assembly row by row, instead of element by element; and 2) an efficient formation strategy based on
weighted quadrature and sum factorization that is applied to each specific row of the matrix. The resulting
computational effort is proportional to the number of degrees of freedom of the trial space. Consequently, this type
of formation and assembly scales favorably with polynomial degree, which opens the way for high order
isogeometric analysis employing k-refinement. In this work we discuss various important details for the practical
implementation of the weighted row-wise formation strategy proposed in [1]. Specifically, we extend the weighted
quadrature scheme to accurately integrate the elements of the stiffness matrix in linear elasticity, we propose a new
selection of quadrature points that works in the general setting of mixed continuity non-uniform isogeometric spaces
and we propose an algorithm for the computation of a corresponding set of quadrature weights. Finally, we show
that the row-wise formation strategy allows for the direct construction of the system matrix in the sparse matrix data
structure, yielding significant savings in memory operations with respect to standard assembly approaches. Several
numerical benchmarks will be shown to illustrate the efficiency and efficacy of the proposed methodology. [1] F.
Calabro, G. Sangalli, M. Tani, Fast formation of isogeometric Galerkin matrices by weighted quadrature, Computer
Methods in Applied Mechanics and Engineering (2017) 316:606-622.
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ABSTRACT

In a layered ocean model, the vertical coordinate is a quantity related to density, and in a vertical discretization the
fluid can be represented as a stack of layers of constant density. Depending on the dynamics of the flow, one or
more of these layers can be reduced to near-zero thickness in certain regions. In a DG algorithm, this situation
requires a suitable use of limiters and a suitable implementation of horizontal viscosity. In the present work, the
viscosity is implemented via the local DG method, as adapted to a barotropic-baroclinic time splitting that is used to
address the multiple time scales (external and internal) that are present in ocean dynamics. Another issue in a
layered model is the representation of the horizontal pressure forcing. The present work uses a weak Galerkin form
of the pressure forcing that is automatically well-balanced in the case of the constant-density, single-layer shallow
water equations. In the multi-layer case, this Galerkin form can be implemented using ideas related to the
barotropic-baroclinic splitting mentioned above.
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ABSTRACT

Recently, the manufacturing technology of various shapes and diameters of carbon fibers has been developed.
Therefore, freedom in design of composite microstructure has been improved. In other words, numerous
candidates of composite microstructure should be investigated toward the microscopic optimization of composite.
To this end, experimental approach, analytical approach, and conventional numerical approach such as finite
element method (FEM) are not useful. Experimental approach is costly and time-consuming. Analytical approach
cannot be applied to complicated fiber shape such as 2-lobed fiber shape. Conventional FEM is able to handle
complicated fiber shape. However, element edge should be aligned with fiber shape and remeshing is inevitable
when the microstructure is changed. This limitation makes it difficult to conduct comprehensive numerical
investigation. In fact, only a few kinds of fiber shape have been investigated in previous numerical study which
utilized the conventional FEM. Consequently, the authors believe that mesh-free microscale simulation tool is
required to easily investigate various composite microstructure and to accomplish the microscopic optimization of
composite. This study proposes the mesh-free microscale simulation tool which consists of two computational
techniques; extended finite element method (XFEM) [1] and the homogenization method using key degree of
freedom (DoF) [2]. Firstly, the XFEM with ramp enrichment function [3] was implemented for an efficient simulation
of enormous composite microstructures. In this method, the composite microstructure can be modeled
independently of the mesh. Secondary, homogenization method was introduced to evaluate an effect of
microstructure on the macroscopic material and fracture properties. Here, a key DoF method was incorporated to
simply handle the periodic boundary conditions. The validity of the proposed tool was examined by comparing the
results against conventional FEM and experiment. Finally, the 3D periodic unit cell simulations of various fiber
shapes (circular, elliptical, and 2-lobed) were performed to investigate an effect of fiber shape on the macroscopic
material and fracture properties. Reference 1. N. Moës et al., Int. J. Numer. Meth. Eng. 46, pp. 131-150, (1999). 2.
S. Li et al., Compos. Part A-Appl. S., 42 (7), pp. 801-811, (2011). 3. N. Moës et al., Comput. Methods Appl. Mech.
Eng., 192, pp. 3163–3177, (2003).
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ABSTRACT

Structural analysis by means of the finite element method (FEM) has become an integral part of the design cycle of
shell structures, for buckling, vibration and 3D stress fields analyses. Despite the advances in computational power,
these analyses are still being conducted separately with different topologies of structural elements, for instance 2D
elements for stability and vibration; and 3D elements for the analyses of detailed stresses. This disparity is largely
due to the high computational costs associated with using 3D elements, and inability of 2D elements to capture 3D
stress fields, especially in layered structures where through-thickness distortions inform the overall structural
behaviour and localised failure initiations. The motive behind our work is to utilise recent advances in computational
power and computational mechanics, to derive a hierarchical 2D formulation that can accurately capture both global
and local behaviour in shell structures. In doing so, global stiffness and buckling, as well as detailed stress analyses
can be performed in a single model. This work presents a new geometrically nonlinear variable kinematics
continuum shell (VKCS) formulation based on Carrera&amp;amp;amp;apos;s Unified Formulation (CUF), offering
capabilities to model shell structures of any geometry with hierarchical axiomatic expansions. The governing
equations are derived from the Principle of Virtual Displacements and solved using the finite element method. The
shell domain is discretised with charts based on an isoparametric map with no simplifying assumptions made about
the geometry. The displacement field is written in a unified formulation, allowing the axiomatic fidelity in the
through-thickness direction to be refined in a straightforward and integrated manner. In a linear analysis, the
formulation yields excellent, indeed asymptotically correct 3D stresses when compared with 3D-FEM at locations
close to the free edges and boundaries, where stresses are inherently three-dimensional in nature. VKCS elements
do not require shear correction factors nor 3D stress recovery procedures for accurate stresses. The low
computational costs required to achieve converged 3D stress fields with VKCS element makes it an economical
alternative to classical 3D-FEM for the analysis of thick and layered shell structures. Finally, we show that numerical
results from VKCS in analyses involving geometrical non-linearity are in excellent agreement with benchmarks
available in the literature.
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ABSTRACT

Peridynamics is a reformulation of the governing equations of solid mechanics into integral equations such that
discontinuities are directly admitted in the solution. Typically the implementation is based on satisfaction of the
strong form with nodal integration, yielding a meshfree technique. Recently, some initial insights into the relationship
between the state-based peridynamic meshfree implementation [1] with the meshfree reproducing kernel particle
method [2] have been established for uniform discretizations [3]. This work expands on these efforts by establishing
commonality between the two methods in a general, arbitrary setting, and it is shown that the derivative
approximations employed in the two methods can be cast into a single framework. Leveraging these new-found
relationships, a higher-order peridynamic meshfree method is proposed where optimal convergence can be attained
up to arbitrary order, and can also correct deficiencies in the original implementation of state-based peridynamics to
ensure linear accuracy. Several numerical examples are given to demonstrate the effectiveness of the proposed
formulation. References: [1] S.A. Silling, M.A. Epton, O. Weckner, J. Xu, E. Askari, &quot;Peridynamic states and
constitutive modeling,&quot; J. Elast. (88) 2, 151–184, 2007. [2] W.K. Liu, S. Jun, Y.F. Zhang, &quot;Reproducing
kernel particle methods,&quot; Int. J. Numer. Methods Fluids. (20) 8–9, 1081–1106, 1995. [3] M.A. Bessa, J.T.
Foster, T. Belytschko, W.K. Liu, &quot;A meshfree unification: Reproducing kernel peridynamics,&quot; Comput.
Mech. (53) 6, 1251–1264, 2014.
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ABSTRACT

In fusion devices, plasma is confined by strong torus-shaped magnetic fields. Two main designs are distinguished,
the Tokamak with an axisymmetric field and the Stellarator with a fully 3D field. Physical plasma instabilities,
triggered by the interaction between the inhomogeneous mag- netic field and strong density and temperature
gradients, can change, deteriorate or even break the confinement [1]. A valid model to study the linear growth and
the non-linear interaction of plasma instabilities are the resistive full MHD equations. The numerical simulation of
these problems exhibits substantial resolution requirements, demanding for highly accurate schemes and for
parallelization and strong scaling of the MHD solver. In addition, with the current Wendel- stein 7-X Stellarator
experiments at IPP Greifswald, numerical tools being able to simulate fully three-dimensional, non-axisymmetric
configurations are necessary. The MHD simulation starts from a non-trivial steady state of the ideal MHD equations,
rep- resenting an equilibrium between gas pressure and magnetic pressure. Then the equilibrium is disturbed and
instabilities grow and interact. The equilibrium is computed by specifically de- signed equilibrium solvers, e.g. VMEC
[2]. First, we will discuss the generation of three-dimensional high order meshes for Tokamak and Stellarator
configurations. The open-source tool HOPR (github.com/fhindenlang/hopr) uses VMEC equilibrium data to generate
the mesh, consisting of unstructured and curved hexahedral elements. For the 3D simulations, we employ the highly
efficient Discontinuous Galerkin Spectral Element Method [3] implemented in parallel in the open-source FLUXO
solver (github.com/project-fluxo) [4], originally developed at IAG in Stuttgart and extended at IPP in Garching and at
MI in Cologne. The solver exhibits high parallel efficiency both for weak and strong scaling. We will discuss some
details of the implementation and also show benchmark simulations of MHD instabilities. In addition, we discuss
recent advances on the formulation and implementation of entropy-stable DGSEM for resistive MHD [5]. [1] J.P.
Freidberg, Ideal MHD, Cambridge University Press, 2014 [2] S.P. Hirshman, W.I. van Rij and P. Merkel, Comp.
Phys. Comm. 43, 143 (1986) [3] K. Black, Kybernetika 35, 1 (1999) [4] F. Hindenlang, G. Gassner, C. Altmann, A.
Beck, M. Staudenmaier and C.-D. Munz, Computers &amp;amp; Fluids 61 (2012) [5] M. Bohm, A. Winters, D.
Derigs, G. Gassner, S. Walch, J. Saur, submitted to Computers &amp;amp; Fluids (2017)
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ABSTRACT

Although ship flow CFD methods have reached the stage on which they are routinely used in practical ship hull form
design works, most of current applications are for model-scale performance predictions. This is mainly because the
conventional ship hull form design is based on the performance of models and CFD simulations are used as
alternative to model tests. On the other hand, along with the rapid development of computing power, the demands
for full-scale performance predictions by CFD are increasing year by year. The full-scale simulations are expected
to give rational propulsive power estimations and wake distributions in ship-scale. However, the full-scale CFD
applications are not considered as practical as the model-scale counterparts, since the validation of full-scale
computations is not sufficiently accomplished due to the lack of full-scale validation data. The objective of the
present paper is to assess the capability of the up-to-date CFD methods for full-scale ship flow simulations.
&amp;apos;Workshop on Ship Scale Hydrodynamic Computer Simulation&amp;apos; organized by
Lloyd&amp;apos;s Register in 2016 offered the validation data of the full-scale ship. The first test case is taken from
this workshop data. The geometries of a ship hull and a propeller and the sea trials records were provided in the
workshop. CFD simulations are performed using the up-to-date Navier-Stokes solver. Overset grid capability of the
solver is used to cope with the complex geometries of an actual ship. The numerical results are compared with the
sea trials data and the level of simulation accuracy is discussed. The second test case is Japan Bulk Carrier (JBC)
which was designed for the validation of a ship flow with an energy saving duct and adopted as one of the test
cases of CFD Workshop Tokyo 2015. One of the anticipations for full-scale CFD simulations is performance
prediction of energy saving devices (ESDs) since the interaction of turbulent wake and ESDs is the most vital factor
with a strong scale effect. Although the validation data is available only for model-scale, the full-scale performance
predictions are compared with the results of the conventional procedure of extrapolation from model to ship and the
scale effect on the ESD performance is assessed. From two test cases above, the present status of full-scale ship
flow simulations are reviewed and the future development strategy is discussed.
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ABSTRACT

In order to maintain learner’s motivation, we propose the use of “Robots” as efficient educational PSE tools. When
we do the robot programming, we need the robots in our laboratory. In this research, we will construct the remote
environment in which we can do the robot programming without the robots in our laboratory. By using this
environment, anyone who wants to do robot programming can make his research.
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ABSTRACT

Computer Aided Engineering (CAE) Technology is widely utilized for Innovative Design in the Enterprises in Japan
[1]. Recently, Digital Technologies such as IoT and AI are evolving and expanding rapidly to the conventional
Industries, and the Design and Development of those products are required drastically changed to adapt to those
environment. Here, Extended CAE Technology is defined so as to include not only the Synthesis and Optimization
Approach but also the IoT and AI Technology. At first, the history and current range of CAE Technology are
reviewed. Then, recent progress of AI Technology is summarized especially on Deep Learning, Reinforcement
Learning and Transfer Learning. Concerning to IoT Technology, the key architecture of IoT, that is, Cyber Physical
Systems, is described in view of Connected Products and Services as well as Data Assimilation which combines
Experiment and Simulation. Finally, Extended CAE Technoloy is proposed for the Design and Development of
Connected Products and Services. [1] T. Hirano, Leaveraging CAE Technology for Innovative Design in the
Enterprise, July 2016, WCCM2016 MS915, Paper No.150062
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Abstract. A dynamic crack propagation algorithm is proposed that relies on the minimization of 
a non-differentiable potential using a staggered iteration strategy. The solution of each time step 
entails an iterative two-step scheme, in which the openings are first computed at each interface 
point through solving a local non-convex optimization problem and then used to update the 
deformation of the body. Potential crack paths are postulated at inter-element boundaries and 
cracks are treated as separate entities from the bulk by introducing the crack opening and bulk 
deformation as independent variables. Using the Nitsche method, the constrained objective 
potential is written without the need of introducing Lagrange multipliers as additional unknowns. 
The non-differentiability is treated by exploiting the sub-gradient of the interface potential which 
allows to relate the interface traction to its opening at the non-differentiability point (i.e. zero 
opening). Thanks to the non-differentiability, activation happens automatically when a certain 
level of energy is reached in the body; thus, the method sidesteps the complexities of introducing 
an extrinsic activation criterion encountered in conventional formulations. Numerical results are 
presented for the fragmentation of a thick cylinder under impulsive internal pressure in order to 
show the robustness of the proposed algorithm in modelling complicated dynamic crack 
propagation problems involving branching and fragmentation. 
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1 INTRODUCTION  

Rigid-cohesive fracture is a versatile tool for fracture analysis in a domain of homogeneous 
material, in which potential crack paths are not known a priori and may include branching and 
fragmentation. In these models, the transition from the undamaged to the damaged state happens 
upon satisfaction of an external stress criterion and no displacement jump (opening) occurs prior 
to activation of the cracks. This is conventionally achieved by adaptively inserting interface 
elements (or enrichment degrees of freedom in an extended FEM setting) during the course  of the 
simulation whenever and wherever they are needed,1–5 or, alternatively, through enforcing a zero 
opening constraint at the interface elements in a Discontinuous Galerkin setting.6 

It was pointed out7,8 that in conventional finite element models of rigid-cohesive fracture, the 
vector of nodal forces is a discontinuous function of the deformation at the time of activation of 
an interface. As standard finite difference schemes are not developed to deal with discontinuous 
problems, numerical integration of these models in time presents a number of difficulties. In 
explicit time stepping computations, it often leads to nonphysical shocks, lack of convergence in 
the error norm as the time step is refined, over-activation of interfaces and unphysical velocity 
fields.7–9 The use of rigid-cohesive models in implicit calculations is also an issue since nonlinear 
Newton solvers are typically designed for continuous equations and will present difficulties if the 
equations are discontinuous in their unknowns.  

Recently, an energy approach to rigid-cohesive fracture was proposed by Papoulia10 based on 
a non-differentiable cohesive potential. The non-differentiability of the cohesive potential is the 
core of the method and gives the interfaces the property that they do not open until a certain level 
of stress (or energy) that is encoded in the functional is reached; thus, the method entirely bypasses 
the activation criterion and its associated difficulties. The approach is distinct from regularized 
energy formulations such as phase-field11 and eigenfracture approaches12 in that it represents 
cracks as strong discontinuities rather than as smeared cracks. A discontinuous Galerkin 
implementation of the method was presented by Hirmand and Papoulia.9 In both works, 
minimization of the non-differentiable non-convex potential was handled by making use of a 
continuation strategy along with the trust region minimization algorithm. The present work 
proposes a new computational algorithm for the minimization of the non-differentiable functional 
based on a partitioned (staggered) solution strategy and the use of the sub-gradient13 of the 
interface potential at the non-differentiability point. The method simplifies the implementation of 
the energy approach of  Papoulia10, making the proposed method well suited for tackling 
complicated dynamic crack propagation problems involving branching and fragmentation.  

 

2 FORMULATION OF THE ENERGY APPROACH 

We follow the formulation of the energy approach proposed by Papoulia10 and Hirmand and 
Papoulia.9 A solid body Ω ⊂ 	 2, 3  is considered, which is bounded externally by 
Ω and contains an evolving internal discontinuity boundary	 ⊂  representing cracks, as 

shown in Figure 1. The external boundary , whose unit outward normal is denoted , consists 
of disjoint parts Ω and , on which displacement and traction boundary conditions are 
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prescribed, respectively. We describe the complete state of deformation of the body by a 
displacement field , : → 0,  and a discontinuity opening field , : Γ →

0,  and require that 

, , 				on 	 , (1)

where , 	is a jump discontinuity of the displacement field on . The normal and sliding 
components of the jump are defined as ∙ 	and , respectively, 
where  is the unit normal to the discontinuity. Similarly, ∙  and . 
Defining the opening  and deformation  as independent variables enables the formulation to 
treat the crack as an entity separate from the bulk and, therefore, the energy formulation to model 
the bulk and interface potentials with a certain amount of independence. 
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Figure 1. Schematic of a solid body Ω with internal discontinuity boundaries Γ . 

The potential energy of the elastic body is expressed as the sum of the energy due to the bulk 
deformation, ,	the energy stored in the interfaces, , the dynamic energy due to 
inertia, , and the energy due to the work of external forces, , 

, 	 , (2)

where 

\
,

	 	 ,	

∙
\

∙ .

(3)

We consider linear elasticity and infinitesimal deformation, for which the strain energy density 
function  in  is 

: : , (4)
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in which  is the elasticity constitutive tensor and ∈  is the symmetric 
part of the displacement gradient. In the definition of ,  is the body force per unit volume 
and  is a prescribed traction vector on ∂ Ω. The precise form of  depends on the particular 
time stepping scheme employed for temporal discretization.9,10 In the present work, we have 
employed the dynamic potential proposed by Hirmand and Papoulia9 corresponding to the 
Generalized Newmark scheme. For further details in regards to , the reader is referred to 
the works of Papoulia10 and Hirmand and Papoulia.9  

The initially-rigid cohesive energy function  and the interpenetration penalty function  in 
 are functions of  and of ∙ , respectively, and are both non-differentiable at their 

origins (  and	 0, respectively). This is the crucial mathematical property that keeps the 
interfaces closed until a certain level of stress/elastic energy is reached in the body (i.e., initially-
rigid behavior), see the discussion by Papoulia.10 A general class of cohesive models proposed by 
Ortiz and Pandolfi1 is considered in which the cohesive potential  is expressed as a function 
of a scalar effective opening displacement , defined  as , 	 	 | | , where 

	 , 0  and  is a material constant that weights the normal and tangential components 
of the displacement vector. In the present work, the potential employed corresponds to a linear 
softening behavior similar to the one used by Hirmand and Papoulia.9 The interpenetration penalty 
potential  is taken to be the indicator function .9 

The equilibrium of the body is characterized by the solution of the following constrained 
minimization problem that must be solved at each time step: 

Find 	 ∗, ∗ ∈    minimizing   ,    subject to   , , (5)

where  and  are spaces of admissible solutions which depend on the particular finite element 
implementation and 

, , ,  (6)

is a linear constraint function. The Lagrangian for the constrained optimization problem (5) is9  

, , , ∙ , (7)

where  is the Lagrange multiplier field. A saddle point of the above Lagrangian corresponds to a 
solution ∗, ∗  of (5). 

 

3.1 SPATIAL DISCRETIZATION AND THE FINITE DIMENSIONAL PROBLEM 

It is noted that taking the derivative of (7) to arrive at a weak form through a variational formulation 
is not a valid approach in the present setting because the interface potential  in (2) is not 
globally differentiable.9,10 The finite element discretization is, therefore, directly applied to the 
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energy functional (7) to arrive at a finite-dimensional, non-differentiable energy minimization 
problem. In such approach, activation happens automatically when a certain level of energy that is 
encoded in  is reached.9,10 The method sidesteps the time-discontinuity and traction lacking 
issues observed in the literature.7,8  

We follow Hirmand and Papoulia9 for the finite element discretization of  and . A 
discontinuous Galerkin discretization is used for the approximation of , whereas a piecewise 
constant approximation is considered for the approximation of . The discontinuous Galerkin 
discretization  is achieved by requiring the neighboring finite elements to not share nodal points 
and edges, allowing for jump discontinuities  at inter-element boundaries (Figure 2). The 
union of inter-element boundaries constitutes the discretized discontinuity boundary ,  where the 
cracks can form. The piecewise constant approximation  is constructed by introducing  nodal 
points with coordinates ∈ , ,	 1, 2, … ,  on the interface (see Figure 2). The location of the 
nodal points holding opening degrees of freedom is chosen to be the Gauss quadrature points of 
the interface elements emplaced at the inter-element boundaries of the bulk mesh. As such, each 
Gauss point of the interface holds an interface opening degree of freedom.  

The Lagrange multiplier   is then replaced by a numerical flux due to Nitsche that is only a 
function of primal variables: 〈 〉 , where  is the Cauchy stress tensor computed 

strongly from ,   is a sufficiently large penalty number and 〈∗〉 ∗ ∗ .	 

Ix

dn
Interface 
elements

Bulk 
elements

Figure 2. Schematic of the DG discretization Ω  of the domain and related definitions 

Inserting Discontinuous Galerkin approximations ,  and the numerical flux , 	 to 
the minimization problem (7), the finite-dimensional problem that must be solved at each time step 
reads: 

min
,
	 , , 〈 〉 ∙ ∙ , (8)

where  and  denote the global vector of nodal unknowns corresponding to  and , 
respectively. 
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3 STAGGERED MINIMIZATION ALGORITHM 

The proposed staggered minimization algorithm relies on the general partitioning approach widely 
used in the solution of coupled mechanical problems.14 In such approaches, systems are spatially 
decomposed into partitions and the solution is advanced in time through solving each partition 
separately within an iterative solution strategy. Accordingly, we construct a staggered iteration 
loop in which the minimization problem (7) is solved for  and  independently until convergence 
is achieved for the coupled problem within the iterations. Minimization with respect to  is 
straightforward since the objective function in (7) is quadratic in and differentiable with respect to 

 everywhere. However, a direct minimization with respect to  is out of reach due to non-
differentiability of  and  in  at their origins with respect to the unknown opening . We 
make use of the sub-gradients of  and , denoted  and , respectively, to treat non-
differentiability at the non-differentiability points.13 A brief description of the sub-gradients  
and  is as follows. 

As presented by Lorentz,13 the definition of the sub-gradient of a function coincides with its 
gradients anywhere it is differentiable. Given that the interface potentials  and  are differentiable 
everywhere except at their origins, the points that require special attention are  for  and 

0 for . A sub-gradient of  at  is given by13 

	 ∈ | , (9)

in which  is an effective norm of  defined as 

	 , | , | , (10)

where ,  and ,  are the normal and sliding components of , respectively, and  is the 
material strength of the cohesive model. The sub-gradient of  at 0 is given by13 

	 		|	 0, 0, ∙ 0 . (11)

At all other points, the sub-gradients  and  coincide with gradients  and , respectively, 
that is, 	  for  and 	  for 0. The two problems to be solved 
sequentially within the staggered iterations within each time step can be expressed as 

min 	 ∙ , (12-a)

	min 	 ̅
, , ∙ , ∀ ∈ Γ , , (12-b)

for which the first order minimality conditions are obtained as 

, (13-a)

∈ 	 ∪ ̅
, ∀ ∈ Γ , , (13-b)
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with  (mass matrix),  and  coefficient matrices obtained after taking the gradient of the 
discretized potential (7), and 〈 〉 ∙ . 

We note that the particular discretization scheme employed for  makes the potential of the 
interfaces separable in each nodal unknown . This leads to independent local minimization 
problems with respect to  at each Gauss point  of the interface, see equations (12-b) and (13-
b). When the interface potentials are differentiable, solution of the local problem (12-b) is rather 
straightforward as the gradients of the potentials  and  are uniquely defined. In this case, 
equation (13-b) simplifies to 	 	 				∀ ∈ ,  and a minimization algorithm 
such as the trust region method15 can be readily used to minimize the objective function (12-b). 
Note that the choice of a trust-region algorithm is necessary as the objective function in (12-b) is 
generally not convex in its unknown . Prior to the activation of interfaces, however, or when an 
activated interface undergoes contact, the minimal solution has to be obtained by exploiting the 
definition of the sub-gradients equations (9) and (11) at the non-differentiability points. This leads 
to the following scheme for the treatment of the local minimization problem (12-b) at each 
interface Gauss point ∈ Γ , : 

IF 0 and  , THEN 	(pre-activation conditions). 

ELSE, solve the minimization problem (12-b) for . If , 0, set ̅ , 0 and 
solve for ,  only. 

In the above,  is defined as the maximum effective opening attained up until the current time 
step; that is, at time , , max

∈ ,…,
.  

Remark 1. The staggered minimization algorithm presented here can be used with both explicit 
and implicit time stepping schemes. For an explicit time stepping scheme, however, the 
minimization algorithm requires only one staggered iteration to achieve the solution of the next 
time step. This is because the predictor of the displacement unknowns at the first staggered 
iteration readily gives the final solution of the time step with no need to correct in subsequent 
staggered iterations.   

Remark 2. In our experience, minimization of the local problem (12-b) normally takes less than 
ten trust-region iterations to converge when a proper initial estimate is used for the initiation of the 
trust region minimization algorithm. 

 

4 NUMERICAL SIMULATION RESULTS 

We consider the fragmentation of a thick cylinder subjected to impulsive internal pressure in order 
to demonstrate the robustness of the proposed algorithm in modeling multiple crack growth 
problems. The problem set-up, material properties and time history of the applied pressure are 
shown in Figure 3. The internal pressure decays exponentially by time as 	 / , where 

400	  and 100	 . The problem considered here has been previously studied by Song 
and Belytschko16 and Hirmand and Papoulia.9 
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Figure 3. Fragmentation of a thick cylinder; problem definition and relevant properties. 

The mesh used consists of 1692 bulk elements, 2394 interface elements and a total of 17334 
nodal points (displacement + opening). The dilatational wave speed in the material is 
5591	 / .9 An explicit time step would be limited by ∆ ⁄ , where 1.2	  is the 
minimum element size. We performed the simulations using both explicit and implicit time 
stepping schemes for a total time of 78	 . For the explicit time stepping solution, we used  

0.9	∆ 	 to ensure stability of the time stepping algorithm. For the implicit time stepping 
solution, we used 2	∆ 	and considered two different convergence criteria in order to 
investigate the effect of the number of staggered iterations on the accuracy of the simulation 
results. In the first case, a sufficiently small tolerance was defined and convergence of the 
staggered iterations was determined based on the variation of unknown variables  and  in 
successive iterations. Staggered iterations were allowed to continue until convergence to this pre-
determined tolerance was achieved. In the second case, the number of staggered iterations was 
limited to a maximum of 3 iterations, irrespective of the magnitude of the terminal errors. The final 
deformed configurations and the activation patterns obtained in different simulations are shown in 
Figures 4 and 5, respectively. Results obtained by different schemes show good agreement. In 
addition, results are comparable to those reported in the literature by Hirmand and Papoulia9 and 
Song and Belytschko.16  

	
(a) (b) (c) 

Figure 4. Fragmentation of a thick cylinder; final deformed meshes (magnified 10 times) obtained by (a) explicit 
time stepping (b) implicit time stepping until convergence and (c) implicit time stepping, three iterations 
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(a)	 (b) (c)	

Figure 5. Fragmentation of a thick cylinder; interface activation patterns obtained by (a) explicit time stepping (b) 
implicit time stepping until convergence and (c) implicit time stepping, three iterations. 

Finally, the convergence profile of the converged staggered iterations is shown in Figure 6 at 
three representative time steps corresponding to post failure of the interfaces (prior to failure of 
the interfaces, the staggering scheme converge in one iteration since the equations are linear). The 
convergence profiles show stable behavior indicative of the robustness of the proposed staggered 
solution strategy. 

	

Figure 6. Convergence profile of the staggered iterations in implicit calculations. 

5 CONCLUSION  

A new computational algorithm was presented for rigid-cohesive fracture on the basis of non-
differentiable energy minimization. The method entails a staggered solution strategy in which 
minimization is performed with respect to the bulk deformation and with respect to crack opening 
unknowns independently. The method offers several advantages over a monolithic approach as the 
differentiable, convex part and the non-differentiable, non-convex part of the problem are solved 
separately. The use of the sub-gradient concept for treatment of the non-differentiability, together 
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with the particular discretization scheme employed for the interface openings, simplifies 
minimization of the non-differentiable, non-convex part of the potential significantly. In addition, 
the partitioned solution strategy offers desirable flexibility from a computer programming 
perspective: the method can be implemented within an existing solid mechanics finite element 
code with minimal effort.  
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ABSTRACT

The fracture of the thermally tempered glass results in the complex crack patterns with a large number of small
fragments. The prediction of the shape of the fragments in fractured tempered glass is required for the product
safety, because sharp edge brings harmful risk to users. However, no effective numerical method for the estimate
of crack paths in tempered glass has been proposed so far. This research presents the numerical analysis method
to simulate the dynamic fracture process in thermally tempered glass plate. The tempered glass has the spatial
distribution of the residual stress in both in-plane and cross-section direction resulting from the thermal tempering
process. The crack paths and the shape of the fragments change depending on the residual stress distribution.
This implies that the residual stress pattern plays a significant role for the fracture behavior in the tempered glass.
Particle Discretization Scheme Finite Element Method (PDS-FEM) is one of the fracture analysis methods for the
solid continuum. PDS-FEM applies the particle discretization to the field variables by using discontinuous and
non-overlapping shape functions defined on the conjugate geometries: Delaunay tessellation and Voronoi
tessellations. We implement the treatment of the residual stress field to PDS-FEM. In the framework PDS-FEM, the
solid continuum is expressed by the set of the Voroni particles. According to the particle discretization, PDS-FEM
can define the Hamiltonian of the system to provide the time evolution of the dynamic behavior of the linearly elastic
body. Also, this discretization scheme can evaluate the displacement field expressed by the translational motion of
the rigid body particles with the same accuracy as the ordinary FEM. These advantages of PDS-FEM enable us to
evaluate the release and the re-distribution of the residual stress in the process of the dynamic crack propagation.
We could demonstrate that the crack patterns and the crack propagation process obtained from the preliminary
numerical analysis are analogous to those typically observed in the fracture of the thermally tempered glass. This
ensures that the proposed numerical analysis method successfully captures the fundamental mechanism for the
dynamic crack propagation in the thermally tempered glass.
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ABSTRACT

Modern lightweight structures, e.g. in automotive and aircraft applications, exploit their full potential utilizing a
multi-material design. Hence, it is convenient to apply isotropic lightweight metals in regions with a complex
three-dimensional stress state and fiber-reinforced polymers (FRP) in regions with determined loading directions.
These design approaches require suitable joining strategies. Next to common joining technologies based on bolts
and rivets or bonding agents, intrinsic interlocking joints are a promising solution [1]. On the microscale, such
connections can be achieved with defined surface structures of the metal component, so that the polymer matrix
fills the gaps and form a contour joint. The comprehension of the damage process is valuable during the design
process and often hard to determine experimentally, where numerical investigations are suitable means. In this
contribution, a finite element model of a representative boundary layer [2] between a metal component and an FRP
is presented, to study the complex failure behavior and damage mechanisms under mechanical loading. We
distinguish adhesive failure of the metal-polymer and the fiber-polymer interface and cohesive failure of the polymer
material. The behavior of the polymer is described by an elastic-plastic damage model at large strains with a
regularization to avoid the typical mesh dependence of softening material models. Local adhesive failure is
modeled by a cohesive zone approach based on a traction-separation formulation. The application of a
homogenization scheme for adhesive layers [3] enables the extraction of effective traction-separations relations
and the determination characteristic interface properties. The numerical studies show, that rough or structured
metal-polymer interfaces shift the dominant damage mechanism from pure adhesive to cohesive failure of the
polymer and therefore to an increased effective strength of the boundary layer. This effect occurs especially under
shear loading, which correspond to the typical observations of higher shear strengths compared to the values in
tension direction. References [1] R. Kießling, J. Ihlemann, M. Pohl, M. Stommel, C. Dammann, R. Mahnken, M.
Bobbert, G. Meschut, F. Hirsch, M. Kästner (2016) On the Design, Characterization and Simulation of Hybrid
Metal-Composite Interfaces. Applied Composite Materials, 23, 1-19. [2] F. Hirsch, M. Kästner (2017) Microscale
simulation of adhesive and cohesive failure in rough interfaces. Engineering Fracture Mechanics 178, 416–432. [3]
M.V.C. Alfaro, A.S.J. Suiker, C.V. Verhoosel, R. de Borst (2010) Numerical homogenization of cracking processes
in thin fibre-epoxy layers. European Journal of Mechanics - A/Solids 29, 119-131.
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ABSTRACT

Structural optimization requires a suitable mix of an accurate geometric description and an efficient analysis model.
Isogeometric Analysis (IGA) fills this need, as it reconciles computer-aided design (CAD) with structural analysis by
using spline functions as finite element bases. Since CAD uses the boundary representation (B-rep), IGA is
especially suitable for analyzing structures whose geometry is easily derived from a surface, as is the case for
shells. Therefore, the efficiency of IGA-based shape optimization of shells has been observed [1-2] and capable
algorithms have been proposed. However, its applicability to complex structures as skin stiffened aerostructures is
not yet proven. Non-conforming interface [3] between the stiffeners and the skin is needed in order to get an
attractive design space. The simplicity and the efficiency of the coupling depends on the chosen shell formulation.
We explore and compare the use of two formulations: the Kirchhoff-Love formulation for thin shells and a solid-shell
model for thicker shells. Starting from numerical examples involving simple stiffened panels, the final goal is to
propose a general framework for optimizing the buckling behavior of large and complex aeronautical structures. [1]
J. Kiendl, R. Schmidt, R. Wüchner and K.-U. Bletzinger, Isogeometric shape optimization of shells using
semi-analytical sensitivity analysis and sensitivity weighting, Comput. Methods Appl. Mech. Eng., Vol. 274, pp.
148--167, 2014. [2] A.P. Nagy, S.T. Ijsselmuiden and M.M. Abdalla, Isogeometric design of anisotropic shells:
Optimal form and material distribution, Comput. Methods Appl. Mech. Eng., Vol. 264, pp. 145--162, 2013. [3] R.
Bouclier, J.-C. Passieur and M. Salaün, Local enrichment of NURBS patches using a non-intrusive coupling
strategy: Geometric details, local refinement, inclusion, fracture, Comput. Methods Appl. Mech. Eng., Vol. 300, pp.
1--26, 2016.
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ABSTRACT

Decades ago, when memory was a scarce resource, computational scientists routinely worked in single precision
and were more sophisticated in dealing with the pitfalls finite-precision arithmetic. Today, however, we typically
compute and store results in 64-bit double precision by default even when very few significant digits are required.
Many of these bits are representing errors – truncation, iteration, roundoff – instead of useful information about the
solution. This over-allocation of resources is wasteful of power, bandwidth, storage, and FLOPs; we communicate
and compute on many meaningless bits and do not take full advantage of the computer hardware we purchase.
Because of the growing disparity of FLOPs to memory bandwidth in modern computer systems and the rise of
General-Purpose GPU computing – which has better peak performance in single precision – there has been
renewed interest in mixed precision computing, where tasks are identified that can be accomplished in single
precision in conjunction with double precision. Such static optimizations reduce data movement and FLOPs, but
why stop there? We often adapt mesh size, order, and models when simulating to focus the greatest effort only
where needed. Why not do the same with precision? At LLNL, we are developing the methods and tools that will
enable the routine use of dynamically adjustable precision at a per-bit level depending on the needs of the task at
hand. Just as adaptive mesh resolution frameworks adapt spatial grid resolution to the needs of the underlying
solution, our goal is to provide more or less precision as needed locally. We will discuss a new technique based on
local, adaptive floating-point compression to address the data bandwidth problem within simulations and repurpose
a defect correction technique that can adaptively reduce the cost of floating point operations. 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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ABSTRACT

In this work, a polygonal shell formulation on arbitrary polygonal meshes is developed for shell analysis. Assumed
natural strains in the form of the mixed interpolation of tensorial components (MITC) approach are employed to
avoid the transverse shear locking when the thickness of shell tends to zeros. In addition, an assumed membrane
strain field is constructed to alleviate the membrane locking by a linear combination of the tying membrane strains.
The non-matching meshes can be effectively connected by the polygonal shell elements at non-matching
interfaces. Several basic tests and practical examples are performed to verify the present method. [1] P.-S. Lee,
K.-J. Bathe, Development of MITC isotropic triangular shell finite elements, Comput. Struct. 82 (2004) 945–962. [2]
K.-J. Bathe, E.N. Dvorkin, A formulation of general shell elements—the use of mixed interpolation of tensorial
components, Int. J. Numer. Methods Eng. 22 (1986) 697–722. [3] Y. Ko, P.-S. Lee, K.-J. Bathe, The MITC4+ shell
element and its performance, Comput. Struct. 169 (2016) 57–68.
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ABSTRACT

Many tasks in computational science and engineering are \textit{many query} in nature: they require the repeated
simulation of a parameterized computational model. Model reduction has become a popular approach to make such
tasks tractable. Such techniques first perform an `offline&apos; training stage during which the computational model
is simulated for multiple parameter instances. Then, during an `online&apos; deployed stage, these techniques
reduce the dimensionality and complexity of the original computational model at arbitrary parameter instances by
performing a projection process onto a low-dimensional subspace. While such reduced-order models (ROMs) have
demonstrated success in many applications, challenges arise when applying model reduction either to
\textit{extreme-scale models} or to \textit{decomposable systems}, i.e., systems composed of well-defined
components. In the former case, the extreme-scale nature of the original computational model renders the offline
training simulations infeasible. In the latter case, the many-query task often involves design, wherein components
are swapped or their interconnecting topology is modified; in this case, the original computational model changes
between queries, rendering training simulations (which assume a fixed original computational model) challenging.
To address these problems, we propose a domain-decomposition least-squares Petrov--Galerkin (DD-LSPG)
model-reduction method. Rather than constructing a low-dimensional subspace for \textit{the entire state space},
low-dimensional subspaces are constructed for different subdomains or components characterizing the original
model. During the offline stage, only \textit{subdomain training simulations} are needed in the case of extreme-scale
models, and only \textit{component training simulations} are required in the case of decomposable systems. During
the online stage, the approach constructs a LSPG model for each subdomain/component (including hyper-reduction
in the case of nonlinearities), and enforces (weak) compatability on the `ports&apos; connecting them.
Mathematically, the resulting ROM corresponds to a nonlinear least-squares problem with linear equality
constraints. We propose several different strategies for defining the ingredients characterizing the methodology: (i)
three different ways to construct basis functions on the interface/ports of subdomains (which imply different offline
training strategies), (ii) different methods for enforcing compatibility (iii) four different solvers that expose different
levels of concurrency and intrusiveness. Numerical results performed on problems in heat transfer and fluid
dynamics demonstrate that the proposed method outperforms typical model-reduction techniques in terms of both
accuracy and (parallel) computational time.
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Abstract. Based on the finite element method, the wave finite element method (WFE)
permits to analyze the dynamics of a periodic structure by using a wave decomposition on
one period. This method reduces the number of DOF and it has advantages in calculation
time. However, it cannot be applied easily to a railway track because this structure is
subjected to moving loads which are not considered in a classical WFE. In this article,
we present a technique to deal with moving loads applying in a railway track where the
track components are modeled by 3D continuous media. By using the classical WFE for
one track period in frequency domain, we can rewrite the vector of DOF and loads in a
wave base. Then, we can calculate the wave amplitudes of the moving loads from their
representation in this base. Thereafter, we apply the wave analyze of WFE to the hold
structure. The result shows that the moving loads lead to a sum of wave amplitudes.
Finally, we apply this method for a railway track subjected to constant moving loads
with numerical application. The new technique permits to analyze the dynamic of railway
tracks by considering only one track period.

1 INTRODUCTION

The dynamic of railway track has been studied with different methods. The analytical
methods permit to calculate very fast track responses for different types of tracks [1-6].
These methods base on the model of beams supported by a viscoelastic foundation or the
model of periodically supported beams [6]. The numerical methods have been developed
by using the finite element method (FEM). The advantage of this method is to give a
complete analysis. However, it can not take easily the whole length of the railway track
and the calculation time is long. Some reduced techniques have been developed for the
FEM. Recently, the wave finite element method [7-10] has been applied to the railway
track analysis. This method is based on the wave decomposition of one track period then
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using the wave analysis to compute the response of the whole track. However, the classical
WFE can not take into account the moving loads of a train applied to the rail and this
article deals with this problem.

By rewriting the dynamic equation of one period (a substructure) of the railway track
subjected to a load in the frequency domain, we obtain a relation for the vector of DOF
and nodal loads at the left and right boundary of the substructure and this relation is
including the moving loads. Then, we use the WFE technique to rewrite the expression of
the track response. On the other side, we present a bounded limit for an infinite periodic
railway track which leads to a simple expression of the response. The applications have
been developed then for a normal railway track and ones with a defect zone or a transition
zone.

1.1 Dynamic equation

Consider a railway track with a periodic interval as shown in Figure 1. This interval
is represented by one period (a substructure) with all components of the tracks (rails,
pads, supports, fondations...). The track is subjected to dynamic loads of a train and we
consider that all loads are given.

Left boundary

Right  boundary

Figure 1: Periodic railway track represented by a substructure

By using the finite element method for a substructure, the dynamic equation can be
written as follows

Dtotq = F (1)

where Dtot = K+ jωC−ω2M is the dynamic stiffness matrix (DSM) of the substructure.
We note that the aforementioned equation holds for all type of modeling (beam, 2D or
3D). Then, we can rewrite the DSM as follows D̃II D̃IL D̃IR

D̃LI D̃LL D̃LR

D̃RI D̃RL D̃RR

 qI
qL
qR

 =

 FI

FL

FR

 (2)

where L,R and I denote for the left, right boundaries and inner nodes of the substructure
as shown in Figure 1. Then, we can reduce the inner nodes qI of the cell from the first
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row of equation (2) and we obtain[
DLIFI

DRIFI

]
+

[
DLL DLR

DRL DRR

] [
qL
qR

]
=

[
FL

FR

]
(3)

where
DLL = D̃LL − D̃LID̃

−1
II D̃IL DLR = D̃LR − D̃LID̃

−1
II D̃IR

DRL = D̃RL − D̃RID̃
−1
II D̃IL DRR = D̃RR − D̃RID̃

−1
II D̃IR

DLI = D̃LID̃
−1
II DRI = D̃RID̃

−1
II

(4)

We see that equation (3) presents a relation between the loads and displacements at
the left and right boundaries of a cell. This equation contains a term of FI which is zero
when the substructure has non external loads.

1.2 Boundary conditions

We denote (n) for the substructure number n in the track interval. For the two consec-
utive substructures, the right boundary of (n) is the left boundary of (n+ 1). Therefore,
we have

q
(n)
R = q

(n+1)
L

F
(n)
R + F

(n+1)
L = F

(n)
∂R

(5)

where F
(n)
∂R is the external load at the right boundary R of the substructure (n). By

combining equations (3) and (5), we obtain[
q
(n+1)
L

−F
(n+1)
L

]
=

[
DqIF

(n)
I

DfIF
(n)
I − F

(n)
∂R

]
+ S

[
q
(n)
L

−F
(n)
L

]
(6)

where

S =

[
−D−1LRDLL −D−1LR

DRL −DRRD−1LRDLL −DRRD−1LR

]
, (7)

and [
DqI

DfI

]
=

[
−D−1LRDLI

DRI −DRRD−1LRDLI

]
(8)

We can rewrite equation (6) as follows

u(n+1) = Su(n) + b(n) (9)

where

u(n) =

[
q
(n)
L

−F
(n)
L

]
, b(n) =

[
DqIF

(n)
I

DfIF
(n)
I − F

(n)
∂R

]
(10)

Equation (9) presents a relation between DOF (displacements and loads) of a sub-
structure (n) and its next substructures (n + 1). Here b(n) presents the external loads
on the substructure (n) (hence, when the substructure is free, b(n) = 0). For a series
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of substructures, this equation presents a geometric series which can be reduced to the
following results

u(n) = Snu(0) +
n∑
k=1

Sn−kb(k−1) (11)

u(0) = Snu(−n) +
n−1∑
k=0

Skb(−k) (12)

Equations (11) and (12) give the relations of the responses at the substructure (n) and
(−n) respectively, and the response at the reference origin. Note that the origin can be
placed at any substructure because the railway track is periodic.

1.3 Load of a train

The load of a train applying on one period (n) of the track is presented by a dynamic
force fn(x, t) with x is local position and t is the time. In the frequency domain, when
using the finite element method, the nodal load on the rail at the period n in the moving
reference is presented by fn(ω). In the fixed reference, the load on the period (n) is
presented by fn

(
x, t+ nl

v

)
with l is the length of one period and v is the train speed.

Thus, the nodal load in the frequency domain is given by

F(n)
∗ (ω) = eiω

nl
v f (n)∗ (ω) (13)

where F∗ can be FI or F∂R. We see that when the train load is stable, f
(n)
∗ (ω) does not

depend on n and the load on all period has the same spectrum but different phases given
by the first term eiω

nl
v .

Bounded conditions: We suppose that the train move on an limited interval of the
track and therefore, the track response at infinity are bounded

lim
n→±∞

{q(n),F(n)} are bounded (14)

2 WAVE DECOMPOSITION

2.1 Calculation of wave base

We will now calculate the eigenvalues and eigenvectors {µj, φj}j of the matrix S given
by equation (9). By definition, we have

Sφj = µjφj (15)

Due to the symplectic nature of the matrix S, we consider the eigenproblem of the trans-
formation S + S−1 which yields eigenvalues of the form λj = µj + 1/µj given by [9][(

N′JL′
T

+ L′JN′
T
)
− λjL′JL′

T
]

zj = 0 (16)
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where

L′ =

[
0 In

DLR 0

]
, N′ =

[
DRL 0

−(DLL + DRR) −In

]
, J =

[
0 In
−In 0

]
(17)

Thereafter, each pair of eigenvalues (µj, µ
?
j) can be computed analytically by the quadratic

equation (x2 − λjx + 1 = 0). Also, the eigenvectors corresponding to these eigenvalues
are computed by the closed-form expressions

φj =

[
In 0

DRR In

]
w′j, φ?j =

[
In 0

DRR In

]
w′

?
j (18)

where w′j = J(L′T − µ?jN′
T )zj and w′?j = J(L′T − µjN′T )zj.

If we note Φ = [φ1 · · ·φn] and Φ? = [φ?1 · · ·φ?n], we have a wave base {Φ,Φ?} of the
transformation S. We can also separate the components of the wave base corresponding
to q,F as follows

Φ =

[
Φq

ΦF

]
Φ? =

[
Φ?
q

Φ?
F

]
(19)

Orthogonality and normalisation: the wave base is symplectic orthogonal in the
meaning of φTj Jφi = φ?Tj Jφ?i = 0 (∀i, j) and φ?Tj Jφi = φTj Jφ?i = 0 (∀i 6= j)(see [9]).
However, the base is not normalized automatically after computation of the eigenproblem.
We can calculate the weighting matrix as follows

Ψ = Φ?TJΦ = Φ?T
q ΦF −Φ?T

F Φq

Ψ? = ΦTJΦ? = ΦT
q Φ?

F −ΦT
FΦ?

q

(20)

The matrices Ψ,Ψ? are diagonal and satisfying Ψ? = −ΨT . Thus, we can normalize
the wave base by calculating a matrix T = Ψ1/2 where T is a diagonal matrix with the
diagonal equals to the square root of the diagonal of Ψ. The normalized wave base is
presented by ΦT and Φ?T.

2.2 Wave decomposition

We can decompose each vector of equation (9) in this wave base as follows

u(n) = ΦQ(n) −Φ?Q?(n)

b(n) = ΦQ
(n)
E −Φ?Q

?(n)
E

(21)

where Q(n),Q?(n) are the wave amplitudes of u(n) and Q
(k)
E ,Q

?(k)
E are the wave amplitudes

of the external loads on the intermediate substructures b(n).
Remark: the wave decomposition in equation (21) is different to usual expression for

WFE by the minus sign on the right to left waves. The avantage of this expression is that
we can calculate directly the wave amplitudes by using the symplectic orthogonality of
the wave base as the following

Q(n) = Φ?TJu(n), Q?(n) = ΦTJu(n)

Q
(n)
E = Φ?TJb(n), Q

?(n)
E = ΦTJb(n)

(22)
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By substituting equation (10) into equation (22), we obtain

Φ?TJb(n) =
(
ΦΦΦ?T
q DfI −ΦΦΦ?T

F DqI

)
F

(k)
I −ΦΦΦ?T

q F
(k)
∂R

ΦTJb(n) =
(
ΦΦΦT
q DfI −ΦΦΦT

FDqI

)
F

(k)
I −ΦΦΦT

q F
(k)
∂R

(23)

In addition, we have the relation between the ΦΦΦq and ΦΦΦF as follows (see [?])

ΦΦΦF = DRRΦΦΦq + DRLΦΦΦqµµµ
? = − (DLLΦΦΦq + DLRΦΦΦqµµµ)

ΦΦΦ?
F = DRRΦΦΦ?

q + DRLΦΦΦ?
qµµµ = −

(
DLLΦΦΦ?

q + DLRΦΦΦ?
qµµµ

?
) (24)

By combining equations (22) and (23) into equation (24), we obtain

Q
(k)
E =

[(
µµµΦΦΦ?T

q DLI + ΦΦΦ?T
q DRI

)
F

(k)
I −ΦΦΦ?T

q F
(k)
∂R

]
Q
?(k)
E =

[(
µµµ?ΦΦΦT

q DLI + ΦΦΦT
q DRI

)
F

(k)
I −ΦΦΦT

q F
(k)
∂R

] (25)

Equation (25) show that the wave amplitude of external loads on one substructure can
be calculated directly from its loads and it does not depend on the other substructures.

Now we will calculate the amplitude from the wave amplitudes {Q(n),Q?(n)}. By
replacing equation (21) with n = 0 into equation (11), we obtain

u(n) = ΦQ(n) −Φ?Q?(n) = ΦµµµnQ−Φ?µµµ?nQ? +
n∑
k=1

Φµµµn−kQ
(k)
E −Φ?µµµ?n−kQ

?(k)
E (26)

Then, by substituting equation (22) into the aforementioned equation, we obtain

Q(n) = µµµn

(
Q +

n∑
k=1

µµµ?kQ
(k)
E

)

Q?(n) = µµµ?n

(
Q? +

n∑
k=1

µµµkQ
?(k)
E

) (27)

In a similar way, by combining equations (21) into equation (12), we obtain the follow-
ing result

Q(−n) = µµµ?n

(
Q −

n−1∑
k=0

µµµkQ
(−k)
E

)

Q?(−n) = µµµn

(
Q? −

n−1∑
k=0

µµµ?kQ
?(−k)
E

) (28)

Equations (27) and (28) present the relations between the wave amplitudes of the
external loads and the amplitudes {Q,Q?} of u(0). In the next section, we will develop
the wave analysis by using this result and the boundary condition for an infinite periodic
track.
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3 ANALYSIS OF A COMPLETE RAILWAY TRACK

3.1 Response of an infinite periodic railway track

We consider a railway without defects as show in Figure 1. The track is an infinite
periodic structure subjected to moving dynamic loads which can be different from one
period to another. We will find the response by using the bounded condition.

By substituting equations (27) and (28) into equation (21), we obtain

u(n) = Φµµµn

(
Q +

n∑
k=1

µµµ?kQ
(k)
E

)
−Φ?µµµ?n

(
Q? +

n∑
k=1

µµµkQ
?(k)
E

)

u(−n) = Φµµµ?n

(
Q−

n−1∑
k=0

µµµkQ
(−k)
E

)
−Φ?µµµn

(
Q? −

n−1∑
k=0

µµµ?kQ
?(−k)
E

) (29)

For a damped structure, ‖µµµ‖ < 1 and ‖µµµ?‖ > 1 (see [8]). Therefore, we have µµµn → 0 and
µµµ?n →∞ when n tends to infinity. Therefore, in order to get u(n) and u(−n) in equation
(29) satisfying the bounded condition (14), the coefficients corresponding to µµµ?n must
tend to zeros when n→∞. That means

Q =
∞∑
k=0

µµµkQ
(−k)
E , Q? = −

∞∑
k=1

µµµkQ
?(k)
E (30)

By substituting the aforementioned equation into equation (21) with n = 0, we obtain

q(0) = Φq

∞∑
k=0

µµµkQ
(−k)
E + Φ?

q

∞∑
k=1

µµµkQ
?(k)
E

F(0) = ΦF

∞∑
k=0

µµµkQ
(−k)
E + Φ?

F

∞∑
k=1

µµµkQ
?(k)
E

(31)

Equation (31) is the expression of the response of the substructure at n = 0. For the
others substructures n 6= 0, we can calculate the response by using equation (29). There
is another way to calculate the responses u(n) by translating the reference origin and using
again the formulation (31).

3.2 Remarks

• We see that the response u(0) is the combination of two terms corresponding to the
sum of left and right waves generated by the external forces from the two sides.
If the structure is subjected by an external load at only one side of a period, the
expressions in equation (31) have only one term and the eigenvalue µµµ is exactly
the rate of the wave amplitudes between the left and right boundary of one period.
Therefore, the eigenvalues µµµ plays a role as a structural damping factor of a
periodic structure.
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Table 1: Parameters of a periodically supported beam

Rail section mass (ρS) kg/m 60
Rail stiffness (EI) MNm2 6.3
Distance of sleepers (l) m 0.6
Block mass (M) kg 100
Damping factor of rail pad (η1) MNsm-1 1.97
Stiffness of rail pad (k1) MNm-1 192
Damping coeff. under support (η2) MNsm-1 0.17
Stiffness under support (k2) MNm-1 26.4

• This method does not need to inverse any matrix, the responses can be calculated
directly from the wave decompositions. Therefore, we have reduced the DOF of all
structure to only one substructure.

• When the moving load is the same for all substructure, by combining equations (13)
and (25) we obtain

Q
?(n)
E = eiω

nl
v Q

?(0)
E , Q

(k)
E = eiω

nl
v Q

(0)
E ∀n (32)

In addition, µµµ is a diagonal matrix, we can use a formula of the geometric series∑∞
k=0 (aµµµ)k = 1

1−aµµµ provided that ‖aµµµ‖ < 1 (this is a diagonal matrix with the

values calculated by the formulas in the expression). Therefore, we can rewritten
equation (31) as follows

q(0) = Φq
1

1− µµµe−iω
l
v

Q
(0)
E + Φ?

q

µµµeiω
l
v

1− µµµeiω
l
v

Q
?(0)
E

F(0) = ΦF
1

1− µµµe−iω
l
v

Q
(0)
E + Φ?

F

µµµeiω
l
v

1− µµµeiω
l
v

Q
?(0)
E

(33)

• We can decompose the real loads of a train into dynamic and statique loads. Because
the statique loads are constant, we can apply the formula (33) for this term and
then apply the formula (31) for the dynamic loads.

4 NUMERICAL APPLICATIONS

Consider a periodically supported beam subjected to a constant moving load as shown
in Figure 2, where the rail is modeled by Euler-Bernoulli beam and the support systems
are the mass-springs. The beam is subjected to a constant moving load Q = 100kN .The
parameters of the railway track are given in Table 1. Now we will compare the analytic
solution [6] and the numerical method. From the finite element method with element
type B21 in Abaqus, we obtain the dynamic stiffness matrix of the beam for one period of
length l. In order to take into account the supports, we add the support dynamic stiffness
into the beam stiffness matrix at the term in the diagonal corresponding to the DOF of
the contact point between the beam and the spring-mass. Figure 3 shows a comparison

8
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l

Figure 2: Periodically supported beam subjected to a moving load
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Figure 3: Response of the periodically supported beam by the analytical and numerical methods

of the analytic and numerical results with element B21 of size 1cm in Abaqus. In this
example, the calculation times of the numerical method is almost the same time of the
analytical method. We note that this result is for an infinite beam for the both two
methods and it does not exist for the classical FEM. In addition, Figure 4 presents the
structural damping factor µµµ.
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Figure 4: Structural damping factor of a railway track
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Moreover, the numerical method permits to calculate the response of the track sub-
jected to dynamic forces as shown in Figure 5. Here we consider a random dynamic
force occurs at one point on the track with an amplitude Qdyna = 100kN in an frequency
bandwidth [25− 50]Hz. The track response is the sum of the response to the static load
calculated by equation (33) and the dynamic load calculated by equation (31).

10
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Figure 5: Response of the track to a dynamic load

Now we consider an example of a non-ballasted railway track where the supports con-
tains a rail pad, a concrete block and an elastic pad under the block. All the component
of the support and the concrete slab are simulated by the element finit method with the
mesh shown in Figure 6. In this model, we have 16.075 elements C3D8R. The base of the
slab is fixed and the track is subjected by moving force Q = 100kN at a row of nodes on
the rail.

Figure 7 presents the response of the loaded point by WFE for beam and 3D models
and the analytic result. The calculation time for 3D model is 21.6h and for other model is
about 0.2s. We see that the responses by different methods are coherent. The 3D model
response has noise because it cause by the error of the eigenvalue calculation.

5 CONCLUSION

By using the wave finite element method, we demonstrate that the wave amplitude
at the boundary of one period of the track can be represented by a sum of the wave
amplitude which corresponds to the moving loads. This characteristics comes from the
bounded condition of the infinite periodic structure. This method permits to reduce the
DOF of the railway track to only one track period while remaining all the dynamic load.
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Figure 6: Example of a non-ballasted railway track
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Figure 7: Response of the track subjected to a dynamic load
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ABSTRACT

Treating atoms individually in material science applications comes along with high computational cost with
increasing simulation size. However, many problems require atomic scale resolution only in small parts of the
computational domain to resolve the nonlinear behavior of isolated defects, e.g. crack tips, dislocations, voids etc.
Commonly these problems are treated using homogeneous Dirichlet conditions on the outer boundary (or the elastic
field of the defect). However, if the Green function of the defect is long range, the problem sample has to be
sufficiently large to reach a desired accuracy. In the 1970&amp;amp;apos;s Sinclair and co-workers proposed
so-called flexible boundary conditions which minimize inhomogeneous forces appearing in the pad domain after
each atomistic relaxation by means of lattice Green functions [1]. In its original form the method is of O(NM), where
N and M are the number of pad and real atoms, respectively, which becomes quickly unfeasible with increasing
problem size. Here, we show that Sinclair&amp;amp;apos;s incremental update equation can be shown to be
equivalent to a gradient descent iteration with respect to a weighted inner product space which converges to a
discrete boundary method (DBM) analog to the boundary integral equation for exterior PDE&amp;amp;apos;s. In
order to overcome the bottleneck of memory consumption we exploit the fact that the boundary matrices can be
represented as hierarchical matrices [2]. Starting from the coupled atomistic/DBM problem we construct a fast and
memory efficient monolithic solver which we have integrated into the open source atomistic code LAMMPS. We
outline the efficiency of the proposed method for various test cases. We have recently proposed a simplified
solution procedure for a novel coupled atomistic and discrete dislocation method in 3d by detecting dislocations in
the entire atomistic system and subsequently using the displacement field of the complete dislocation network as a
boundary condition for the atomistic problem [3]. While being accurate and simple to implement, this method is
impracticable for general problems involving other types of defects. With our new DBM it becomes possible to
embed moderately large atomistic domains in infinite continua. We present numerical examples for a hybrid
dislocation bow-out in an (effectively) infinite medium. References [1] Sinclair, J. E. et al.: Flexible boundary
conditions and nonlinear geometric effects in atomic dislocation modeling. JAP, 1978 [2] Bebendorf, M.: Hierarchical
matrices. Springer, 2009 [3] Hodapp, M. et al.: Coupled atomistic/discrete dislocation method in 3D part II:
Validation of the method. JMPS (submitted), 2017
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ABSTRACT

The global climate is rapidly changing and is especially amplified in the Arctic due to the diminishing sea ice cover.
As the Arctic warms and conditions change, the assumptions and mechanical models that govern the forecast tools
are also changing. The majority of current sea ice models use a continuum approach that typically use constitutive
models that homogenize and parameterize processes that occur over relatively short length scales. For example,
pressure ridges and fractures typically have widths on the order of tens of meters, in contrast to grid length scales
on the order of kilometers in most sea ice models. We present work that uses the discrete element method (DEM)
to examine mechanical processes, such as pressure ridging, at appropriate length scales using realistic floe
geometries with spatially varying mechanical properties. This model, coupled with a workflow to assimilate remotely
sensed data allows us to better estimate sea ice parameters and improve larger scale model parameterizations.
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ABSTRACT

Selective Laser Melting (SLM) 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. However, the extreme sensitivity of the results to input parameters results in a process that is
difficult to predict, and thus control. Indeed, it is not uncommon for the resulting parts to vary significantly from the
desired geometry, and have associated residual stresses, due to the influence of extreme and inhomogeneous
thermal gradients. The SLM process is difficult to model for several reasons, including the complex, dynamic
physical phenomena, as well as its severely multiscale character. The current presentation will describe ongoing
work within the parallel, implicit finite element code Diablo, toward several goals: (1) addition of new, and
improvement of existing, physics, and (2) improvement of the throughput of simulations, while simultaneously
keeping degradation of the solution accuracy to a minimum.
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ABSTRACT

For applications like multiphase flow, free surface flow or diffusion problems with discontinuous density, interface
forces or fluxes arise on free boundaries and the location of the boundary changes in time. Instead of mesh
adaptation or the introduction of artificial forces we follow the idea of adapted finite element spaces on elements cut
by the immersed interface. The proposed spaces generalize the idea of balancing fluxes along a surface which
essentially characterizes and constitutes a finite volume formulation. The derivation of the generalized spaces is
inspired by the Petrov-Galerkin weak formulation of the finite volume method. Within a finite volume formulation the
boundary fluxes naturally arise. As a consequence, the derived spaces similarly take the shape of the boundaries
directly into account and the proposed spaces are well suited for the imposition of boundary conditions on
immersed boundaries. Furthermore, the generalized finite element spaces get employed to the usual continuous
Galerkin formulation. Therefore, the discrete system is symmetric and intrinsically stable. In particular, unlike in
most DG formulations, there is no need for interior penalization in order to guarantee stability. Finally, we will show
that the spaces obey even local conservation laws due to their relation to the finite volume formulation. As
numerical examples, we consider diffusion problems and multiphase flow problems such as particle-fluid and
gas-fluid mixtures. Regarding the special case of particle-fluid flow, a typical issue are spurious oscillations due to a
bad approximation of the pressure near the interface. Our computations show, that the spurious pressure
oscillations were eliminated by the new method without having to introduce interior penalty terms. The results
therefore demonstrate that the adapted spaces describe the physics of the discrete interface appropriately.
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ABSTRACT

We present recent advances in methodology and applications of our framework for simulation of turbulent flow and
fluid-structure interaction. On the foundation of stabilized finite element methods and a posteriori error estimation,
we have developed an approach to turbulence simulation where no model resolution is set a priori and unresolved
scales are not explicitly modelled, but instead the resolution of the model is determined as part of the simulation by
adaptive mesh refinement and the finite element approximation converges to a weak solution of the Navier-Stokes
equations with respect to selected functionals, such as lift and drag in an application of aerodynamics, for example
[1]. In this talk we present new developments with regards to the underlying mathematical theory, a posteriori error
estimation, and the mesh adaption algorithms, in particular with respect to high performance computing. We also
present recent advances of the monolithic approach to fluid-structure interaction we have developed, where the
fundamental conservation laws are formulated for the unified continuum of all phases in the problem, which leads to
a robust method for fluid-structure interaction, including contact mechanics. The methods are implemented in the
open source software FEniCS-HPC [2], and we present new results from applications in flight aerodynamics, wind
turbines, and patient-specific heart simulations [3]. References [1] J. Hoffman, J. Jansson, N. Jansson, R. Vilela De
Abreu, Towards a parameter-free method for high Reynolds number turbulent flow simulation based on adaptive
finite element approximation, Comput. Meth. Appl. Mech. Engrg., Vol.288, pp.60-74, 2015. [2] J.Hoffman,
J.Jansson, N.C.Degirmenci, J.H.Spühler, R.V.De Abreu, N.Jansson, A.Larcher, FEniCS-HPC: Coupled
Multiphysics in Computational Fluid Dynamics, Jülich Aachen Research Alliance (JARA) High-Performance
Computing Symposium, Springer, pp.58—69, 2016. [3] D.Larsson, J.Hiromi Spühler, S.Petersson, T.Nordenfur,
M.Colarieti-Tosti, J.Hoffman, R.Winter, M.Larsson, Patient-specific left ventricular flow simulations from
transthoracic echocardiography: robustness evaluation and validation against Ultrasound Doppler and Magnetic
Resonance Imaging, IEEE Trans Med Imaging, 2017.
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ABSTRACT

The brains of humans and many other mammals are characterized by deep wrinkles and folds in the surface layer,
the cortex. The thickness of this cortical layer is an important biomarker for a wide variety of neurological disorders,
and alterations in cortical thickness have been associated with neurodevelopmental disorders including epilepsy,
schizophrenia, and Autism Spectrum Disorders (ASD) [1]. However, cortical thickness is significantly
heterogeneous throughout the brain, featuring a marked regional asymmetry, with thicker peaks (called gyri) and
thinner valleys (called sulci). It has been suggested that this is the result of localized heterogeneities in growth, but
our findings [2] indicate that this thickness difference appears in non-growing materials as well. Here we show that
a simple homogeneous bilayered system of a growing layer on an elastic substrate universally bifurcates into a
spatially heterogeneous system with thicker peaks and thinner valleys. We present a combined experimental,
computational, and analytical approach that illustrates the origin and evolution of this pattern as a consistent
instability phenomenon in soft materials, likely related to the strong dependency on boundary conditions and
loading in the instability behavior of soft materials [3]. In light of this finding, we use the regional gyral-sulcal cortical
thickness ratio as a tool to investigate atypical cortical folding and structure in individuals on the ASD spectrum.
Using medical imaging data from the Autism Brain Imaging Data Exchange as well as a study of twins with and
without ASD, we analyze differences in cortical thickness variation between diagnosis groups and explore potential
biomechanical explanations for the evolution of these patterns. Our findings support previous work suggesting that
mechanics plays an important role in the development of the brain, showing that this characteristic pattern of
thickness variation in the cortex can be explained at least partly by forces arises during cortical folding. [1] Hardan
AY, Muddasani S, Vemulapalli M, Keshavan M, Minshew N (2006) An MRI study of increased cortical thickness in
autism. Am J Psychiatry 163:1290-1292. [2] Holland MA, Budday S, Li G, Shen D, Goriely A, Kuhl E (2018)
Symmetry breaking in the developing brain: Cortical thickness variations emerge from folding. Submitted. [3]
Holland MA, Li B, Feng XQ, Kuhl E (2017) Instabilities of soft films on compliant substrates. J Mech Phys Solids
98:350-365.
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ABSTRACT

Fluid-structure interaction (FSI) analysis has been used to clarify design variables related to FSI phenomena. One
application is the analysis of flapping motions to improve flapping wing aerodynamics and to design optimized
models for micro air vehicles (MAVs) in morphology and kinematics. A flexible wing is deformed nonlinearly during
flapping cycles, so it is important to track its surface properly and to get its aerodynamic data accurately in terms of
FSI analysis. We have developed the three-dimensional FSI analysis system employing partitioned iterative
coupling methods [1], which utilize existing solvers: a parallel FEM flow solver FrontFlow/blue and a parallel FEM
structure solver ADVENTURE_Solid. The system successfully analyzed simple flapping motions. To handle a
flexible structure is still a challenging issue in FSI analysis, since the large deformation in both structural and fluid
domains follows when the structure moves excessively. Consequently, mesh distortion occurs and the degenerated
shape of the domains makes FSI analysis failed. Some way such as remeshing might be a good option to continue
the analysis. However, we have researched on the analysis depending on initial data in order to maximize the
efficiency of parallel computing. In this research, we focus on the way to deal with the deformation of a fluid domain.
We aim to make FSI analysis progress by controlling a mesh in a proper way, even if the large deformation and
mesh distortion follow. In order to improve the distortion, fluid meshes are partitioned in different ways, and
mesh-control techniques such as SEMMT [2] are examined to control those meshes. We also intend to keep the
mesh resolution near the interface between two domains. Then, we evaluate the difference of analyses that each
mesh-control technique is applied for. Finally, we propose improved mesh-control techniques to contribute the
stability of FSI analysis. References [1] T. Yamada, G. Hong, S. Kataoka, S. Yoshimura. Parallel partitioned
coupling analysis system for large-scale incompressible viscous fluid-structure interaction problems. Computers
&amp;amp;amp; Fluids, 141, pp. 259–268, 2016. [2] K. Stein, T.E. Tezduyar, R. Benney. Automatic mesh update
with the solid-extension mesh moving technique. Computer Methods in Applied Mechanics and Engineering, 193,
pp. 2019–2032, 2004.
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Abstract. The hydrodynamic performance of a floating solar energy converter system in waves 

is analyzed considering elastic behaviors of connector structures in this study. The converter 

system is composed of hundreds of floating concrete blocks to support photovoltaic modules. 

The slender elastic connector structure combines the floaters into a large unit system. The 

floating solar power converter system keeps its position by using mooring system. To assure 

structural integrity as well as operability of the system in waves, both the frequency-domain 

and time-domain approaches are adopted to analyze hydroelastic behaviors of the system. In 

numerical formulation, HOBEM (Higher Order Boundary Element Method) is applied to 

floating body part and FEM (Finite Element Method) was applied to connector beams and 

mooring lines. HOBEM is a highly accurate and efficient method in analysis of multi-body 

hydrodynamic interactions. The frequency domain analysis is powerful in parametric design 

stage because it provides relatively simple and fast calculations. In specific cases, time domain 

analysis is required to see the results in detail for transient behavior coupled with mooring lines, 

and for nonlinear large amplitude and low frequency motion responses due wave drift forces 

under harsh environments. In the present study, the frequency-domain analysis is implemented 

which is useful for structural optimization design process while the time domain analyses is 

implemented useful for extreme structural and mooring responses. In addition to discussions 

on structural safety of the system, an efficient algorithm for reduction of computational burden 

considering a few thousand floaters of multiple MW class floating solar power plants is 

discussed by comparison with a fully direct FEM formulation and Guyan reduction scheme for 

connector structures as well. 
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1. INTRODUCTION 

 

Due to recent global climate change, a number of Asian and North American countries are 

focusing on increasing renewable energy portion for sustainable development of electric power 

and reduction of CO2 to suppress global warming. Solar electric power has been emerging as a 

dominating position, competing with an existing crown chair of wind energy. Both energy 

resources require a huge area to obtain commercially viable large-scale production. Ironically, 

those resources induce unwanted environmental pollutions such as noise, views, shade and 

reflections of sun light, which result in negative effects on the ecology of human and animal 

worlds. The first simple solution to resolve this problem was to place those facilities at remote 

area, far from the place with high population of human beings, even though the negative impacts 

on animal still exist. For photovoltaic electric power generation, the portion of floating solar 

power generation has been increasing since 2007 due to its advantages coming from using void 

space. Using void space reduced legal conflicts with nearby residents in view of sociology and 

enhanced efficiency is possible by virtue of uniformly flat area and cooling effect thanks to 

surrounding cooling water in terms of technology. There still exists some considerations 

associated with technical challenge for extension to sea areas beyond inland water surface, in 

terms of cost down and assurance of safety. Such an advantage is more effective in countries 

with limited flat and void space such as Korea and Japan. A preliminary study on floating solar 

power system by Hong et al. (2017) showed positive perspectives on a large scale floating solar 

power system in the sea region by adopting hydroelastic approach in design and analysis of 

floaters and supporting frame structures.  

Most of ocean renewable energy is affordable only when an appropriate structure is provided 

for assurance of safety as well as economic efficiency considering characteristics of ocean 

renewable energy source and environmental conditions of the site.  

The floating solar power system can be modelled as a mass-spring-damper system for design 

and analysis purpose. The system is composed of multiple floaters supporting photovoltaic cells, 

grillage structures combining multiple floaters into one large unit structure, and mooring system 

providing restoring forces to keep the position of floating structures within a target location. 

For huge floating structures, the design concept adopting hydroelasticity is useful for finding 

an optimal structural solution for assurance of safety under harsh environment as well as 

economy.  

In design of floating solar power system, in many cases, engineers calculate hydrodynamic 

responses of unit modules for simplicity. However, Hong et al.(2017) found that total module 

need to be analyzed to get more reliable results because the responses are different as shown in 

Fig. 1 which was referred from Hong's previous research [1]. As seen in the figure, the response 

curves show different peak locations and stress levels because the two different sized structure 

have different mass and spring, which resulted in different natural frequencies and resonant 

behaviors. This result clearly demonstrated why the whole structure should be analyzed because 

the analysis result for a small unit gives more conservative estimation than that of the whole 

structure. 
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Fig. 1 Comparison of total module and unit module in hydrodynamic responses of floating solar power plant 

 

In the present study, the hydroelastic behaviors of a floating solar energy converter system in 

waves is analyzed. The converter system is composed of hundreds of floating concrete blocks 

to support photovoltaic modules. The slender elastic connector structure combines the floaters 

into a large unit system. Both the frequency-domain and time-domain approaches are 

implemented in hydroleastic analysis. The frequency domain analysis is powerful in parametric 

design stage because it provides relatively simple and fast calculations. In specific cases, time 

domain analysis is required to see the results in detail for transient behavior coupled with 

mooring lines, and for nonlinear large amplitude and low frequency motion responses due wave 

drift forces under harsh environments. In this study, frequency-domain and time domain 

analyses results were compared with each other to verify both results and investigate transient 

effects and nonlinearity. In addition to discussions on structural safety of the system, an efficient 

algorithm for reduction of computational burden considering a few thousand floaters of 

multiple MW class floating solar power plants is discussed by comparison with a fully direct 

FEM formulation and Guyan reduction scheme for connector structures as well. 
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2. FLOATING SOLAR POWER PLANT 
 

The developed solar power plant system is comprised of multiple floating bodies and 

connectors. Floating bodies were made of concrete blocks and they support solar energy 

generation system on topside. The blocks were connected with steel profile beams and mooring 

lines are attached to the beams to keep the position. Fig. 2 shows geometric layout of the plant 

system. Shape of one concrete block and the section shape of the connector beams are shown 

in Fig. 3. The mechanical properties of floaters, connectors and mooring lines were summarized 

in Table 1. 

 

 
Fig. 2 Layout of floating solar power plant system 

 

         
Fig. 3 Floating concrete block and section profile of connector beam 

 

1.32 m

0.21 m
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Table 1 Particulars of floater and connector 

Part Property 

Floating bodies 

Type Concrete block 

BreadthLengthDepthDraft 1.32m3.18m1.03m0.84m 

Displacement 2.128896 ton 

Connectors 

Type Steel profile beam 

Axial stiffness (EA) 1.869108 N 

Bending stiffness (EI) 294,580 N-m2 

Torsion stiffness (GJ) 121,810 N-m2 

Mass per length (m) 7.12 kg/m 

Mooring lines 
Type Steel spring 

Spring constant (K) 849.166 N/m 

 

Water depth of the target site is set to be 10 m. Waves and drifts effects were considered for 

main environmental forces. Wave frequencies of 0.05 ~ 2π rad/s were considered and wave 

height(H) was assumed to be /10 but not greater than 0.5 m. Heading angle of wave,  is 

considered for 0, 45 and 90 deg. 

 

3. EQUATION OF MOTION 

 

Hydroelastic equation of motions should be formulated and solved to analyze coupled 

responses of floaters, connectors and mooring lines in waves. Coupled equation can be 

expressed by (1) in frequency domain. 

 
2( [ ] [ ] [ ]){ ( )} { ( )}b c b c b c wM M i C C K K u f           (1) 

 

where [ ]bM   is mass matrix for floating bodies including added mass effect, [ ]bC   is 

hydrodynamic damping matrix, [ ]bK  is restoring stiffness matrix of floating bodies, { ( )}wf   

is wave force vector, { ( )}u   is displacement vector for bodies, connectors and mooring lines. 

  is wave frequency. This study applied HOBEM [2,3] to obtain added mass, hydrodynamic 

damping and wave forces because it provides highly accurate and efficient solution in the 

analysis of multi-body interactions. In (1), [ ]cM   is mass matrix for connector beams and 

mooring lines, [ ]cC  is damping matrix, [ ]cK  is stiffness matrix and FEM [4] was applied to 

formulating connector beams and mooring lines. Frequency domain analysis is very fast 

because it calculates only steady-state amplitude of responses. It is also useful to see the 

responses versus frequencies rapidly. So it is usually employed in predesign stage. However, 

frequency analysis cannot review the transient responses including natural mode components. 

It neither can see the responses in mixed frequency forces such as drift force. In that case, time 

domain analysis is required and the equation of motions takes the form by (2). 

 

[ ]{ ( )} [ ]{ ( )} [ ]{ ( )} { ( ) ( )}b c b c b c w dM M u t C C u t K K u t f t f t        (2) 
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where { ( )}df t  is force vector due to drift forces. This paper applied the method by Choi et al. 

[1] to calculate drift forces. Time domain analysis can review the transient or mixed components 

of responses. But, it is time consuming because it calculates time series of responses. 

Numerically stable time marching should be chosen in time domain analysis. This study applied 

the modified Newmark algorithm [5] in time marching. 

If floating body part alone is a main concern in the analysis, simpler equation can be formulated 

by using Guyan reduction [6]. It takes the form. 

 
2( [ ] [ ] [ ]){ ( )} { ( )}b b b G b wM i C K K u f         (3) 

 

where { ( )}bu   is displacement for floating bodies and [ ]GK  is reduced stiffness matrix due 

to effect by connectors and mooring lines. If stiffness matrix of connectors and mooring lines 

are partitioned with part B where floating bodies are attached and part A for otherwise 

 

[ ]
AA AB

Tc
AB BB

K K
K

K K

 
  
 

 (4) 

 

the equivalent reduced stiffness matrix is obtained by 

 
1[ ] [ ] [ ] [ ] [ ]T

G BB AB AA ABK K K K K   (5) 

 

Eq. (3) is simpler than (1) or (2). However, it cannot investigate responses in connectors or 

mooring lines. If stresses in connectors are main design concerns, (1) or (2) should be solved. 

 

4. NUMERICAL ANALYSES AND DISCUSSIONS 
 

The floating solar power system was analyzed by HOBEM and FEM described in section 3. 

Total HOBEM nodes for floating bodies are 888 and number of FEM nodes for connector beams 

are 664. Displacements at the floating body and stresses in connector beams were investigated 

and the results were compared for frequency and time domain analyses. Displacements at 

floating body no. 1 and stresses at connector element no. 35 in =45 deg were compared 

because the maximum responses were observed at the condition. Their locations are shown in 

Fig. 4. 

Analysis results are summarized in Figs. 5~15. Fig. 5 compares frequency domain analysis with 

Guyan reduction (Eq. (3)) and time domain analyses (Eq. (2)) for floating body motions. 

Transient responses due to long period drift motions are well shown in time domain analysis 

but it cannot be shown in frequency domain analysis. However, steady state responses are well 

agreed. Eq. (3) is applicable if floating body motions alone are main design parameters. 

However, connector stresses as well as floating body motions are key design factors in the 

floating system in this study. So, body-connector coupled analysis are required. Therefore, Eqs. 
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(1) and (2) were mainly applied in this study and the other figures are comparing Eqs. (1) and 

(2). Fig. 6 shows steady-state amplitude of connector stress versus wave period. Bigger stresses 

are shown at two peaks. The first peak is related with natural bending period of connector beam. 

It is 1.18 sec. The second peak is due to natural heave period of floating body. It is 3.22 sec. It 

is shown that frequency and time domain results agree well. Frequency domain analysis is faster 

than time domain analysis because it only calculates amplitude and phase of responses. For 

example, cpu time was 52.656 sec in time domain analysis of one frequency case in this 

example study with simulation time=400 sec with time step=0.1 sec. While, cpu time was 

merely 0.098 sec for one frequency case in frequency domain analysis. So, the frequency 

responses curve like Fig. 6 is easily obtained from frequency domain analysis. Figs. 7~9 

compare time series of connector stresses for frequency and time domain analyses. Some 

differences are shown in transient part between frequency and time domain analyses because 

the effect by natural bending mode or drift force are included in the transient part. Time domain 

analysis can describe the transient behavior but frequency domain cannot. However, good 

agreements are shown in the steady-state stresses because transient components are damped out 

in the stead-state part. 

Fig. 10 summarizes displacements at floating body versus wave period. The peak values in x, 

y and z displacements are related with natural periods of surge, sway, heave, respectively. They 

are 27.06 sec, 27.06 sec and 3.22 sec. Figs. 11~13 compare time series of displacements at 

floating body for frequency and time domain analyses. Slowly varying displacements due to 

drift forces or transient displacements due to natural modes can be investigated in time domain 

analyses but they cannot be in frequency domain analysis. However, steady-state amplitude are 

well agreed between time domain and frequency domain analyses. 

Higher wave was analyzed to see the variation of connector stress and mooring line tension 

versus wave heights. Figs. 15 and 16 are the results. It is shown that connector stress and 

mooring line tension linearly increase for wave heights due to negligible drift effects at that 

wave period 

 
Fig. 4 Locations for maximum responses 

Floating body no. 1

Connector element no. 35
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(a) x-direction 

 
(b) y-direction 

 
(c) z-direction 

Fig. 5 Comparison of Guyan reduction and time domain analysis for floating body displacements (T=5.236 sec, 

β=45 deg, body 1) 
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Fig. 6 Connector stress curve versus wave period (β=45 deg, Element no. 35) 
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(a) Full time view 

 
(b) Zoom view (transient part) 

 
(c) Zoom view (steady-state part) 

Fig. 7 Time series of connector stress (T=3.000 sec, β=45 deg, Element no. 35) 
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(a) Full time view 

 
(b) Zoom view (transient part) 

 
(c) Zoom view (steady-state part) 

Fig. 8 Time series of connector stress (T=5.236 sec, β=45 deg, Element no. 35) 
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(a) Full time view 

 
(b) Zoom view (transient part) 

 
(c) Zoom view (steady-state part) 

Fig. 9 Time series of connector stress (T=10.000 sec, β=45 deg, Element no. 35) 
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(a) x-direction 

 
(b) y-direction 

  
(c) z-direction 

Fig. 10 Floating body displacement curve versus wave period (β=45 deg, Body 1) 
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(a) x-direction 

 
(b) y-direction 

 
(c) z-direction 

Fig.11 Time series of floating body displacement (T=3.000 sec, β=45 deg, Body 1) 
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(a) x-direction 

 
(b) y-direction 

 
(c) z-direction 

Fig. 12 Time series of floating body displacement (T=5.236 sec, β=45 deg, Body 1) 
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(a) x-direction 

 
(b) y-direction 

 
(c) z-direction 

Fig. 13 Time series of floating body displacement (T=10.000 sec, β=45 deg, Body 1) 
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Fig. 14 Comparison of connector stresses for wave heights (T=10.000 sec, β=45 deg, Element no. 35) 

 

 
Fig. 15 Comparison of mooring line tensions for wave heights (T=10.000 sec, β=45 deg) 

 

5. CONCLUSIONS 
 

The hydroelastic behaviors of a floating solar energy converter system in waves has been 

analyzed both in frequency-domain and time-domain. Guyan reduction scheme for connector 

structures also has been implemented for application to huge structures which can cover tens of 

MW structures. From a series of systematic numerical investigations of the results from three 

different approaches, the following conclusions are drawn. 

 

- The results of frequency-domain analysis were verified by those of time-domain analysis.   

The motion RAO and stress RAO from both the frequency-domain analysis and time-domain 

analysis showed equivalent results in steady state while the time-domain results showed 

transient effect and drift motion effect as well. It was confirmed that the frequency domain 
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analysis results provide a variety of beam natural mode response as well. The computational 

time of the frequency-domain analysis was more than 500 times than the time-domain when 

the simulation time set to be 400sec. in full scale, which corresponds to 40 cycles when wave 

period is assumed to be 10 seconds.  

- However, frequency domain analysis cannot review transient or slowly varying responses due 

to natural mode behavior or drift forces. They can be observed by time domain analysis. 

- It was confirmed that Guyan reduction results gave same motion response as the frequency-

domain analysis results. This implies Guyan reduction approach can give first screening 

information of a very huge structures because vertical mode motion correlates very well with 

stress RAO curves. But, we should be careful for using the Guyan reduction approach as the 

first screening tool because the Guyan reduction results cannot resolve beam natural model 

response.  

- Further numerical analysis for a real huge floating solar power system is needed for final 

decision of the present three steps approach for analysis of the floating solar power plant.  
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A Modification of the Multi-step Optimisation of Variable Stiffness Laminates
for Manufacturable Design

Zhi Hong*, Sergio Turteltaub**, Daniël Peeters***
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ABSTRACT

A commonly-used method for the optimisation of variable stiffness laminates involves a three-step procedure,
namely (1) optimising the laminate in terms of lamination parameters, (2) retrieving the fiber angles and (3)
constructing the fi ber path, sequentially[1]. To control the fiber steering in each layer of the laminate,
manufacturing constraints, which control the maximum curvature of the fi ber angles, need to be considered[2].
Traditionally, manufacturing constraints have been imposed at the second step in terms of controlling the fi ber path
curvature. In that case, the constraints affect the design, which typically results in a loss of performance between
the optimal results from the fi rst and the second step. In the present work, we propose a scheme to include the
manufacturing constraints directly at the fi rst step by taking gradient constraints on the lamination parameters and
perform a comparative analysis between the present and the previous method. We test our method in several
numerical cases to minimize the compliance of variable stiffness laminate with in-plane loads and compare the
results from the existing design method. The initial numerical results show that our method can generate
manufacturable designs and bridge the gaps of the performance loss between the first and second steps.
Furthermore, the computational performance can also be enhanced simultaneously due to the reduced number of
gradient constraints. One limitation of the proposed scheme is that the maximum curvature of the fiber angle is not
controlled precisely, which may result in a higher compliance. Therefore, there should be a trade-off when making a
decision between enforcing the constraints a priori or a posteriori. Keywords: variable stiffness laminate, lamination
parameter, manufacturable design, structural optimisation [1] IJsselmuiden S T. Optimal design of variable stiffness
composite structures using lamination parameters[J]. PhD Thesis, 2011. [2] Peeters D M J, Hesse S, Abdalla M M.
Stacking sequence optimisation of variable stiffness laminates with manufacturing constraints[J]. Composite
Structures, 2015, 125: 596-604.
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Computer Simulation of Glasses under Shear: From the Onset of Flow to
Shear Banding

Juergen Horbach*, Gaurav Shrivastav**, Pinaki Chaudhuri***, Mehrdad Golkia****
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ABSTRACT

The response of glasses to mechanical loading often leads to the formation of inhomogeneous flow patterns that
may strongly affect the materials properties. Among them, shear bands, associated with strain localization in form
of band-like structures, are ubiquitous in a wide variety of materials, ranging from soft matter systems to metallic
alloys. Molecular dynamics simulations of the Kob-Andersen Lennard-Jones mixture are performed to investigate
the onset of flow and the subsequent formation of shear bands. Deeply supercooled systems as well as systems far
below the glass transition temperature are sheared, using a planar Couette flow geometry. Shear is imposed via
the boundaries, using Lees-Edwards boundary conditions at a constant strain rate. We show that the onset of flow
is marked by a directed percolation transition of mobile regions [1]. Shear banding is observed at sufficiently low
strain rates. We analyze the nucleation of the shear-banded structures as well as the mechanical properties of the
deformed glasses. [1] G. P. Shrivastav, P. Chaudhuri, and J. Horbach, Yielding of glass under shear: a directed
percolation transition precedes shear-band formation, Phys. Rev. E 94, 042605 (2016).
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*The University of Tokyo, **Kobe University, ***JAMSTEC

ABSTRACT

Integrated earthquake simulation (IES) is aimed at computing whole processes of earthquake hazard and disaster,
The core idea of IES is seamlessly combining various numerical analysis methods such as earthquake generation
analysis, structural seismic response analysis and social disaster recovery analysis. IES has implemented a few
analysis methods in it which use HPC so that a larger urban area is computed considering various earthquake
scenario. A smart platform that automatically construct suitable analysis models for implemented analysis methods
is developed. This platform uses various data resources such as 3D maps and local government inventory. In this
presentation, the current state of developing IES is explained, and a few examples of integrated simulations of
earthquake hazard and disaster estimation in actual cities in Japan are presented.
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Takane Hori*, Tsuyoshi Ichimura**, Kohei Fujita***, Ryoichiro Agata****, Takuma
Yamaguchi*****
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ABSTRACT

Recently, we can obtain continuous dense surface deformation data on land and partly on the sea floor. The
obtained data are not fully utilized for monitoring and forecasting of crustal activity, such as spatio-temporal variation
in slip velocity on the plate interface including earthquakes, seismic wave propagation, and crustal deformation. For
construct a system for monitoring and forecasting, it is necessary to develop a physics-based data analysis system
including (1) a structural model with the 3D geometry of the plate interface and the material property such as
elasticity and viscosity, (2) calculation code for crustal deformation and seismic wave propagation using (1), (3)
inverse analysis or data assimilation code both for structure and fault slip using (1) &amp;amp;amp;amp; (2). To
accomplish this, it is at least necessary to develop highly reliable large-scale simulation code to calculate crustal
deformation and seismic wave propagation for 3D heterogeneous structure. Unstructured FE non-linear seismic
wave simulation code has been developed. This achieved physics-based urban earthquake simulation enhanced by
1.08 T DOF x 6.6 K time-step. A high fidelity FEM simulation code with mesh generator has also been developed to
calculate crustal deformation in and around Japan with complicated surface topography and subducting plate
geometry for 1km mesh. This code has been improved the code for crustal deformation and achieved 2.05 T-DOF
with 45m resolution on the plate interface. This high-resolution analysis enables computation of change of stress
acting on the plate interface. Further, for inverse analyses, waveform inversion code for modeling 3D crustal
structure has been developed, and the high-fidelity FEM code has been improved to apply an adjoint method for
estimating fault slip and asthenosphere viscosity. Hence, we have large-scale simulation and analysis tools for
monitoring. We are developing the methods for forecasting the slip velocity variation on the plate interface. Although
the prototype is for elastic half space model, we are applying it for 3D heterogeneous structure with the high-fidelity
FE model. Furthermore, large-scale simulation codes for monitoring are being implemented on the GPU clusters
and analysis tools are developing to include other functions such as examination in model errors.
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A Simple Direct-Forcing Immersed Boundary Projection Method with
Prediction-Correction for Fluid-Solid Interaction Problems

Tzyy-Leng Horng*, Po-Wen Hsieh**, Suh-Yuh Yang***, Cheng-Shu You****

*Feng Chia University, **National Chung Hsing University, ***National Central University, ****National Central
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ABSTRACT

In this paper, we propose a simple and novel direct-forcing immersed boundary (IB) projection method in
conjunction with a prediction-correction (PC) process for simulating the dynamics of fluid-solid interaction problems,
in which each immersed solid object can be stationary or moving in the fluid with a prescribed velocity. The method
is mainly based on the introduction of a virtual force which is distributed only on the immersed solid bodies and
appended to the fluid momentum equations to accommodate the inter- nal boundary conditions at the immersed
solid boundaries. More specifically, we first predict the virtual force on the immersed solid domain by using the
difference between the prescribed solid velocity and the computed velocity, which is obtained by applying the
Choi-Moin projection scheme to the incompressible Navier-Stokes equations on the entire domain including the
portion occupied by the solid bodies. The pre- dicted virtual force is then added to the fluid momentum equations as
an additional forcing term and we employ the same projection scheme again to correct the velocity field, pressure
and virtual force. Although this method is a two-stage approach, the computational cost of the correction stage is
rather cheap, since the associated discrete linear systems need to be solved in the correction stage are same with
that in the prediction stage, except the right-hand side data terms. Such a PC procedure can be iterated to form a
more general method, if necessary. The current two-stage direct-forcing IB projection method has the advantage
over traditional one-stage direct-forcing IB projection methods, consisting of the prediction step only, by allowing
much larger time step, since traditional methods generally request quite small time step for flow field relaxed and
adjusted to the solid body movement even using implicit scheme. Numerical experiments of several benchmark
problems are performed to illustrate the simplicity and efficient performance of the newly proposed method.
Convergence tests show that the accuracy of the velocity field is super-linear in space in all the 1-norm, 2-norm,
and maximum norm. We also find that our numerical results are in very good agreement with the previous works in
the literature and one correction at each time step appears to be good enough for the proposed PC procedure.
Keywords: incompressible Navier-Stokes equations, fluid-solid interaction, immersed boundary method, projection
scheme, direct-forcing method, prediction-correction



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

Pointwise Divergence-free Higher Order Space-time Hybridizable and
Embedded Discontinuous Galerkin Methods for Incompressible Flows

Tamas Horvath*, Sander Rhebergen**
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ABSTRACT

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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Topology Optimization for Elastoplastic Large Deformation Considering
Various Hardening Behavior with Multiplicative Decomposition
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ABSTRACT

The present study proposes an advanced topology optimization method for elastoplastic large deformation. This
method includes description of finite strain kinematic hardening and can be applied exactly to optimal design of
structures subjected to historical loading. Regarding topology optimization considering finite elastoplasticity, a
previous work by [1] introduces sensitivity analysis based on the so-called transient adjoint method. However,
kinematic hardening behavior in addition to finite strain theory has yet to be considered. On the other hand, a
conditional sensitivity analysis for elastoplastic composites has been proposed by [2] and low-cost and accurate
sensitivity analysis is achieved. In this study, we extend the conditional approach and incorporate the advanced
elastoplastic material model into the conventional topology optimization framework. In formulating finite strain
elastoplastic model including kinematic hardening law, all deformations are decomposed in a multiplying manner
according to their meanings. Hence elastoplastic constitutive equations are described with reference to two
different plastic intermediate configurations. Based on this special property, new sensitivity analysis is precisely
formulated and sensitivity is analytically derived to carry out gradient-based optimization algorithm. Finally, several
numerical examples will be shown to discuss practical concerns, e.g. accuracy in sensitivity, computational costs
and its numerical convergence. REFERENCES: [1] M. Wallin, V. Jönsson, E. Wingren: Topology optimization
based on finite strain plasticity, Struct. Multidisc. Optim. 54: 783-793 (2016) [2] J. Kato, H. Hoshiba, S. Takase, K.
Terada, T. Kyoya: Analytical sensitivity in topology optimization for elastoplastic composites, Struct. Multidisc.
Optim. 52: 507-526 (2015)
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On Thermo-electro-mechanics of Electro-active Polymers

Mokarram Hossain*

*Zienkiewicz Centre for Computational Engineering, Swansea University, UK

ABSTRACT

Electro-active polymers (EAPs) draw considerable attention thanks to large actuation mechanisms. EAPs are
nowadays well-known and promising candidates for producing sensors, actuators and energy harvesters. In
general, polymeric materials are sensitive to differential temperature histories. Moreover, it is a non-trivial task to
maintain a prescribed temperature during experimental characterizations of EAPs under electro-mechanically
coupled loads. Such difficulties to maintain constant temperature is not only because of an external differential
temperature history but also because of the changes in internal temperature caused by the application of high
electric loads. In this contribution, a thermo-electro-mechanically coupled constitutive framework is proposed based
on the total energy approach. Departing from relevant laws of thermodynamics, thermodynamically consistent
constitutive equations are formulated. To demonstrate the performance of the proposed
thermo-electro-mechanically coupled framework, several non-homogeneous boundary-value problems will be
solved. The results illustrate the influence of various thermo-electro-mechanical couplings [1, 2, 3]. 1. M. Mehnert,
M. Hossain, P. Steinmann, On nonlinear thermo-electro-elasticity, Proc. R. Soc. A 472 (2190), 20160170, 2016 2.
M. Mehnert, M. Hossain, P. Steinmann, Towards a thermo-magneto-mechanical coupling framework for
magneto-rheological elastomers, International Journal of Solids and Structures, 117-132:128, 2017 3. M. Hossain,
P. Steinmann, Modelling electro-active polymers with a dispersion-type anisotropy, Smart Materials and Structures,
https://doi.org/10.1088/1361-665X/aa9f88
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ABSTRACT

Patient-specific vascular modeling typically involves three fundamental steps: image processing, analysis suitable
model generation, and computational analysis. Analysis suitable model generation techniques that are currently
utilized suffer from several difficulties and complications, which often necessitate manual intervention and crude
approximations. Because the modeling pipeline spans multiple disciplines, the benefits of integrating a
computer-aided design (CAD) component that offers a robust, intuitive, and highly customizable framework for the
geometric modeling tasks has been largely overlooked. In this work, we present a CAD-integrated template-based
modeling framework that streamlines the construction of solid NURBS (non-uniform rational B-spline) vascular
models for performing isogeometric finite element analysis. Examples of arterial models for mouse and human
circles of Willis and a porcine coronary tree are presented. The benefits of the presented approach, such as quicker
processing time and more accurate reconstruction of complex models, are also highlighted.
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ABSTRACT

In this paper, a modified mixed-mode fracture model called generalized maximum energy release rate criterion is
proposed, which simultaneously involves the effects of the mixed-mode I/II stress intensity factors and the T-stress.
This model can be used to predict the mixed-mode I/II crack initiation angles and fracture resistances in brittle and
quasi-brittle materials. The results show that the T-stress plays an important role on the mixed-mode fracture
analysis when an energy-based criterion is employed. Moreover, a series of mixed-mode fracture prediction curves
are compared with the experimental results in literatures for semi-circular bend specimens made of PMMA and
central cracked Brazilian disk specimens of Neiriz marble. Comparison results show that the modified criterion
proposed in this work performs better in predicting the crack initiation angles and the fracture resistances than the
conventional maximum energy release rate criterion. Key words: maximum energy release rate criterion; mixed
mode; T-stress; crack initiation angle; fracture resistance



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

Dynamic Meshing Analysis of Spur Gear Based on the Modified Vector Form
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ABSTRACT

Lumped-mass method and dynamic equations are the most commonly used methods in the dynamic analysis due
to its less computation amount than finite element method. However, the lumped-mass method has its own
problems: limited accuracy, strong subjectivity and unable to display stress and displacement distribution. To solve
dynamic non-linear problems, we proposed the modified vector form intrinsic finite element (VFIFE) method, which
reduce computational complexity compared to the traditional VFIFE method [1]. Even though explicit difference is
adopted, the advantages of good convergence and simple algorithm make it suitable for high-speed problems. In
this paper, we combined contact algorithm and the modified VFIFE method to simulate spur gear dynamics and also
rewrote the central difference equation considering Rayleigh damping. Taking a specific gear pair for example, we
could obtain the transmission error response as well as the stress distribution, contact pattern and contact force to
guide design. We could obtain rather precise results with a coarse mesh and the numerical results show the
effectiveness and accuracy of the proposed method [2-4]. In addition, this method is not limited to gear analysis, but
suitable for high-speed non-linear problems in engineering fields. [1] X. Hou, Z. Fang, Solid structure analysis with
large deformation of eight-node hexahedral element using vector form intrinsic finite element, Advances in
Structural Engineering, Pulished online. [2] T.Y. Wu, J.J. Lee, E.C. Ting, Motion analysis of structures (MAS) for
flexible multibody systems: planar motion of solids, Multibody System Dynamics, 20 (2008) 197-221. [3] H.H. Lee,
P.Y. Chang, J.W.Z. Lu, A.Y.T. Leung, V.P. Iu, K.M. Mok, Development on A New Plate Element of Vector Form
Intrinsic Finite Element, (2010) 1512-1517. [4] X. Hou, Z. Fang, Static Meshing Analysis of Spiral Bevel Gears
Based on Vector Form Intrinsic Finite Element Method, Journal of Xi&amp;apos;an Jiaotong University 51 (2017)
85-92.
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Simulations of Suspension Flows with a Meshless Moving Least Squares
Scheme
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ABSTRACT

This talk will focus on a meshfree method for simulations of neutrally buoyant, non-Brownian particles in Stokes
flow. We will discuss a meshless scheme using Moving Least Squares polynomial reconstructions to provide a
computationally efficient method with higher order accuracy for use with general boundary conditions and arbitrary
polynomial shapes while maintaining stability. In finite difference schemes for Stokes flow, satisfying an inf-sup
condition is necessary to control spurious pressure modes. Without a mesh, this framework is not applicable. Here,
a finite difference-like staggered discretization is used to couple a divergence-free velocity and pressure
reconstruction, resulting in a stable meshless scheme for Stokes flow that can be coupled with the motion of
particles suspended in the flow [1]. The emphasis will be on applications to dense suspensions of particles,
especially particles with polydispersed sizes and non-spherical shapes. The presentation here will discuss the
implementation in 3D with multiple particles and how the results can be used to benchmark other lower fidelity
methods such as the Force Coupling Method. In meshless methods, the boundaries of the particles are sharply
defined, allowing for sharp resolution for problems such as heat conduction. [1] Nathaniel Trask, Martin Maxey,
Xiaozhe Hu, A compatible high-order meshless method for the Stokes equations with applications to suspension
flows, In Journal of Computational Physics, Volume 355, 2018, Pages 310-326.
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ABSTRACT

We present a version of soft glassy rheology that includes thermalized strain degrees of freedom. It fully specifies
systems&apos; strain-history-dependent positions on their energy landscapes and therefore allows for quantitative
analysis of their heterogeneous yielding dynamics and nonequilibrium deformation thermodynamics. We first
illustrate the very different characteristics of thermal and athermal plasticity by contrasting systems’ evolution under
thermalized vs. nonthermalized plastic flow rules. Then we present a generalized flow rule that continuously
interpolates between thermalized and nonthermalized flow, and use it to analyze more realistic scenarios wherein
flow is partially thermalized.
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ABSTRACT

Transcatheter heart valves (THVs) have emerged as a minimally invasive alternative to surgical bioprosthetic heart
valves therapy. THVs offer advantages such as less postoperative pain, faster rehabilitation, and better pressure
gradients. However, issues such as paravalvular leakage, leaflet fatigue, and valve migration limit the widespread
use of THV in the younger population, especially due to the lack of data concerning its long-term performance and
durability. In this work, we develop and apply a biomechanically rigorous and physiologically realistic computational
fluid-structure interaction framework based on immersogeometric analysis to study the combined effect of leaflet
geometry, biomaterial property, and blood flow pattern on valve performance.
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ABSTRACT

Among the whole population, small, obese, and/or older occupants are at increased risk of death and serious injury
in motor-vehicle crashes compared with mid-size young men. Current adult finite element (FE) human body models
(HBM) have been developed in a few body sizes (large male, midsize male, and small female) with reference body
dimensions similar to those of the available physical anthropomorphic test devices (ATDs). The limited number of
body sizes available has resulted in part because the time needed to develop an FE HBM using typical methods is
measured in months or even years. In this study, we developed an automated component-based mesh morphing
method that can sequentially morph the component geometries of the Global Human Body Model Consortium
(GHBMC) mid-size male model into target geometries for a diverse population predicted by a set of statistical
geometry models for ribcage, pelvis, femur, tibia, and external body surface. We also included a system to
automatically correct/smooth highly distorted mesh in the models. Using the new method, twelve models were
developed representing seated occupants with a wide range of stature (175 cm and 188 cm), body-mass index
(BMI) (25, 30 and 35) and age (30 and 70 years old). The newly generated human body models showed similar
mesh quality compared to the original GHBMC model and. They also displayed no significant changes in BMI from
target values. The component-based mesh morphing method was also found to be relatively faster and more
efficient than the previous region-based mesh morphing method due to landmark reduction in each morphing step.
The morphed models were subjected to six regional impact simulations, including abdominal bar impact, oblique
abdominal hub impact, frontal thorax hub impact, lateral shoulder impact, impact to the pelvis, and lateral thorax
impacts. The simulation boundary conditions were set based on those reported in the PMHS tests. The simulation
results were then compared to the PMHS test corridors. Overall, the simulation results displayed large variations
among the 12 morphed models and strong correlations between human characteristics and human impact
responses. However, age, height, and BMI showed different trends depending on the type of impact, which were
generally consistent with the literature. This study demonstrated the robustness of the component-based mesh
morphing method to generate reliable human models for a diverse population and effectively use these models for
impact simulations. ? References Bouquet, R., Ramet, M., Bermond, F., Caire, Y., Talantikite, Y., Robin, S., Voiglio,
E., Year Pelvis human response to lateral impact. In The 16th International Technical Conference on the Enhanced
Safety of Vehicles (ESV). Windsor, ON, Canada. Hardy, W.N., Schneider, L.W., Rouhana, S.W., 2001. Abdominal
impact response to rigid-bar, seatbelt, and airbag loading. Stapp Car Crash Journal 45, 1-32. Hu, J., Fanta, A.,
Neal, M., Reed, M., Wang, J., Year Vehicle Crash Simulations with Morphed GHBMC Human Models of Different
Stature, BMI, and Age. In The 4th International Digital Human Modeling Symposium (DHM2016). Montréal,
Québec, Canada. Hu, J., Rupp, J., Reed, M., 2012. Focusing on vulnerable populations in crashes: recent
advances in finite element human models for injury biomechanics research. Journal of Automotive Safety and
Energy 3, 295-307. Hu, J., Zhang, K., Fanta, A., Hwang, E., Reed, M.P., Year Effects of Male Stature and Body
Shape on Thoracic Impact Response Using Parametric Finite Element Human Modeling. In 25th International
Technical Conference on the Enhanced Safety of Vehicles (ESV). Detroit, MI. Hwang, E., Hallman, J., Klein, K.,
Rupp, J., Reed, M., Hu, J., 2016a. Rapid Development of Diverse Human Body Models for Crash Simulations
through Mesh Morphing. SAE Technical Paper 2016-01-1491. Hwang, E., Hu, J., Chen, C., Klein, K., Miller, C.,
Reed, M., Rupp, J., Hallman, J., 2016b. Development, Evaluation, and Sensitivity Analysis of Parametric Finite
Element Whole-Body Human Models in Side Impacts. Stapp Car Crash Journal 60, 473-508. Kemper, A.R.,
McNally, C., Kennedy, E.A., Manoogian, S.J., Duma, S.M., 2008. The influence of arm position on thoracic



response in side impacts. Stapp Car Crash Journal 52, 379-420. Klein, K.F., 2015. Use of Parametric Finite
Element Models to Investigate Effects of Occupant Characteristics on Lower-Extremity Injuries in Frontal Crashes
PhD Dissertation University of Michigan. Klein, K.F., Hu, J., Reed, M.P., Hoff, C.N., Rupp, J.D., 2015. Development
and Validation of Statistical Models of Femur Geometry for Use with Parametric Finite Element Models. Annals of
biomedical engineering 43, 2503-2514. Koh, S.W., Cavanaugh, J.M., Mason, M.J., Petersen, S.A., Marth, D.R.,
Rouhana, S.W., Bolte, J.H.t., 2005. Shoulder injury and response due to lateral glenohumeral joint impact: an
analysis of combined data. Stapp Car Crash Journal 49, 291-322. Lebarbé, M., Petit, P., Year New biofidelity
targets for the thorax of a 50th percentile adult male in frontal impact. In 2012 IRCOBI Conference. Neathery, R.F.,
1974. Analysis of chest impact response data and scaled performance recommendations. SAE Technical Papers.
Park, J., Reed, M.P., Hallman, J.J., 2016. Statistical models for predicting automobile driving postures for men and
women including effects of age. Human Factors 58, 261-278. Reed, M.P., Manary, M.A., Flannagan, C.A.,
Schneider, L.W., 2000. Effects of vehicle interior geometry and anthropometric variables on automobile driving
posture. Hum Factors 42, 541-552. Reed, M.P., Manary, M.A., Flannagan, C.A., Schneider, L.W., 2002. A
statistical method for predicting automobile driving posture. Hum Factors 44, 557-568. Reed, M.P., Parkinson,
M.B., 2008. Modeling Variability in Torso Shape for Chair and Seat Design, ASME International Design Engineering
Technical Conferences, New York, NY, pp. 1-9. Shi, X., Cao, L., Reed, M.P., Rupp, J.D., Hoff, C.N., Hu, J., 2014. A
statistical human rib cage geometry model accounting for variations by age, sex, stature and body mass index. J
Biomech 47, 2277-2285. Shi, X., Cao, L., Reed, M.P., Rupp, J.D., Hu, J., 2015. Effects of obesity on occupant
responses in frontal crashes: a simulation analysis using human body models. Computer methods in biomechanics
and biomedical engineering 18, 1280-1292. Vavalle, N.A., Davis, M.L., Stitzel, J.D., Gayzik, F.S., 2015.
Quantitative Validation of a Human Body Finite Element Model Using Rigid Body Impacts. Annals of biomedical
engineering 43, 2163-2174. Viano, D.C., 1989. Biomechanical responses and injuries in blunt lateral impact. Stapp
Car Crash Journal 33, 113-142. Wang, Y., Bai, Z., Cao, L., Reed, M.P., Fischer, K., Adler, A., Hu, J., 2015. A
simulation study on the efficacy of advanced belt restraints to mitigate the effects of obesity for rear-seat occupant
protection in frontal crashes. Traffic injury prevention 16, S75-S83. Wang, Y., Cao, L., Bai, Z., Reed, M.P., Rupp,
J.D., Hoff, C.N., Hu, J., 2016. A parametric ribcage geometry model accounting for variations among the adult
population. J Biomech. Zhang, K., Cao, L., Fanta, A., Reed, M.P., Neal, M., Wang, J.T., Lin, C.H., Hu, J., 2017. An
automated method to morph finite element whole-body human models with a wide range of stature and body shape
for both men and women. Journal of biomechanics.
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ABSTRACT

The interference-fit joint is widely used for thin-walled composite sheets assembly in aviation field. Understanding
the damage and failure mechanism of such joint structures has great importance for optimal design of composite
joining. Therefore, an evaluation method for the initial and progressive failure of composite interference-fit joints
was proposed based on the Hashin type criteria and damage mechanics. In the model, the initial failure (crack
initiation in the fiber and/or matrix) and progressive failure (crack growth in the fiber and/or matrix) were evaluated
using the separate fiber- and matrix-dependent damage variables, respectively. The user-defined subroutine UMAT
was developed based on coupling theories of the failure criterion and damage mechanics in order to efficiently
analyze the progressive failure phenomenon in the bearing region of the composite joints. In addition, a technique
based on viscous regularization, a characteristic element length and fracture energies of fiber and matrix are used
in the model to alleviate mesh-dependence and improve convergence. The influence of interference-fit size,
clamping force and applied external loading on damage evolution and failure are considered and good agreements
are observed in experimental results.
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ABSTRACT

An universal and simple skew-symmetric Nitsche&amp;amp;amp;apos;s formulation is introduced into isogeometric
analysis (IGA). The derivation of the skew-symmetric Nitsche&amp;amp;amp;apos;s formulation is straightforward if
one starts from the standard symmetric Nitsche&amp;amp;amp;apos;s formulation, and the obtained Nitsche terms
are skew-symmetric. Variants of presented formulation are suitable for essential applications in IGA: (displacement
or rotational) boundary conditions imposing, patch coupling, and moreover contact problems for the first time in IGA
to our knowledge. For boundary conditions imposing, an important advantage of the skew-symmetric
Nitsche&amp;amp;amp;apos;s formulation is that there is no need to deal with the stabilization parameter as in the
standard symmetric Nitsche&amp;amp;amp;apos;s formulation. Numerical tests showed that the
Nitsche&amp;amp;amp;apos;s formulation could impose boundary conditions successfully in a weak sense. For
patch coupling, the skew-symmetric Nitsche&amp;amp;amp;apos;s formulation is also parameter-free. Through
numerical studies it is observed that the condition number of the stiffness matrix by the skew-symmetric
Nitsche&amp;amp;amp;apos;s formulation is much smaller than the standard symmetric one. In cases of free
vibration, the coupling process introduces “outlier” frequencies and corresponding eigenmodes, which are highly
localized at these coupled interfaces. The Nitsche&amp;amp;amp;apos;s contact formulation is able to theoretically
recover the contact (KKT) conditions, it depends mush less on the stabilization parameter than the penalty method,
and does not introduce extra degrees of freedom as the Lagrange multiplier method. Numerical tests illustrated that
the skew-symmetric Nitsche contact formulation can predict the contact pressure distribution to some extent, in
addition it behaves more robustly with respect to the stabilization parameter, the element length ratio on contact
boundary, and the order of adopted shape functions than the standard one.
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ABSTRACT

In this paper, we present a stabilized Galerkin approximation in a meshfree framework [1] for the simulation of
metal threading in the three-dimensional Flow Drill Screw (FDS) process. A second-order accurate
momentum-consistent smoothing algorithm is proposed for the desired stability and accuracy in the meshfree
structural analysis using the particle integration. A staggered explicit time integration scheme is employed to couple
thermal and mechanical systems of equations. To avoid the tension instability in the nonlinear structural analysis,
an adaptive anisotropic Lagrangian kernel [2] is considered in the formulation which makes it possible to handle the
severe deformation problem in simulating the thread forming phenomena. A bond-based material failure criterion [3]
is adopted to prevent the excessive straining due to the assumption of continuous approximation of displacement
field in meshfree Galerkin approach. Finally, a three-dimensional FDS problem is analyzed to demonstrate the
effectiveness of the present meshfree numerical procedure. [1] C.T. Wu, M. Koishi, W. Hu, A displacement
smoothing induced strain gradient stabilization for the meshfree Galerkin nodal integration method, Comput. Mech.
56 (2015) 19-37. [2] C.T. Wu, S.W. Chi, M. Koishi, Y. Wu, Strain gradient stabilization with dual stress points for the
meshfree nodal integration method in inelastic analysis, Int. J. Numer. Methods Engrg, 107 (2016) 3-30. [3] C.T.
Wu, Y. Wu, J.E. Crawford, J.M. Magallanes, Three-dimensional concrete impact and penetration simulations using
the smoothed particle Galerkin method, Int. J. Impact Engrg. 106 (2017) 1-17.
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ABSTRACT

Thermal conduction problem with singularity in anisotropic materials is still challenging. This is mainly because the
thermal conductivity coefficients become functions of the angular coordinate under the polar coordinate system.
The analytical study become extremely complex especially when multiple bounded materials are involved in the
problem. In order to solve this problem, a sub-field method is first introduced to divide the material around crack tip
into several fields in which the material properties are assumed constants under the polar coordinate system. For
each sub-field, the symplectic dual approach is then applied to find the general solution of eigen solution. The
relationship among the eigen solution of the sub-fields are constructed through the compatibility conditions at the
interface between adjacent sub-fields. Then, a symplectic analytical singular element (SASE) is constructed of
which the displacement and stress fields are defined by the obtained eigen solutions. The SASE contains rich
information of the analytical eigen solution of the boundary value problem and hence is very accurate and efficient
for the discussed problem. The general intensity factors can be solved directly without any post-processing. A few
numerical examples are worked out to demonstrate the proposed method.
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ABSTRACT

The method of Discrete Dislocation Dynamics (DDD) [1] has emerged as a valuable tool for modeling the collective
behavior of dislocations at the mesoscale, providing insights into a range of plasticity phenomena. DDD uses a
continuum line description of the dislocation, with various phenomena controlled by atomistic aspects, such as the
Peierls stress, mobility, and core energy, introduced as parameters. To achieve quantitative predictive capability,
reflecting real materials, the DDD method can benefit from various improvements, such as anisotropic elasticity [2],
partial dislocations for fcc and hcp crystals, and accurate core or self energies. Some phenomena require atomistic
resolution, and hence the calibration of DDD to specific atomistic behavior is valuable. Here, we use molecular
statics simulations to accurately determine the total dislocation energy in fcc crystals, from which we derive core
energies necessary to represent the total energy within anisotropic elasticity. The variation in core energy versus
dislocation character deviates significantly from the results obtained by continuum linear elastic dislocation theory.
We then examine the use of the derived core energy in a established DDD methods for predicting dislocation line
tension in a simple bow-out problem. We are unable to reach agreement between such DDD simulations and fully
atomistic simulations of the bow-out process in fcc Al [3]. Since fcc dislocations dissociate into two partial
dislocations separated by a stacking fault, the analysis is extended to extract the core energies of partial
dislocations as a function of dislocation character. Results are also compared to other recent studies of atomistic
core energies. The prospects for quantitative linking of atomistic and DDD descriptions of dislocations are
discussed in light of our findings. [1] A. Arsenlis, W. Cai, M. Tang, M. Rhee, T. Oppelstrup, G. Hommes, T. G.
Pierce, and V. V. Bula- tov. Enabling strain hardening simulations with dislocation dynamics. Modelling and
Simulation in Materials Science and Engineering, 15(6):553, 2007. [2] S. Aubry and A. Arsenlis. Use of spherical
harmonics for dislocation dynamics in anisotropic elastic media. Modelling and Simulation in Materials Science and
Engineering, 21(6):065013, 2013. [3] B. A. Szajewski, F. Pavia, and W. A. Curtin. Robust atomistic calculation of
dislocation line tension. Modelling and Simulation in Materials Science and Engineering, 23(8):085008, December
2015.
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ABSTRACT

Metallic glasses (MGs) have exhibited many promising properties such as high yield strength, low friction coefficient
and high resistance to corrosion, oxidation and wear. However, the localized deformation and poor ductility due to
shear bands prohibit the further applications of MGs. In this study, a mesoscale model combining the kinetic Monte
Carlo algorithm and the finite element method is developed to investigate the deformation behaviors of MGs. The
shear transformation zone (STZ) is viewed as the fundamental deformation unit and each nanoscale volume
element in the MGs is considered as a potential STZ. The mesoscale modeling is capable of simulating MGs
processing and deformation on time and length scales greater than those by atomistic modeling. The proposed
computational framework is firstly verified by a sanity check and then applied to simulate uniaxial tension test.
Simulations of the uniaxial tension demonstrate the key factor of the shear band formation is the strain-induced
softening.
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ABSTRACT

A coupled fluid-structure interaction model based on the peridynamic theory has been proposed and applied to
hydraulic fracture problems. A nonlocal constitutive model which can describe the mechanical behavior and fracture
characteristics of rock and concrete-like quasi-brittle materials is proposed based on the non-ordinary state-based
peridynamic theory. An equivalent hydraulic pressure term coupled with flow equation was embedded in the
peridynamic model to describe the fluid flow and track the hydraulic pressure on the new-born crack surfaces.
Considering the contact between surfaces of cracks, a short-range repulsive force between material points was
implemented and corresponding contact algorithms were developed. The proposed model and algorithms were
validated through simulating the hydraulic fracture of typical concrete gravity dams in different loading cases, and
comparing the numerical results with experimental observations and other numerical results. Key words?hydraulic
fracture; crack propagation; state-based peridynamics; contact *Acknowledgement: The support of the National
Natural Science Foundation of China (No. 51679077) and the Fundamental Research Funds for the Central
Universities in China (Nos. 2015B18314, 2017B13014) is gratefully acknowledged. [1] Silling S A, Epton M,
Weckner O, et al. Peridynamic states and constitutive modeling[J]. Journal of Elasticity, 2007,88(2): 151-184. [2]
Warren T L, Silling S A, Askari A, et al. A non-ordinary state-based peridynamic method to model solid material
deformation and fracture[J]. International Journal of Solids and Structures, 2009,46(5): 1186-1195. [3] Katiyar A,
Foster J T, Ouchi H, et al. A peridynamic formulation of pressure driven convective fluid transport in porous
media[J] Journal of Computational Physics, 2014,261(3):209-229
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ABSTRACT

The second-order Finite Volume method with Exact two-material Riemann Problems (FIVER) [1] is both a
computational framework for multi-material flows characterized by large density jumps, and an Embedded
Boundary Method (EBM) for CFD and highly nonlinear Fluid-Structure Interaction (FSI) problems [2]. For FSI
problems, this EBM has demonstrated the ability to address viscous effects along wall boundaries [3], and large
deformations and topological changes of such boundaries [2]. However, like for most EBMs, its performance in the
vicinity of a wall boundary can be sensitive with respect to the position and orientation of this boundary relative to
the embedding mesh. This is due to ill-conditioning issues that arise when an embedded discrete surface becomes
too close to a node of the embedding mesh, which may lead to spurious oscillations in the computed solution
gradients at the wall boundary. These issues are resolved here by introducing an alternative definition of the
active/inactive status of a mesh node that removes all sources of ill-conditioning. Two additional contributions are
presented. The first one is a new procedure for constructing the fluid-structure half Riemann problem underlying the
semi-discretization by FIVER of the convective fluxes that replaces one extrapolation by an interpolation. The
second contribution is a post-processing algorithm for computing quantities of interest at the wall that achieves
smoothness in the computed solution and its gradients. Lessons learned from these enhancements are then
generalized to eliminate from the original version of FIVER its aforementioned sensitivities while maintaining the
original definition of the status of a mesh node. This leads to a family of second-generation, second-order FIVER
methods whose performance is illustrated in this talk for a challenging flow problem over a bird wing characterized
by a feather-induced surface roughness, and a complex flexible flapping wing problem for which experimental data
is available. 1. A. Main, X. Zeng, P. Avery and C. Farhat, An Enhanced FIVER Method for Multi-Material Flow
Problems with Second-Order Convergence Rate, Journal of Computational Physics, Vol. 329, pp. 141-172 (2017)
2. K.G. Wang, P. Lea and C. Farhat, A Computational Framework for the Simulation of High-Speed Multi-Material
Fluid-Structure Interaction Problems with Dynamic Fracture, International Journal for Numerical Methods in
Engineering, Vol. 104, pp. 585-623 (2015) 3. V. Lakshminarayan, C. Farhat and A. Main, An Embedded Boundary
Framework for Compressible Turbulent Flow and Fluid-Structure Computations on Structured and Unstructured
Grids, International Journal for Numerical Methods in Fluids, Vol. 76, pp. 366-395 (2014)



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

High Performance Computing of Distortion and Stresses in Welded and
Additive Manufactured Structures

Hui Huang*, Chen Jian**, Zhili Feng***

*Oak Ridge National Laboratory, **Oak Ridge National Laboratory, ***Oak Ridge National Laboratory

ABSTRACT

Numerical simulation is an efficient way to better understand the thermal and mechanical evolution during welding
and additive manufacturing (AM) processes and to design and optimize the processes. However, with today’s
computational tools, thermal-mechanical simulation of the continuous metal depositing process is extremely
time-consuming. As a result, many simulation models proposed so far are based on simplification that either the
continuous manufacturing pass is lumped, or the dimension of model is decreased. For example, residual stress
simulation of multipass girth welds are mostly performed using two-dimensional (2D) axisymmetric models. In this
study, a new finite element code recently developed in house at Oak Ridge National Lab was used for simulation of
both welding and additive manufacturing. Our new code effectively utilizes GPU based high-performance
computers to allow for realistic simulation of the transient thermal and mechanical response of materials during arc
based manufacturing process. Our code further accelerates based on the consideration of unique physics
associated with manufacturing processes that are characterized by steep temperature gradient and a moving heat
source. It is capable of modeling large-scale problems that cannot be easily handled by the existing commercial
simulation tools. To demonstrate the accuracy and efficiency, our in-house code was compared with the
commercial modeling tools by simulating a single pass pipe girth weld. Our code achieved comparable solution
accuracy with respect to the commercial one but with over 100 times less on computational cost. Moreover, a
multi-pass girth weld model with over 1 million elements and 180 thousand time-steps was successfully analyzed in
3.2 days. The 3D analysis demonstrated more realistic stress distribution that is not necessarily axisymmetric along
the hoop direction. A benchmark study on a cylinder model by selective laser melting was also carried out and
compared to the experimental measurements. Distortion shape was well reproduced by the new code and
computational time was drastically reduced relative to that by commercial model. Effects of layer-by-layer activation
and element-by-element activation scheme on distortion and stress accuracy was clarified by the efficient numerical
model.
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ABSTRACT

The modulated mediums are materials whose properties could vary periodically in both the space and time.
Non-reciprocal wave propagation can be acquired in the modulated medium, and is expected to bring new
technological concepts to wave-control engineering. In this work, we study an infinite space-time lattice structure
composed of the time-varying mass and the spring of constant stiffness. The Bloch-based theoretical method is
developed for the computation of the dispersion diagrams of the modulated lattice system. It is found that the
asymmetric band of the fundamental branch emerges if the spatiotemporal modulation of inertial mass constitutes a
travelling-wave field pattern, which behaves like a biasing field that breaks the time-reversal symmetry. Asymmetric
bandgaps are opened due to the modulation-induced mode interaction of different orders. A purely unidirectional
bandgap can be available when the super cell involves over three time-varying elements, and the phase difference
of time-varying mass between adjacent elements is the same. The effect of modulating frequency and amplitude of
time-varying mass is analyzed. It is found that the modulating frequency affects primarily the frequency position of
the asymmetric bandgap, while the modulating amplitude determines its frequency bandwidth. We also study the
non-reciprocal wave phenomenon in modulated lattices involving simultaneous time-driven mass and stiffness.
Adding the space-time modulation over stiffness leads to the wider asymmetric bandgap and the flexible control on
the gap position. Finally, we will present some possible designs of structured elements with time-varying mass
and/or time-varying stiffness. The modulated lattice structure is expected to open a new avenue in the
unprecedented control over sounds and vibrations. Reference: Trainiti, G., Ruzzene, M., 2016. Non-reciprocal
elastic wave propagation in spatiotemporal periodic structures. New J. Phys. 18, 083047. Vila, J., Pal, R.K.,
Ruzzene, M., Trainiti, G., 2017. A Bloch-based procedure for dispersion analysis of lattices with periodic
time-varying properties. J. Sound Vib. 406, 363-377.
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ABSTRACT

Ferrofluid, due to its peculiar behavior in the magnetic field, has drawn the attention from various disciplines. In
contrast to its wide applications, its large-scale simulation is less addressed. Previous simulations are mesh-based,
while we present a method tackling the problem on a particle basis. The core idea is to treat each particle as a
distribution (e.g. symmetric truncated Gaussian) of fluid. The aggregation of all particles forms the spatial
distribution of the ferrofluid. In the external field, the ferrofluid acts as a soft magnetizable material, and the total
magnetic field is the sum of the external field and the field generated by the ferrofluid itself, called the
demagnetization field. The magnetization relationship is nonlinear, but the total demagnetization field is a linear
combination of the field generated by each particle (distribution). Since each particle after magnetization would
affect other particles, an optimization method is used to get the final magnetic field, minimizing the difference
between the demagnetization field influencing the particles, and the demagnetization field generated by the
particles. With the final magnetic field, various force models can be used, either classical Kelvin forces or modern
forces derived from thermodynamics. Combining the force term and surface tension with existing Navier-Stokes
solvers, either pure Lagrangian, for example, the Smooth Particle Hydrodynamics (SPH) method, or mixed Eulerian
and Lagrangian for example the (Afine) Particle In Cell ((A)PIC) method, one can obtain both accurate and efficient
large-scale simulations of ferrofluids.
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ABSTRACT

CO2 geosequestration into deep saline aquifers may be a viable strategy for reducing greenhouse gas emissions
and mitigating anthropogenic climate change. In CO2 geosequestration, the CO2 is commonly compressed into
supercritical CO2 and injected into the aquifers for long-term storage. The structural and residual trapping capacities
of the aquifers depend on CO2-brine interfacial tension and contact angle in CO2-brine-mineral geophysical
systems. While earlier molecular dynamics (MD) simulations have been used to study the CO2-brine interfacial
tension and the static contact angles of CO2-brine-mineral systems at different temperatures and pressures, we
study in this work the dynamic contact angles of CO2-water-silica systems during supercritical CO2 injections at
different injection rates with MD. The supercritical CO2 flow induced by a moving piston is injected into water
between two parallel silica plates; the simple point charge (SPC) water model (Teleman, Jönsson,
&amp;amp;amp;amp; Engström, 1987), the elementary physical model (EPM2) for CO2 molecules (Nieto-Draghi,
de Bruin, Pérez-Pellitero, Bonet Avalos, &amp;amp;amp;amp; Mackie, 2007) and the silica surface model
developed by (Emami et al., 2014) are used in these simulations. Both intramolecular and intermolecular degrees of
freedom are considered in the simulations. The interaction parameters between dissimilar atoms are computed
using Lorentz-Berthelot combining rules. Scenarios with different area densities of the silanol groups on the silica
surfaces are also considered to reproduce hydrophilic and hydrophobic surfaces. The preliminary results show the
dependence of dynamic contact angles on injection rates. This study will help us better understand and predict the
mechanism of CO2 injections and the storage capacities in deep saline aquifers. References Emami, F. S., Puddu,
V., Berry, R. J., Varshney, V., Patwardhan, S. V., Perry, C. C., &amp;amp;amp;amp; Heinz, H. (2014). Force field
and a surface model database for silica to simulate interfacial properties in atomic resolution. Chemistry of
Materials, 26(8), 2647-2658. Nieto-Draghi, C., de Bruin, T., Pérez-Pellitero, J., Bonet Avalos, J.,
&amp;amp;amp;amp; Mackie, A. D. (2007). Thermodynamic and transport properties of carbon dioxide from
molecular simulation. The Journal of Chemical Physics, 126(6), 064509. Teleman, O., Jönsson, B.,
&amp;amp;amp;amp; Engström, S. (1987). A molecular dynamics simulation of a water model with intramolecular
degrees of freedom. Molecular Physics, 60(1), 193-203.



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

Interface Structure Dependent Incipient Plasticity of Graphene/Cu
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ABSTRACT

Even though graphene possesses extremely high strength and elastic modulus, it is still a challenge to use it as
structural materials due to its extrinsic dimension limit. Then, composite structure combined graphene and proper
metals, i.e., graphene/metal nanocomposites, was proposed to be a possible way recently to achieve diverse
properties that cannot provided by single constituent material. For nanocomposites, interface structure generally
played a significant role in determining mechanical properties as individual layer thickness of the constituent layers
decreases to less than tens of nanometers, such as interface structure transition, acting as sources for nucleating
dislocations. Unlike the well documented metal/metal composites, the mechanisms and how interface structure
evolve upon plastic deformation in the graphene/metal composites are still unclear and under intense debate. In the
present study, molecular dynamics simulations were used to explore the interface structure and the inception of
plasticity of graphene/Cu nano-multilayers. Specific attention was paid on how the graphene/Cu interface structural
features affect the strength of the nano-multilayers. After relaxation, the strain distribution along graphene/Cu
interface was non-uniform. The role of the interface structure in the plastic deformation of graphene/Cu
nano-multilayers was studied under two loading axis, and it was found (i) preferential slip systems within Cu layers
all followed the Schmid factors and regular nucleation sites were from interface where the local strain is the highest,
which behavior is different from other metal/metal system, and (ii) dislocations propagated in two {111} slip planes
with the partial dislocation 1/6&amp;lt;1 1 2&amp;gt; along the specific directions in which the strain is higher. In
addition, incipient plastic deformation originated from the graphene/Cu interface could effectively enhances the
strength and elastic modulus of the graphene/Cu nano-multilayers compared with nanocrystalline Cu. It was
concluded the interface strain changes the nucleating behavior and graphene acting as a constrained layer leads to
the strengthening effect.
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ABSTRACT

Shape memory polymers (SMPs) have been widely studied because they can recover from a deformed shape to
their original shape by a certain external stimulus. In order to investigate this interesting process and predict this
kind of deformation behavior, many researchers have generated constitutive models from different aspects of
views. However, most of the proposed constitutive models include a great amount of parameters and these
parameters must be carefully selected and verified by a large amount of experiments. This complex process not
only generate extra work for data processing but also limits the application and development of the constitutive
models. Therefore, it is indispensable to develop a new constitutive model which can take into account both the
accuracy and the simplicity. From the experiment observations, we found that the majority of shape memory
polymers show a power-law type relaxation behavior instead of an exponential type correlations curve between
relaxation modulus and time. Considering this phenomenon, we propose a fractional viscoelastic constitutive model
with less parameters for SMP which give good agreement with the experimental thermomechanical behavior of
SMPs and also reduces the workload of parameters fitting. The article draw up to match through frequency and
time sweep curve fitting form previous SMP experiments to establish the mathematics model. Then we applied the
model to calculate the SMP behavior during uniaxial tension and free recovery process under different loading
cases. Both the mathematical model and the real experiment results give good consistency. In addition, the
comparison between an integral and fractional viscoelastic models of SMP are discussed in our study. We hope the
proposed model in our researches could provide some new ideas in designing and optimizing potential SMP
applications.
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Steady-State Crack Growth in Polymer Gels by Linear and Nonlinear
Poroelastic Models

Rui Huang*, Yalin Yu**, Chad Landis***

*University of Texas at Austin, **University of Texas at Austin, ***University of Texas at Austin

ABSTRACT

Large deformation and solvent migration are coupled during fracture of polymer gels. We developed a nonlinear
finite element method to simulate steady-state crack growth in polymer gels, with which we calculated the J-integral
as a function of the crack speed. To understand the numerical results, we developed an analytical solution for the
asymptotic crack tip fields based on a linear poroelastic formulation. A strip with a semi-infinite crack in steady state
was studied in details by both the linear and nonlinear models. The crack-tip fields predicted by the asymptotic
solution are confirmed by the numerical results. It is found that, due to the poroelastic effect, the crack-tip stress
intensity factor is generally smaller than the stress intensity factor predicted by linear elasticity model. The size of
the poroelastic crack-tip field is characterized by a diffusion length scale that depends on the crack speed. For
relatively fast crack growth, the diffusion length is small compared to the strip thickness, and the crack-tip field
transitions to the elastic K-field at a distance proportional to the diffusion length. In this case, the energy release
rate by a modified J-integral decreases with increasing crack velocity. For relatively slow crack growth, the diffusion
length is comparable to or greater than the strip thickness, and the crack-tip field is confined by the strip thickness
and transitions to a one-dimensional diffusion zone ahead of the crack tip. In this case, the energy release rate
increases with increasing crack speed. Surprisingly, the energy release rate approaches the same limit for both fast
and slow crack growth, but with a peak in between. These results suggest that, if the intrinsic fracture toughness of
the gel is independent of the crack speed, the apparent fracture toughness including the energy dissipation due to
solvent diffusion would be considerably greater than the intrinsic toughness and depends non-monotonically on the
crack speed or the strip thickness.
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Eulerian Reproducing Kernel Particle Method for Shock Modeling

Tsung-Hui Huang*, J. S. Chen**
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ABSTRACT

The following issues be properly addressed in modeling shock wave propagation in hydrodynamical systems: (1)
correct representation of essential shock physics, (2) stabilization of Gibbs phenomenon at discontinuity, and (3)
capturing shock front with minimal smearing of moving discontinuity. In this work, we introduce a stabilized Eulerian
reproducing kernel particle method (RKPM) for shock modeling. RKPM is considered herein due to its versatility in
adaptive refinement and in adjusting smoothness independently to the order of completeness in the approximation.
A stabilized conforming nodal integration (SCNI) is constructed with locally enriched Riemann flux, such that the
essential shock physics, Rankine-Hugoniot jump condition and Lax entropy condition, are satisfied. The oscillation
control is provided through the smoothed flux divergence in the SCNI framework. Furthermore, to increase the
accuracy at shock front, a Monotonic Upstream-Centered Scheme for Conservation Laws (MUSCL) type flux
reconstruction is introduced to achieve higher order spatial accuracy. Several numerical examples are analyzed to
verify the effectiveness of the proposed framework.
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A Consistent Damage Model for Structural Components of Different
Materials

Wei Huang*, Zhi Zhou**

*Department of Mechanics and Engineering Structure (Wuhan University of Technology), **State Key Laboratory of
Disaster Reduction in Civil Engineering (Tongji University)

ABSTRACT

Owing to the existence of varied structural components with different materials in the hybrid structures, the seismic
damage failure performance and mechanisms of each component are quite different, consequently resulting in the
need for a unified standard for its performance assessment. Based on the widely-used Park-Ang damage model, a
consistent modification form which is suitable for structural components of different materials is proposed in the
paper. The experiment statistics of various components of different materials are collected and analyzed to study
the combination coefficient of the consistent damage model. Despite that the specific limit values are all calculated
by the consistent damage model at the same performance levels, obvious difference exists between components of
different materials. In order to build the correlation between the consistent damage model and the damage
performance for components of different materials, normalized corresponding parameters are introduced to the
unified damage model to specify the damage limit values at each performance level for components of different
materials.
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An Immersed Boundary Projection Method for Fluid-Flexible Body
Interaction

Wei-Xi Huang*, Luo-Hao Wang**, Chun-Mei Xie***

*Tsinghua University, **Tsinghua University, ***Tsinghua University

ABSTRACT

An immersed boundary projection method with primitive variables is proposed for simulation of fluid-flexible body
interaction. Two types of flexible bodies are considered, i.e., the 2D filament and the 3D flag. The filament’s motion
is constrained with the inextensible condition (while the flag is in-plane inextensible), and its interaction with the
impressible fluid flow is counted by the additional momentum forcing. In the present formulation, the pressure, the
momentum forcing and the tension of the filament are uniformly considered as Lagrange multipliers, which act to
satisfy the divergence-free condition, the no-slip condition on the immersed boundary and the inextensibility
constraint of the filament, respectively. The whole system is solved within the framework of the projection approach.
For numerical implementation, a three-step approximate factorization process is proposed to decouple the tension,
the momentum forcing and the pressure sequentially from the velocity fields, thus significantly reducing the
computational cost. The proposed method is validated by comparing the flow-induced flapping motion with the
previous studies. Both the temporal and spatial accuracies are verified and the computational cost is also
measured. Results have shown good coherence with the previous studies as well as significant reduction in
computational cost.
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Numerical Study of Upper Airway with Obstructive Sleep Apnoea/hypopnoea
Syndrome Using Large Eddy Simulation
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***National Tsing Hua University

ABSTRACT

Obstructive sleep apnoea/hypopnoea syndrome (OSAHS) is a common disorder of adult, which is caused by
repeated obstruction the upper airway during sleep. The effects of OSAHS are not only the sleep quality but also
the occurrence of disease such as hypertension, stroke and myocardial infarction. Apnoea-hypopnoea index (AHI)
is an acceptable measure for the severity of OSAHS. Most of treatments are continuous positive airway pressure
(CPAP) which is considered to be the standard treatmemt for patients with moderate-to-severe. The alternative way
to prevent life-long CPAP treatment is a surgical technique. In the present study, the pre-operative and
post-operative CT scan of upper airway by patients were re-constructed and converted to in vitro three-dimensional
models. The transitional/turbulent flow simulations during inspiration and expiration were studied using Large Eddy
Simulation (LES) in the in vitro 3D models of upper airway with a 0D lumped parameter model. Furthermore, the
results show that the pressure drop of upper airway was significantly reduced after surgery and this model may be
further applied for clinical evaluation in future.
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Numerical Analysis of Tower Effects on Wake Flows of Floating Offshore
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Yang Huang*, Decheng Wan**
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ABSTRACT

The floating offshore wind turbine (FOWT), consisting of wind turbine, floating support platform and mooring
system, is quite a complex floating structure system. Accurate prediction of FOWT’s coupled aerodynamic
responses is of great challenge. The tower effects are usually not taken into consideration in the simulations of
wind turbine aerodynamics using an actuator line model. However, it has been suggested by other researchers that
including the tower effects is important in better predicting the near wake and unsteady power output. To study the
influence of tower effects on coupled aero-hydrodynamic responses of FOWTs, the tower is modeled within an
unsteady actuator line model in fully coupled simulations of FOWTs under variable wind and wave conditions. In
the present study, the unsteady actuator line model (UALM) is embedded into in-house CFD solver
naoe-FOAM-SJTU to establish a fully coupled CFD analysis tool named FOWT-UALM-SJTU for simulations of
FOWTs. The blades and the tower of the wind turbine are represented by actuator lines, and the body forces
applied to the flow field are calculated according to two-dimensional airfoil data. Coupled aero-hydrodynamic
simulations of OC3 Hywindspar FOWT model under shear wind and regular wave conditions are conducted. The
unsteady aerodynamics of wind turbines and tower effects are predicted by the UALM, and the hydrodynamic
responses of floating platforms and mooring tensions can be obtained by naoe-FOAM-SJTU. From the simulations,
unsteady aerodynamic characteristics including the rotor power, thrust, and detailed wake flow information are
available. To better understand tower effects, the numerical results considering the tower effects are compared with
previous results that the tower effects are ignored. Furthermore, both the wake flow and the aerodynamic loads are
analyzed to study the influence of tower effects on coupled dynamic responses of the FOWTs. It can be found that
the use of a tower model with unsteady actuator line model can improve near wake prediction accuracy. And
considering the tower effects helps in more precisely predicting transient aerodynamic loads of the FOWTs.
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ABSTRACT

There is significant evidence today that the supersonic flow regime has a profound effect on the performance of a
parachute [1]. Causes for even greater concern are the canopy failures observed during the inflation process in
flight tests conducted by NASA for Mars landing, and the limited number of tests that can be performed for
developing a better understanding of how to avoid such failures. Yet, most if not all relevant computational efforts
have focused so far on developing CFD and Fluid-Structure Interaction (FSI) parachute models for the much easier
to simulate post-inflation regime. To this effect, this talk will begin with a short presentation on the development of
an Eulerian computational framework for evolving fluid-structure interfaces in high-speed turbulent flows, whose
design is motivated by the need to simulate parachute inflation dynamics. The framework is built around an Eulerian
computational model for FSI that has proven itself for the simulation of the failure analysis of submerged structures
subjected to explosions and implosions [2]. It incorporates in the computations a suitable material failure model,
captures the effects of strain rate and temperature, and accounts for the various interactions between the fluid
subsystem. It resolves all self-contact effects of the parachute during its inflation, and tracks and resolves all
evolving boundary layers using a tailored adaptive mesh refinement approach [3]. Next, the talk will proceed with
the discussion of a set of preliminary simulations of a parachute&amp;apos;s opening process performed using this
computational framework, initiating from a folded sate of the of the parachute pre-inflation to the fully inflated state.
Finally, the talk will conclude with an original idea about modeling different folding patterns to predict the influence of
the folding pattern on the inflation process and initial, intermediate, and final stress state of the fabric when the
parachute survives the inflation dynamics. 1. S. Lingard, Supersonic Parachutes, Parachutes Systems Technology
Short Course, U.S. Army Yuma Proving Ground, Yuma, Arizona, May 17-21, 2010. 2. K. Wang, P. Lea and C.
Farhat, A Computational Framework for the Simulation of High-Speed Multi-Material Fluid-Structure Interaction
Problems with Dynamic Fracture, International Journal for Numerical Methods in Engineering, Vol. 104, pp. 585-623
(2015) 3. R. Borker, S. Grimberg, P. Avery, C. Farhat and J. Rabinovitch, An Adaptive Mesh Refinement Concept
for Viscous Fluid-Structure Computations Using Eulerian Vertex-Based Finite Volume Methods, AIAA-2018-1072,
AIAA SciTech 2018, Kissimmee, Florida, January 8-12 (2017)
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ABSTRACT

Consistent stabilization of convection dominated problems is based in the seminal work by Hughes and coworkers.
Hybridizable Discontinuous Galerkin has in recent years demonstrated its ability to solve a wide range of
engineering problems. The HDG method is able to provide the optimal approximation properties that are
characteristic of mixed methods, including the possibility to build a superconvergent solution, whilst retaining the
advantages of DG methods. In addition, HDG methods are known to reduce the globally coupled degrees of
freedom, when compared to other DG methods. Moreover, HDG is competitive compared to the traditional
continuous Galerkin (CG) method and has comparable costs (in terms of floating point operations) to CG [1]. Other
advantages of HDG, such as block structured information and element-by-element operations must be exploited to
improve its performance compared to CG because parallelism and memory access are crucial for the final runtime.
When high-order approximations are competitive, HDG can be combined with NURBS-enhanced finite element
method (NEFEM) [2] to design a superior and reliable strategy where degree adaption allows to attain the desired
accuracy. Moreover, in the context of computational mechanics, an alternative formulation to impose physical
natural boundary conditions and strongly the symmetry of the strain tensor is proposed by means of the well-known
Voigt notation for symmetric tensors. Optimal convergence of the mixed variable is retrieved for low-order elements
and a novel local post-process procedure leading to a superconvergent velocity field is advanced. Other scenarios
are however more suited for low-order approximations. Under this perspective, a new finite volume paradigm is
presented [3]. It is called face-centered finite volume (FCFV) and is based on an HDG method with constant degree
of approximation. First order convergence on both the solution and its gradient is obtained without a reconstruction
of the gradients. Therefore, contrary to other finite volume methodologies, the accuracy of the FCFV method is not
compromised in the presence of highly stretched or distorted elements. [1] A. Huerta, A. Angeloski, X. Roca, and J.
Peraire. &amp;quot;Efficiency of high-order elements for continuous and discontinuous Galerkin
methods.&amp;quot; Int. J. Numer. Methods Eng., 96(9):529–560, 2013. [3] R. Sevilla, and A. Huerta.
“HDG-NEFEM with degree adaptivity for Stokes flows,” to appear in Journal of Scientific Computing (2018). [3] R.
Sevilla, M. Giacomini, and A. Huerta. &amp;quot;A face-centred finite volume method for second-order elliptic
problems.&amp;quot; arXiv:1712.06173 (2017).
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ABSTRACT

The purpose of this work is to generalize a version of the High Performance Reduced-Order Model (HPROM)
technique, previously presented by the authors in [1], in the context of hierarchical multiscale models for
heterogeneous non-linear-materials undergoing infinitesimal strains, is generalized to deal with a different range of
applications. Typically, large elasto-plastic deformation problems subjected to small rotation regimes, observed in
multiscale homogenization problems arising in a wide range of material modeling applications. The proposed
HPROM technique uses a Proper Orthogonal Decomposition (POD) procedure to build a reduced basis of the
primary kinematical variable of the micro-scale problem, defined in terms of the micro-deformation gradient
fluctuations. Then a Galerkin-projection, onto this reduced basis, is utilized to reduce the dimensionality of the
micro-force balance equation, the stress homogenization equation and the equivalent macro-constitutive tangent
tensor equation. Finally, a reduced goal-oriented cubature rule is introduced to compute the non-affine terms of
these equations [2]. The work is focused on the numerical assessment of the HPROM technique. The numerical
experiments are performed on a micro-cell simulating a randomly distributed set of elastic inclusions embedded into
an elasto-plastic matrix. This micro-structure is representative of a typical ductile metallic alloy. The HPROM
technique applied to this type of problem displays high computational speed-ups, increasing with the complexity of
the finite element model. We conclude that this technology is adequate for applications in material modeling
involving two length scales, using full 3D cells with refined micro-structural details. [1] J. Oliver, M. Caicedo, A.E.
Huespe, J.A. Hernández, E. Roubin, Reduced order modeling strategies for computational multiscale fracture
Comput. Meth. App. Mech. Eng. 313, 560-595 (2017) [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.
Meth. App. Mech. Eng., 276, 149-189 (2014)
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ABSTRACT

In this talk we will describe new developments from the field of Optical Coherence Elastography (OCE) that have
enabled the mapping of the mechanical properties of cells, clusters of cells, and tissue. OCE affords a spatial
resolution of about 10-20 microns, and a field of view of about 2-5 millimeters. This makes it ideal for quantifying
the mechanical microenvironment for diseases like cancer and atherosclerosis. We will focus on new computational
methods within OCE that have made this possible. These include new adaptive grid methods for solving inverse
problems, and methods for solving the nonlinear inverse elasticity problem.
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From (HHT)-Alpha to Omega?
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*University of Michigan

ABSTRACT

It has been more than 40 years since the HHT-alpha time integration method was published in one of the early
volumes of Earthquake Engineering and Structural Dynamics. It is, without doubt, the most cited method for
structural dynamics, with the possible exception of Newmark&apos;s seminal work in the 1950&apos;s. In this
presentation, we will articulate why the HHT-alpha has maintained its prominence. We will also propose a lingua
franca, using the works Tom Hughes as inspiration, for researchers who endeavor to introduce new time integration
methods, so that such contributions to the time integration field can be correctly classified, categorized and
recognized.
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ABSTRACT

Over 75% of abdominal aortic aneurysms develop an intraluminal thrombus, that is, a blood clot. Although there is
controversy surrounding the potential roles of thrombus in the natural history of aneurysms, increasing evidence
suggests that a thrombus releases biomolecules can contribute to degradation of the aneurysmal wall, thus leading
to continued enlargement and increased risk of rupture. There is, therefore, strong motivation to predict where and
when a thrombus might form in particular patients [1]. We suggest that thrombus initiates when two hemodynamic
factors co-localize in space and time. First, the endothelial cell layer that lines the inner surface of the aorta and the
aneurysm must be rendered susceptible to platelet attachment. Second, this susceptible region must be presented
with activated platelets that can attach and aggregate. We suggest further that once a thrombus initiates, it will
continue to grow within the flow field until hemodynamic forces become sufficient to prevent any further platelet
attachment or protein adsorption. We use open source software, SimVascular, to solve the requisite Navier-Stokes
equations and a custom Lagrangian particle tracking code to estimate platelet motions. Based on our computational
findings, we propose two scalar hemodynamic metrics to predict both thrombus formation and deposition in
patient-specific models of abdominal aortic aneurysms and show that predictions compare favorably with results
obtained from medical imaging [2,3]. Finally, we consider hemodynamics within a host of idealized model
aneurysms and use kriging to explore parametrically the effect of five different morphological features of the
infrarenal aorta and associated aneurysm on thrombus formation and identify potential clinical predictors of future
thrombus accumulation. [1]. Wilson J.S. et al. (2013) J Biomech Engr 135:021011. [2] Di Achille P. et al. (2014)
Proceed R Soc A 470:20140163. [3]. Di Achille P. et al. (2017) Int J Num Meth Biomed Eng 33:e02828
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ABSTRACT

In this work, a method is proposed to describe cracks in random heterogeneous media. To avoid describing all
heterogeneities, we propose a simplified model which takes into account local fluctuations due to both elasticity and
damage parameters variability through a filter-based technique. First, we develop a filter-based homogenization
technique using moving windows to construct a simplified model where heterogeneities are described with a larger
wavelength than the fully described model. For elastic parameters, the local elastic properties are directly provided
by the filter method, while the damage parameters are obtained by inverse approach of crack propagation in the
simplified model with respect to the direct numerical simulation in the heterogeneous medium. The phase field
method [1,2] is employed for initiation and crack propagation simulations. A stochastic model is constructed to
generate realizations of the simplified model which is able to reproduce statistically both mechanical response and
crack paths. The random elastic characteristics of the simplified model can be identified by a stochastic descriptor
based on the maximum entropy principle introduced in [3], and used for generating the local elastic properties of
the simplified model over arbitrary meshes, which can be locally refined in the neighborhood of the crack path.
Regarding damage parameters, an optimization problem is solved, ensuring that the statistical mechanical
response is consistent with the direct numerical simulations in the heterogeneous medium. The technique is
illustrated through problems involving crack propagation in fiber-reinforced composites. Keywords: Crack
propagation, heterogeneous media, multi-scale, Numerical homogenization, phase field methods, stochastic model,
Maximum Entropy Principle. [1] G. Francfort, J.-J. Marigo, Revisiting brittle fracture as an energy minimization
problem, Journal of the Mechanics and Physics of Solids (8) (1998) 1319–1342. [2] B. Bourdin, G.A Francfort, J-J
Marigo, Numerical experiments in revisited brittle fracture, Journal of the Mechanics and Physics of Solids 48
(2000) 797-826. [3] Jaynes ET. Information theory and statistical mechanics, Physical Review (1957), 106, 620.
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ABSTRACT

The study of cardiac disease in the human heart has greatly benefitted from computational tools in the last decade.
In particular, the field of computational electrophysiology has enabled in-silico studies of arrhythmogenesis, cardiac
failure and therapy design that are otherwise impossible to perform in-vivo. Despites these advances, the
computational effort associated to whole heart simulations remains prohibitively, as accuracy of such simulations
impose strict discretization demands both in space and time. For example, in order to recover accurate conduction
velocities and wavefront shapes in cardiac simulations, the mesh size in Q1 finite-element formulations cannot
exceed 0.1 mm [1]. Here we propose a novel non-conforming finite-element scheme for solving the cardiac
electrophysiology equations, suitable for arbitrary cardiac domains [2]. We show that the proposed spatial
interpolation scheme results in more accurate wavefront shapes and lower mesh-dependence in the conduction
velocity than traditional Q1 formulations, while retaining the same number of global degrees of freedom. As a result,
coarser discretizations of cardiac domains can be employed in simulations without significant loss of accuracy, thus
reducing the overall computational effort. We demonstrate the applicability of the proposed scheme in the study of
cardiac arrhythmogenesis by simulating the generation of spirals in cardiac tissue and heart biventricular domains,
and the effect of non-conforming schemes in improving the accuracy-efficiency trade-off of cardiac simulations.
References [1] Pezzuto, S., Hake, J., &amp; Sundnes, J. (2016). Space-discretization error analysis and
stabilization schemes for conduction velocity in cardiac electrophysiology. International Journal for Numerical
Methods in Biomedical Engineering. [2] Hurtado, D. E., &amp; Rojas, G. Non-conforming finite-element formulation
for cardiac electrophysiology: an effective approach to reduce the computation time of heart simulations without
compromising accuracy. Computational Mechanics, in press.



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

Disbonding of Sandwich Panels Exhibiting Fiber Bridging Accounting for
Mode Mixity

Daniel Höwer*, Bradley A. Lerch**, Brett A. Bednarcyk***, Evan J. Pineda****, Stefanie
Reese*****, Jaan-Willem Simon******

*Institute of Applied Mechanics, RWTH Aachen University, 52074 Aachen, Germany, **NASA Glenn Research
Center, Cleveland, OH 44135, USA, ***NASA Glenn Research Center, Cleveland, OH 44135, USA, ****NASA

Glenn Research Center, Cleveland, OH 44135, USA, *****Institute of Applied Mechanics, RWTH Aachen
University, 52074 Aachen, Germany, ******Institute of Applied Mechanics, RWTH Aachen University, 52074

Aachen, Germany

ABSTRACT

Due to their very high stiffness to weight ratio, sandwich panels with honeycomb core and carbon fiber reinforced
plastic facesheets are becoming increasingly popular in aerospace applications. However, the honeycomb topology
also provides modelling challenges when the disbonding between facesheet and sandwich core is to be modelled
[1] [2]. The authors have previously shown that the disbonding between the facesheet and the honeycomb core of
said sandwich panels cannot be accurately described by established cohesive zone formulations and a novel
formulation was developed [3]. The formulation requires a number of parameters which can be extracted from
experiments by combining load displacement data on the one hand and digital image correlation strain data on the
other hand. The parameter set was obtained for the interface between IM7/8552–1 prepreg tape and Hexcel 5052
aluminum honeycomb core bonded with FM 300K film adhesive, which constitutes the baseline design of the cargo
fairing of the NASA Space Launch System (SLS). The novel formulation is comprised of two cohesive components,
one of which is related to the initial interface traction while the other one is related to the bridging tractions in the
wake of the crack tip. So far, this formulation has only been used to describe the mode I dominated disbonding of
single cantilever beam specimens. Subsequently, the formulation has been extended to account for mixed-mode
disbonding through a potential-based approach. Results obtained with the mixed-mode formulation are presented
herein. Bibliography [1] P. Davidson, A. M. Waas and C. S. Yerramalli, &amp;amp;amp;amp;quot;Experimental
determination of validated, critical interfacial modes I and II,&amp;amp;amp;amp;quot; Composite Structures, vol.
94, pp. 477-483, 2012. [2] A. Ural, A. T. Zehnder and A. R. Ingraffea, &amp;amp;amp;amp;quot;Fracture mechanics
approach to facesheet delamination in honeycomb: measurement of energy release rate of the adhesive
bond,&amp;amp;amp;amp;quot; Engineering Fracture Mechanics , vol. 70, pp. 93-103, 2003. [3] D. Höwer, B. A.
Lerch, B. A. Bednarcyk, E. J. Pineda, S. Reese and J.-W. Simon, &amp;amp;amp;amp;quot;Cohesive zone
modeling for mode I facesheet to core delamination of,&amp;amp;amp;amp;quot; Composite Structures, vol. 183,
pp. 568-581, 2018.
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Abstract. The design process of aluminum wheels has become one of the critical matters in 

order to improve convenience and safety in an automobile vehicle. Since the impact test has been 

one of the most important subjects for the strength requirements of the aluminum wheel, the 13 

degree lateral impact test was regulated as standard test by SAE. Furthermore, automobile 

makers compel the 90 degree vertical impact test in recent years. Hence, wheel product makers 

have executed not only 13 degree impact test but also 90 degree test. While these impact tests 

caused the large amount of costs and human resources, the necessity of preliminary investigation 

was highly demanded on the design stage. Therefore, it is needed to analyze the wheel impact 

test by using CAE technology. Also, it is demanded for development of accurate analysis results 

with comparing to experimental data. In this paper, we explored the use of Abaqus/Standard and 

Explicit for impact analysis of aluminum wheel with inflated tire. The analysis model consisted 

of an aluminum wheel and complicated tire structure. The process of inflation of tire was 

executed by Abaqus/Standard as an implicit method, subsequently the inflation conditions were 

imported to Abaqus/Explicit dynamic analysis for impact tests. The results of impact analyses 

were compared with the empirical results; the performance and accuracy were examined. In 

addition, we investigated the incompressible effect of tire material with Poisson’s ratio. Our 

proposed method provides new structural designs that prove the potential of the concept to 

improve the strength and durability of the aluminum wheel. 

1 INTRODUCTION  

To improve convenience and safety of automobile vehicles, impact tests for Aluminum wheel 

1  
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have been required for the guarantee of safety condition. SAE (SAE, 2003) regulates the 

13degree lateral impact test which is shown in Figure 1. This test aims for side contact to a 

curbstone. The target is the lateral stiffness of total tire system. 

But in recent years, Automobile manufacturers require more critical test which is 90 degree 

vertical impact test shown in Figure 2. The target is the vertical stiffness of total tire system. By 

contrast, those impact experiments require high cost including human resources. 

To achieve a higher level of design, the practical use of CAE system is significant. In this paper, 

we discussed the application of impact analysis of aluminum wheel. The analysis model was 

composed of aluminum wheel and tire structure. The tire structure model was naturally inflated 

with pressure load by Abaqus/Standard, and the results of implicit analysis were imported to 

Abaqus/Explicit for the dynamical impact analysis afterward. Both results of 13 and 90 degree 

impact analyses were compared with the experimental data; the performance and accuracy were 

examined. 

Moreover we investigated the effect of Poisson’s ratio, the incompressibility is important issue 

not only rubber tire quality but also the total stiffness of tire and wheel. The differences of 

Poisson’s ratio caused severe results of permanent deformation of the wheel. 

We emphasize that our proposal analysis methods can help us design more robust and 

sophisticated Aluminum Wheel. 

       
Figure 1. 13 degree falling test is regulated by SAE.                         Figure 2. 90 degree falling test. 
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2 FE MODEL 

2.1 13 degree model 

To meet the SAE standard requirements shown in Figure 3, FEA model was assembled with four 

parts in our modeling study. Figure 4 shows the 13 degree impact test model. The model 

consisted of Aluminum wheel, test jig, rigid striker and tire. 

This analysis model was formed with two steps. In the first step, the tire was statically inflated to 

regulated 200kPa pressure; this process was analyzed by Abaqus/Standard. In the second step, 

the impact dynamic analysis was executed by Abaqus/Explicit. Naturally, the first step static 

results were imported to the second dynamic analysis as an initial condition.  

In the first simulation, the inflation step was performed on the half model of three dimensional 

tire. Figure 5 shows the detailed structure of tire. The main part of tire was modeled with three 

dimensional hexahedron solid elements which were applied to the simple Neo hookean 

hyperelastic material. The belts and carcass were modeled by reinforced bar of surface elements 

embedded in continuum elements. Furthermore, the steel bead was modeled with three 

dimensional solid elements. The most important wheel model was generated as 10nodes 

modified tetrahedron solid element. The sample test piece for the stress-strain behavior was cut 

out from the formed wheel. 

In order to set clear boundary and loading conditions in the dynamic procedure, the FE model 

involved test jig part as Figure 4. In addition, the test jig model was supported by connector 

elements which figured the rubber inelastic behavior. The initial velocity which was assumed the 

free dropping above 230mm height was applied to the striker. This height is regulated by SAE. 

     

Initial velocity

Connectors as Rubber mounts  
Figure 3. 13 degree falling test apparatus.                             Figure 4. 13 degree FE analysis model. 
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Tire

Wheel

Bead

Carcass

Two Belts

 
Figure 5. Section structure of tire. 

 

2.2 90 degree model 

Figure 6 shows the 90 degree analysis model. This model was formed with two steps as same as 

13 degree analysis model. The first step was tire inflation analysis by Abaqus/Standard, 

following, the impact dynamic analysis was executed by Abaqus/Explicit at the second step. The 

tire pressure varied with the size of wheel in the actual test. In this analysis, the tire pressure was 

applied to 260kPa. 

The tire structure and the material of wheel were same as 13 degree model. The entire fixed 

boundary condition was applied on the center face of the wheel. The initial velocity which was 

assumed the free dropping above 101.6mm height was applied to the striker under the explicit 

dynamic analysis. 

The contact conditions with friction phenomena were invoked between tire and wheel, and also 

between striker and tire. While another contact condition was applied to whole area such as tire’s 

self-contact condition in different coefficient of friction. 

 
Table 1. Model size 

Part Element type Number 

of 

nodes 

Number 

of 

elements 

Wheel C3D10M 150249 86465 

Tire C3D8R 10080 6958 

Bead C3D8R 1188 520 

Belt SFM3D4R 2040 1848 

Carcass SFM3D4R 2880 2769 

Base 

(13 degree model 

only) 

C3D10M 59455 38968 

 
 

Figure 6. 90 degree FE analysis model. 
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2.3 Model size 

Table 1 shows the typical model size and element types of each parts. The material of wheel was 

Aluminum alloy which was composed from Al-Mg-Si. The wheel was modeled with quadratic 

tetrahedron element (C3D10M). 

The tire was modeled as a slightly compressible hyperelastic material with reduced integration 

linear hexahedral element (C3D8R). 

The fiber reinforcement was modeled as a linear elastic material at the parts of belts and carcass 

with surface element (SFM3D4R) embedded into the tire part. 

The base part used in only 13 degree analysis was modeled as ordinary steel with quadratic 

tetrahedron solid element. The material was just linear elastic. 

3 RESULTS 

3.1 13 degree model 

In order to examine our proposal model, two analyses were performed. One analysis was with 

tire model, and the other was without tire model. The section outlines of original shape and 

deformed configurations are shown in Figure 7. The thin line shows the original shape, the black 

solid line shows the deformed shape which is real experimental result, the coincided blue line 

indicates the result of FEA model with inflated tire, and the last red line which is depicted at the 

lowest position indicates the result without tire. The result of FEA model with inflated tire 

coincided with the experimental result. On the other hand, if the tire model was omitted, the 

permanent displacement result was calculated larger than it with tire model. These results insist 

that even in the 13 degree analysis case the tire model is essential. 

Figure 8 shows the principal strain contour of dynamic implicit analysis, while Figure 9 shows 

the real experimental result which had the crack on the side of spoke. In this investigation, we 

adopted the trial wheel model for reducing weight. As Figure 8 describes, the analysis model was 

able to estimate the actual crack area. 
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Undeformed shape

FEA result with tire model

FEA result without tire model

Experimental result

 
Figure 7. Comparison of deformed section outlines. 

Striker

Maximum Principal strain

  

Crack area

 
Figure 8. Maximum principal strain at thin spoke                     Figure 9. Crack line at thin shaped wheel on  

wheel model.                                                                              on experimental test. 
 

3.2 90 degree model 

3.2.1 Deformation 

Figure 10 and 11 show the deformation both tire and wheel. This frame illustrates the maximum 

displacement at instance. Because of incompressibility of rubber material, the wheel suffered 

from large plastic deformation. 

Figure 12 shows the mirror deformation configuration, while Figure 13 shows the deformation of 

experimental test. The analysis acquired the same amount of deformation and figure. 
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Figure 10. Whole deformation figure.                                        Figure 11. Maximum deformation of tire and wheel. 

     
Figure 12. Mirror deformation configuration.                           Figure 13. Result of experimental test. 

3.2.2 Poisson’s effect 

Figure 11 revealed the compressive stiffness is the most significant for the 90 degree drop 

analysis. Therefore we investigated the effect of Poisson’s ratio. Table 2 shows the analysis 

results with various Poisson’s ratio. If Poisson’s ratio became nearly incompressible behavior, 

the large permanent displacement was invoked as shown in Figure 14. 

If we apply the nearly incompressible material on the Explicit analysis, the time step will be 

smaller than normal condition in expectations because of the Courant condition. Nevertheless 

Table 2 showed that all of the calculation time was about same order. It was thought that the 

reason was because the mesh size of the wheel was much smaller than rubber. 
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Table 2. Classification of Poisson’s ratio. Maximum displacement of wheel and calculation time. 

Case Poisson’s ratio Maximum 

displacement[mm] 

Wall time 

[hh:mm] 

1 0.499 36.36 33:01 

2 0.49 31.89 21:44 

3 0.48 29.90 32:47 

4 0.47 28.84 32:39 

 
Figure 14. Contour plot of deformed wheel which was applied Poisson’s ratio as 0.499. 

4 CONCLUSION 

We established the FE analysis model for 13 and 90 degree Aluminum impact test with inflated 

tire. Abaqus has the seamless connection between implicit and explicit procedures. This function 

is substantial for integrating impact analysis with inflated tire. 

The study of 13 degree model argued the need for modeling of tire. The analysis result showed 

large displacement of wheel without tire model.  

The result of 90 degree model depicted same amount of deformation and shape for a real 

examination. Furthermore, the Poisson’s ratio indicated the importance of incompressibility of 

tire material. 

REFERENCES  

[1] SAE J 175, 2003. Wheel – Impact Test Procedure – Road Vehicle  

[2] Abaqus User’s Manual, Version 6.12, 2013. Dassault Systèmes Simulia Corp., 

Providence, RI. 
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ABSTRACT

Multilayered Clamped Tapered Beam Specimen (CTBS) designed by Advanced Composite Project Team at NASA
Langley Research Center (LaRC) in Hampton, VA [1] is considered. This specimen contains a ply tapering feature
characteristic of aerospace applications and allows studying the matrix crack initiation from pristine condition as
well as delamination initiation and evolution including migration from one interface to another. Discrete Damage
Modeling (DDM) method termed Regularized Extended Finite Element Method (Rx-FEM) described in Ref. [2] was
used in the present work. The Rx-FEM allows modeling the displacement discontinuity associated with individual
matrix cracks in individual plies of a composite without regard to mesh orientation by inserting additional degrees of
freedom in the process of the simulation. A regularized crack surface Heaviside step function is used in finite
elements, which are duplicated along the crack path. The propagation of the mesh independent crack is then
performed by using cohesive zone method where the displacement jump is computed as spatial separation of the
duplicated elements and the crack surface energy obtained through volume integration by using the gradient of the
crack surface Heaviside step function. The methodology has been extensively applied to strength prediction of
coupon and subelement level composite structures under tensile, compressive and more recently fatigue loading in
Ref [3]. The CTBS simulations were performed simultaneously with experiments conducted by NASA LaRC. The
static peak load predicted by using the transverse strength value obtained from the three point bend test method
was in good correlation with the experiment whereas the peak load predicted by using values resulting from tensile
testing of 900 coupons was lower than experiment. Two load amplitude levels of 0.9 and 0.79 of the static peak
strength were selected for R=0.2 constant amplitude fatigue loading. The delamination migration location and cycle
count were predicted and compared with experimental data. References [1]Ratcliffe, J., Deobald, L., Mabson, G.
and Carvalho, N., NASA-TM-2017-219623, July 2017 [2] Iarve, E. V., Gurvich, M. R., Mollenhauer, D. H., Rose, C.
A. and Da´vila, C. G., (2011), “Mesh-Independent Matrix Cracking and Delamination Modeling in Laminated
Composites,” Int. J. Numer. Meth. Eng, 88(80), pp. 749-773 [3] E. V. Iarve , K. Hoos, M. Braginsky, E. Zhou, and D.
H. Mollenhauer, Progressive failure simulation in laminated composites under fatigue loading by using discrete
damage modeling, Journal of Composite Materials, Vol 51, Issue 15, 2017, pp. 2143-2161
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ABSTRACT

This paper deals with important challenge on quantifying durability, life-time integrity and safety against failure of
massive composite structures under extreme conditions. The illustrative applications come from the area of energy
production systems, with both currently dominant nuclear (nuclear power plant) or renewable energy sources (wind
turbines and hydro-turbines). Special attention is given to costly massive structures with ‘irreplaceable’
components, which are characterized by a number of different failure modes that require the most detailed
description and interaction across the scales. We would like to significantly improve the currently dominant
experimental approach, and thus accelerate innovations in this domain. The main objective is development of novel
Heterogeneous2 Multiscale Method capable of representing strain field heterogeneities induced by evolution (and
interaction) of localized failure mechanisms in massive structure, pertaining to micro scale (FPZ-fracture process
zone), macro scale including softening (macro cracks) and non-local macro scale (bond-slip for long fiber
reinforcement). The objective of Heterogeneous2 Multiscale Method is also to provide capabilities for quantifying
the risk of premature localized failure through probability description of initial defects (microstructure heterogeneity)
and uncertainty propagation through scales. The novel scientific concept to be explored pertains to multiscale
formulation and solution of coupled nonlinear mechanics-probability problem replacing the standard
homogenization approach that can only provide average (deterministic) properties of heterogeneous composites.
This concept is of interdisciplinary nature with Mechanics (defining probability distribution) and Applied Mathematics
(providing uncertainty propagation) combined in order to capture the influence of heterogeneities and fine scale
defects on premature failure. The most important challenge concerns the ability to provide the sound,
probability-based explanation of size effect (with different failure modes observed for different size specimens and
real structure built of the same composite materials). The biggest potential gain concerns changing the validation
procedures for massive structures that are beyond the size suitable for testing at present. The scientific gains
concern providing the Heterogeneous2 Multiscale Method that connects computations with design studies
(optimization), testing (identification) and safety verification (monitoring) of massive composite structures. The
scientific gains also concern further placing the proposed method within multiphysics framework, along with the
original use of goal oriented error estimates to provide sufficiently reliable interpretation of extreme conditions (e.g.
fluid or heat flow) and the code-coupling software implementation to quickly integrate existing simulation codes
within such a framework.
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ABSTRACT

Model order reduction techniques are an appealing tool to alleviate prohibitive computational efforts. Indeed,
POD-like methods, where a set of snapshots are used to construct an a posteriori reduced basis, are proved to be
effective when only few modes are carrying most part of the information. PGD-like methods can be highlighted as a
priori method, where a specific tensorial separated representation is used. By means of the last technique,
parametrique solutions are obtained in a very efficient way, just like the possibility of uncoupling spatial dimensions
i.e. in-plane-out-of-plane separated representation. Even though a priori model order reduction methods are a very
powerful tool, the number of modes required to represent accurately a given solution could increase drasticly
depending on the structure of the tensorial separated representation. For instance, a transient heat problem with a
spatial moving source is not optimal when space and time are separated independently. Therefore, several ideas
are tested in the present work. Firstly, PGD will be used as a tool to provide a local enrichment of a global
polynomial approximation, always under the constraints of the partition of the unity. Secondly, the direction of the
modes can be introduced as a extra coordinate. Hence, the solution becomes more separable, requiring less
number of modes, by properly selecting the direction of the separated representation. However, if the solution is
highly non linear, the best direction will not be the same everywhere, requiring a different axis rotation locally. Thus,
techniques to select the best local direction just like interpolation of non-cartesian domains are studied.



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

Development of Meshfree Particle Method for Solid Mechanics

Masakazu Ichimiya*, Nobuki Yamagata**, Pedro Marcal***

*Advanced Creative Technology Co., Ltd., **Advanced Creative Technology Co., Ltd., ***MPACT Corp.

ABSTRACT

Development of Meshfree Particle Method for Solid Mechanics Masakazu Ichimiya¹, Nobuki Yamagata¹,and Pedro
V. Marcal2 1 Advanced Creative Technology Co., Ltd., 2 MPACT Corp. Key Words: MeshFree Particle Method,
SSPH, Solid Mechanics, Elastostatic. The meshfree method has developed greatly as a solution to partial
differential equations. Among them, the Meshfree particle methods, such as SPH were successfully applied mainly
to hydrodynamics. Considering coupling of solid with fluid dynamics, etc., it is important to apply the meshfree
particle method to solid mechanics as well. Thus, the meshfree particle method was applied to solid mechanics. 1.
Although the conventional SPH is a dynamic analysis method and applied to impact destruction and the like, there
were some difficulties in application to static analyses which account for most structural problems. Therefore, the
SSPH method was selected as a meshfree particle method applicable to solid mechanics, and it was formulated by
incorporating material and geometrical nonlinearities in addition to elastic mechanics. 2. In order to evaluate its
applicabilities, the objects to be analyzed were general such as bending of beam, bending of flat plate, and stress
concentration problem such as plate including circular hole. Also, thermal stress analysis was performed. 3. As a
result, it was found that the mesh free particle method SSPH can be applied with high accuracy on the solid
mechanics including elastostatic.
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ABSTRACT

Extensive usage of numerical simulations is desirable for estimating responses of sophisticated heterogeneous
models in earthquake problems. As the boundary conditions and geometric shape have strong effects on numerical
results, use of finite element analysis methods is desirable. However, because the domain size is huge and the
required resolution high, degrees of freedom are in the order of 10$^{8-12}$; it is difficult to conduct finite element
analysis using such large models. Thus, unfortunately, simplified models are conventionally used. To realize finite
element analysis with such large models, researches enhanced by HPC have been conducted. Our developed
algorithm enhances computational capability and enables us to conduct nonlinear wave finite element analysis with
1 trillion degrees of freedom, and static linear finite element analysis with 2 trillion degrees of freedom. Further
improvement is conducted towards HQC in earthquakes with GPU and AI (e.g. multiple analysis for huge models,
considering the uncertainty of the model/scenario).
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ABSTRACT

Lagrangian-based methods using particles are established methodologies which rely on the goodness of particles
for solving the convective term of transport equations. Despite having shown impressive results for some particular
applications and presenting promissory potential for parallel architectures, the efficiency of particle-based methods
solving the incompressible Navier-Stokes equations currently does not justify its massive use in replace of classical
Eulerian methodologies. Strategies such as PFEM-2 [1] have decreased the huge computational cost of particle
methods, but mainly because of the low order schemes employed. This work presents the first proposal of a
second order accurate particle method in both time and space for solving incompressible flows equations within a
Lagrangian formulation. This methodology consists on reinterpreting the convective term of any transport equation
as a source term estimated with particles. An updated version of the eXplicit Integration Following the Acceleration
and Streamlines (X-IVAS) method [2] is used and a second order projection scheme is employed to transfer data
from the particles to the mesh. In the case of incompressible flows, the modified momentum equation is used as
velocity predictor without modifying the original rate of convergence of the Eulerian solution but improving the
numerical approximation of the convective term. With the aim of presenting the methodology and particle-mesh
interaction, firstly the solution of scalar transport equations is shown. Then, incompressible flow problems are
solved where the rate of convergence of the method is assessed experimentally and the need of iterating the
X-IVAS during velocity-pressure coupling is revealed. The implementation on the open source platform OpenFOAM
allows employing general polyhedral meshes and obtaining reliable computing times comparisons. Results reveals
that, for the analyzed cases, the current method is able to obtain the same or lower level of error than a fast
Eulerian alternative, but saving considerably total computing time. [1] “Lagrangian versus Eulerian integration
errors”; Sergio Idelsohn, Eugenio Oñate, Norberto Nigro, Pablo Becker, Juan Gimenez; Comput. Methods Appl.
Mech. Engrg. 293, 15,191–206. [2] “Analysis of multi-fluid flows with large time steps using the Particle Finite
Element Method”; Sergio Idelsohn, Julio Marti, Pablo Becker, Eugenio Oñate. Int. Journal for Num. Methods in
Fluids, 75, 621-644.
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A New Numerical Approach to the Solution of Partial Differential Equations
with Optimal Accuracy on Irregular Domains and Embedded Uniform

Meshes.
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ABSTRACT

A new numerical approach based on the minimization of the local truncation error is suggested for the solution of
partial differential equations. Uniform Cartesian meshes are currently used for the space discretization. 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 non-uniform cut stencils for the nodes
located 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 a high accuracy and the
simplicity of the formation of a discrete (semi-discrete) system of equations 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 (10-20
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 rectangular (square) 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 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 with the new approach. Currently the new technique is
applied to the solution of the time dependent wave and heat equations and the time independent Laplace equation.
The theoretical and numerical results show that for the width of the stencil equations equal to that for the linear
quadrilateral finite elements, the new technique yields the fourth order of accuracy of the numerical results on
irregular domains for the considered partial differential equations (it is much more accurate compared with the
linear and even quadratic finite elements at the same number of degrees of freedom).
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Computational Challenges Towards Exascale Fusion Plasma Turbulence
Simulations

Yasuhiro Idomura*
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ABSTRACT

Turbulent transport is one of key issues in fusion science. To address this issue via a five dimensional (5D)
gyrokinetic model, the Gyrokinetic Toroidal 5D full-f Eulerian code GT5D has been developed. On the K-computer,
inter-node parallelization techniques such as multi-dimensional/-layer domain decomposition and
communication-computation overlap were developed, and strong scaling of GT5D was improved up to 73,728
nodes [Idomura et al., Int. J. HPC Appl. (2014)]. This computing power enabled us to study ITER relevant issues
such as the plasma size scaling of turbulent transport. However, extensions of GT5D towards burning plasmas
including kinetic electrons and multi-species ions require exascale computing. Under the post-K project (Japanese
exascale computing project), we have developed computing techniques for the next generation computing
platforms based on many core processors. In this talk, we discuss computational challenges related to complicated
intra-processor memory hierarchy and limited inter-node communication performance compared with accelerated
computation. The former issue is addressed by optimizing data access patterns of a stencil kernel on each many
core architecture, and high performance gains are obtained on several many core architectures [Asahi et al.,
IEEE-TPDS (2017)]. The latter issue is resolved by using advanced communication-avoiding Krylov methods,
which enables an order of magnitude reduction of collective communications [Idomura et al., ScalA17@SC17]. By
applying these novel computing techniques, the performance of GT5D is dramatically improved on the
Oakforest-PACS, which consists of 8,208 KNLs.
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ABSTRACT

Tetrahedral elements are widely used in many practical finite element (FE) analysis because complex shapes
cannot be meshed into high-quality hexahedral meshes. However, classical tetrahedral elements have issues in
accuracy, robustness and stability especially for nearly incompressible materials. Although the u/p hybrid
formulation with tetrahedral elements are typically chosen as general methods for nearly incompressible materials,
they cannot be directly applied to explicit dynamics. Therefore, highly accurate explicit dynamics for complex
shapes of nearly incompressible materials are still open problems. Recently, smoothed finite element methods
(S-FEMs), which are known as the highly accurate four-node tetrahedral (T4) formulations, have been proposed
and gather attention. S-FEMs are purely displacement-based formulation unlike u/p hybrid formulation, and thus
can be easily extended to the explicit dynamics. Onishi et.al. have proposed an advanced S-FEM called F-bar
aided edge-based smoothed finite element method with T4 element (F-barES-FEM-T4) to realize stable and
accurate FE analysis for nearly incompressible materials. F-barES-FEM-T4 shows the excellent accuracy without
locking and pressure checkerboarding in the large deformation static and quasi-static implicit analysis. Meanwhile,
in dynamic analysis, it is reported that F-barES-FEM-T4 has unstable deformation mode and causes energy
divergence. The authors have proposed an stabilized F-barES-FEM-T4 in dynamic analysis called
SymF-barES-FEM-T4. SymF-barES-FEM-T4 achieves removing instability and realizing accurate long-term
dynamic analysis only by modifying the definition of B-matrix of internal force vector. However, the performance
evaluations were restricted to too simple or unpractical scenarios without contact analysis and more practical
evaluations are still needed. The aim of this research is to evaluate the performance of SymF-barES-FEM-T4 in
contact-included scenario. Some examples reveal that SymF-barES-FEM-T4 realize stable contact analysis without
any issues such as contact force oscillation.
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ABSTRACT

Polycarbonate (PC) is an important engineering polymer that has been used as the structural material in a wide
range of applications. In polymer materials, the molecular structure is very crucial for their macroscopic mechanical
properties. This study investigated the elastoplastic deformation mechanism at molecular structural level during
uni-axial tensile loading and nano indentation by using molecular dynamics (MD) simulation. In this study, to
drastically improve computational efficiency, coarse -grained (CG) approach for MD simulation is newly established.
In other words, a new CG force field is developed for PC based on full-atom MD simulations [1]. In this approach,
the four functional groups (phenylene, isopropylidene, phenylene and carbonate) in a molecular chains are
recognized to be four coarse grained particles. First, uni-axial tensile deformation is performed using the newly
developed force field. During uni-axial tensile deformation, the polymer chains undergo elastic deformation, and are
followed by plastic deformation. The deformation mechanism at molecular structural level (molecular topology) is
investigated. Especially, it is found that changes in the bond stretch, bending angle and torsional angle of molecular
chains during uni-axial tensile deformation are quantitatively examined. It is found that their potential energy
significantly changes with respected to the applied tensile strain. Based on the variation of potential energy, we
discussed mechanism of yielding onset and plastic deformation. Especially, change of potential energy of bending
angle is raised at yielding. Next, nano indentation test is performed in MD simulation. During a loading process,
reaction force (which comes from the interaction force between indenter probe and polymer surface) shows
increasing with respected to the penetration depth. Energy variations associated with bond stretching, bending and
torsion are further investigated to obtain useful insights of the deformation mechanism. It is found that their potential
energy significantly changes with respected to the penetration depth. Based on the variation of potential energy, the
mechanism of yielding onset and plastic deformation during AFM nano indentation test is also discussed.
Reference [1] D. Ikeshima et al., Molecular origins of elastoplastic behavior of polycarbonate under tension: A
coarse-grained molecular dynamics approach, Computational Materials Science 145 (2018), 306-318.
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ABSTRACT

The rapid interest in Additive Manufacturing (AM), alongside the undesired effects it introduces on the fabricated
parts, have motivated the need to develop tools for the prediction and correction of such effects. In the rush to
accommodate the pace the end users and the industry dictate in their eagerness to adopt AM, most of the tools
developed have been designed using semi-empirical simulation approaches and in many cases are dependent on
non-deterministic adjustment requirements against inconsistencies between the predicted and fabricated parts
qualities. In this talk we present a new approach that is based on an accurate point-by-point energy and mass
deposition model, that closely follows the process in powder jet technologies. The computational methodology is
implemented using a pre-defined mesh, that follows the powder jet g-code program, and enables mass and thermal
energy deposition using spatiotemporally dependent properties by properly activating material property transitions.
The model fully couples thermal physics and structural mechanics. An implementation of the proposed
computational infrastructure is presented for the COMSOL Multiphysics finite element analysis software. The
process is demonstrated for a thin walled square box geometry that was also manufactured using a powder jet
system. The results of the simulations are evaluated against their ability to predict deformation and residual
stresses, alongside thermocouple data that was captured during the fabrication of the part.
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Abstract. This paper presents an impulse response analysis method considering acoustic 
impedance for reproducing arbitrary reflection and a transmission condition. The CIP method 
using adaptive mesh refinements (AMR) is employed the descretization of wave equation. The 
pseudo impulse wave is employed for the impulse response analysis. The present analysis 
method is expected to be a useful method to plan and design for noise barrier or various 
construction works in urban area, and also help make a consensus between the constructor and 
the local residents. 

 

 

1 INTRODUCTION 

 

In our previous research [1], in order to perform sound field analysis efficiently, an impulse 

response analysis method based on wave acoustic theory using AMR (Adaptive Mesh 

Refinement) and CIP method and auralization system has been developed in order to perform 

sound field analysis efficiently. The method has only been assumed only complete reflection. 

However the real sound wave have attenuation with a reflection and a transmission by road 

surface or noise barrier effect. Since the noise prediction without any attenuation was low 
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accuracy, it can not be applied to the practical designing or planning. In order to improve the 

applicability of the method, the acoustic impedance which is the characteristic value of the 

medium acting as a resistance are considered. Reflection and transmission occur in the portion 

where the acoustic impedance extremely changes. The boundary condition with acoustic 

impedance was introduced into our analysis procedure. The following three assumptions are 

considered, (1) no dependence of reflection and transmission on frequencies, (2) no phase 

difference between reflected wave and transmitted wave, (3) no energy loss on the boundary. 

As the result of computational analysis, a method to express simply reflection and transmission 

phenomenon is proposed. This method is applied to a benchmark problem and the validity of 

its numerical result is examined by comparing with the theoretical solution. Also, effects of 

convolution and auralizatinon are investigated. 

 

2. CIP METHOD 

 

2.1 Governing equations and Characteristic curves  

 

The one-dimensional wave propagation in the air can be expressed by the equation of motion 

and the equation of continuity as 

 

 

where  [Pa] is the sound pressure,  [m/s] is the particle velocity,  [kg/m2] is the density of 

air, and  [m/s] is the sound velocity. Equations (3) and (4) are obtained by multiplying 

equation (1) by  and adding to or subtracting from equation (2): 
 

 

where is defined as =  , is defined as . Equation (3) and (4) 

represent the positive propagation of and the negative propagation of by the speed . 

The physical values at the next time step n+1 are obtained by advecting those values at the 

current time step n along the characteristic curves as shown in Fig.1. As a result, the sound 
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pressure  and the particle velocity 𝑢 can be derived as follows 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 CIP Interpolation 

 

The CIP (Constrained Interpolation Profile) method [2] is a highly accurate differential 

solution method for advection equations that move physical quantities along characteristic 

curves. When obtaining the physical quantity to be advected, the CIP interpolation that 

interpolates from the physical quantity and the derivative value at the lattice point by using a 

cubic polynomial is performed, thereby the profile of the exact solution is relatively well 

maintained. The multidimensional problem extends the one-dimensional CIP method to each 

coordinate axis direction. In the case of three dimensions, it is obtained by solving advection 

equations for y direction and z direction in addition to equations (3) and (4). The CIP method 

realizing this multidimensional advection includes the M type CIP method and the C type CIP 

method. In this research, the C type CIP method which enables high accurate analysis is used 

[3]. 
 

 

 

Fig.1 Advection on characteristic 

curves 

Fig.2 Reflection and transmission  
with acoustic impedance 
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2.3 Acoustic impedance 

 

In this research, acoustic impedance is introduced to ensure the accuracy of the noise 

prediction result by considering attenuation due to reflection and transmission. The acoustic 

impedance is the characteristic value of the medium acting as a resistance. Reflection and 

transmission are generated in the portion where the acoustic impedance extremely changes as 

shown in Fig.2. The boundary condition considering the acoustic impedance is introduced. The 

following three assumptions are considered, (1) no dependence of reflection and transmission 

on frequencies, (2) no phase difference between reflected wave and transmitted wave, (3) no 

energy loss on the boundary. Then, the reflection and transmission phenomenon can be simply 

treated analysis method. The acoustic impedance on the boundary is expressed by the following 

formula. 
 

 

is the impedance,  is the density,  is the sound speed,  is the sound 

pressure,  is the particle velocity in the assumed boundary. Sound pressure and 

particle velocity according to (5), (6) are substituted to this equation on the boundary. Then 

the following formula is derived. 

 

is impedance of the air. Similarly, regarding the transmission direction, 

 

 

Then, assuming that there is no energy loss at the boundary, coefficients of the formulas (8) 

and (9) are determined so that the reflection and the transmission together become 1. 

 

3. INCIDENT WAVE CONDITION USING IMPULSE RESPONSE 

 

3.1 Impulse response 

 

Impulse response is obtained at a sound receiving point when a very short wave signal is input 

to a certain space. By convolving the impulse response obtained by analyzing in advance and 
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the input waveform, it can be easily obtained the output waveform at the sound receiving point. 

When a sound data is used as an input wave , auralization can be realized.  

 

3.2 Pseudo impulse 

 

The Dirac delta function with a flat frequency characteristic is suitable for the impulse 

response analysis. However, since the real impulse has a steep shape, it is difficult to calculate 

with high accuracy using the discretization method. For this reason, a pseudo is approximate 

discretization is used. In this study, a pseudo impulse based on convolution integral method 

proposed by Lubich which is expressed by the following equation [4]. 

 

 

Fig.3 illustrates the waveform and frequency characteristic of Lubich pseudo impulse response 

with  = 0.2 m and  = 0.01026 ms in the equation (10). A constant spectrum up to 3500 Hz 

and a rapid decrease in higher frequency range can be seen in Fig.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Waveform and frequency characteristic of Lubich pseudo impulse response 
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4. NUMERICAL TEST EXAMPLE 

 

4.1 Numerical Conditions 

 

The computational domain is shown in Fig.4, and analysis with a minimum space 

discretization width of 0.015625 m and a time discretization width of 0.020525 ms (CFL = 

0.45) was carried out. The distance between the virtual sound source and the incident boundary 

was set to 1 m, an impedance boundary was set at 4 m from the incident boundary, and sound 

receiving points were set 1 m front and 1 m backward from the impedance boundary (1 m front: 

point1 , 1 m backward: point2) [5]. = 1224 Pa · s / m and  = 408 Pa · s / m were set as 

values of acoustic impedance.  is a virtual acoustic impedance and is set to a value such that 

the sound pressure peak theoretically becomes 0.5 times as compared with the perfect reflection 

or complete transmission. Acoustic impedance  = 1224 Pa·s / m,  = ∞ Pa·s / m, and 

 = 408 Pa · s / m correspond to case1, case2 (perfect reflection) and case3 (perfect 

transmission), respectively. 

 

4.2 Numerical Results 

 

Fig.5 shows the sound pressure distribution and mesh idealization for each case in x-y section 

(z axis is 4 m height). Fig.6 shows the time history of sound pressure at receiving points. At 

point1, the primary wave is a direct wave and the secondary wave is a reflected wave. The solid 

line is the case1, the dotted line is the case2 analysis result. From Tab.1, the peak ratio of sound 

pressures is close to 0.5, which is in a good agreement with the theoretical value . 

Fig.4 Computational domain (1) 
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Similarly, the time history of sound pressure at point2 is shown on Fig.6. When the solid line 

is the case1, the dotted line is the case3 analysis result. From Tab.2, the peak ratio of these 

sound pressures is also close to the theoretical value. 

 

 

 

 

 

 

 

 

 

 

Fig.5 Sound pressure distribution and mesh idealization for each case 

Fig.6 The time history : point1 (left) and point2 (right) 
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5. AURALIZATION EXAMPLE 

 

Auralization is realized by converting the output result (numerical data) obtained at the sound 

receiving point to sound WAV data. The converted WAV data is auralized using a speaker in the 

VR device. In our previous research, a system that can simultaneously provide the visual 

information and auditory information was developed [6]. In this system, a stereophonic sound 

presentation method based on Ambisonics is adopted [7]. 

The auralization setting is shown in Fig.7. The analysis conditions are the same as the example 

in section 4. The distance between the virtual sound source and the incident boundary was set 

to 1 m, impedance boundary (noise barrier) was set at 4 m from the incident boundary, the 

barrier is 4m height, and sound receiving points were set 1 m backward from the impedance 

boundary.  

The convolution results of sound source data and impulse response in each case are shown in 

Fig.8. Breaking noise is adopted as sound data for convolution. As a result, the sound pressure 

lowering can be confirmed by considering the acoustic impedance. Fig.9 shows the state of 

projection by VR device. The actual auralization sound will be indicated at the presentation. 

 

 

 

 

 

 

 

 

 

 

 

 

Tab.1 Comparison of peak values at point1 Tab.2 Comparison of peak values at point2 

Fig.7 Computational domain (2) 

case 1 case2 Ratio 

point1 0.04198 0.08222 0.51

case 1 case3 Ratio 

point2 0.04173 0.08246 0.51
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6. CONCLUSION 

 

In this research, this method has been applied to the benchmark problem and the validity of 

its numerical result has been examined by the comparison with the theoretical solution. The 

conclusions are as follows: 

 

・By considering the acoustic impedance, the sound pressure peak ratio of simulated result to 

both perfect reflection and complete transmission showed good agreement with the theoretical 

value. As the results, the usefulness of the presented analysis method could be confirmed. 

 

・ In the auralization examination, the attenuation of the sound waveform could be well 

expressed. 

 

In the future work, this method will be applied to models assuming actual noise barrier and 

residential environment.  

Fig.8 Convolution results for each cases 

Fig.9 Projection by VR device  
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ABSTRACT

Modelling high-frequency wave propagation is a major asset in numerous advanced industrial fields. However,
proposing a numerical solution of these problems require complex and expensive computational procedures.
Furthermore, it is often expected from numerical solvers to support parametric variations, imposing efficient
management of batches of configurations. In order to address both difficulties, we propose a modelling strategy
relying on a reciprocity relation [1] based upon the distinction of incident and diffracted fields. This separation
enables to isolate the varying part of the configurations in a localized area, so that the overall computational load is
significantly reduced. Concerning the numerical solver itself, we propose a numerical computation strategy based
on a domain decomposition approach. The topology of each subdomain is obtained from the deformation of a
reference hexahedron, thus allowing the construction of a dedicated mesh data structure supporting high-order
finite element spaces [2] and leading to optimized unassembled finite element operations. Upon the assumption of
conform interfaces, the transmission between theses macro-elements can been carried out naturally by gathering
contributions at interfaces, or in more complex cases, e.g. fluid-structure interactions, using the mortar element
method [3]. We apply this approach to ultrasonic inspections of 3D plate-like carbon fiber reinforced composite
structures. In this context, traditional homogenization procedures lead to stratified anisotropic material properties,
whose anisotropic orientations depend on the geometric deformation of the specimen (e.g. from flat to curved
media). To that end, we introduce two coordinate systems representing the specimen prior to and after its
deformation, and passing from one system to another enables on-the-fly reconstruction of local fiber orientation.
Splitting directions typically used in absorbing layer formulations are deduced in the same manner. [1] B. A. Auld.
General electromechanical reciprocity relations applied to the calculation of elastic wave scattering coefficients.
Wave Motion, 1(1): 3 – 10, 1979. [2] G. Cohen. Higher-Order Numerical Methods for Transient Wave Equations.
Scientific Computation, Springer, 2002. [3] F. Ben Belgacem, The Mortar finite element method with Lagrange
multipliers. Numerische Mathematik, 84(12): 173 – 197, 1999.
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ABSTRACT

A novel framework for the optimization of composite structures manufactured using the recently developed Quilted
Stratum Process (QSP®) is presented in this paper. Over the last decades, the excellent mechanical properties of
composites over their metallic counterpart have resulted in the growing use of composite materials in aerospace
industries. However, applications to other industries have been limited due to their higher costs and long
processing times. The QSP® consists in the stamping of an assembly of thermoplastic composite patches having
unidirectional or woven reinforcement. As such, QSP® is suitable for the cost-effective and automated high speed
production of composite parts. It encompasses the continuous production of composite bands as well as its
automated cutting, positioning and stamping. Despite the potential cost and time benefits associated with this new
manufacturing process, there is currently no method available for the design of composite parts associated with
QSP®. In this research, we develop the first design and optimization method adapted to the composite parts
manufactured by QSP®: the so-called Quilted Stratum Design (QSD®). QSD® is based on a two-level optimization
strategy. At the first level, a continuous structural optimization problem is solved using lamination parameters as
design variables. The optimal solution obtained gives an idealized target defining the best achievable mechanical
performances and the corresponding stiffness and thickness distributions over the structure. The second
optimization step aims at retrieving a manufacturable structure that matches the target solution. A typical QSP®
part is built from a net-shape preform, which is assembled from patches of different size, thickness and material.
Thus, in the present work, the QSP® part is encoded using two sets of indices. The first one refers to a
user-defined material library while the second one refers to a library of available patches. This patch library is
determined based on the clustering of the target stiffness and thickness distributions in order to bring out areas of
uniform stiffness properties and thickness. Consequently, a patch is defined as a shape, size and position on the
flattened form of the part. Furthermore, in order to minimize the material waste and cost, patch shapes are
restricted to trapezoids cut in the full width of a band. Hence, the basis of the trapezoid defines the material
orientation of the patch. This description of the QSP® part lends itself nicely to be implemented in an evolutionary
optimizer, which is thus used to solve this second optimization step.
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ABSTRACT

A road network is likely to be severely congested after a major earthquake. Damages on infrastructure and
buildings significantly reduces capacity of a road network. The deterioration of a road transport system will delay a
lot of travels including essential ones such as rescues of victims and interfere a recovery from a disaster. Assessing
congestion of a road network in a recovery process from a disaster is essential to maintain disaster resilience of a
city and country. Simulating a traffic flow by a computer is a popular approach to assess road congestion. However,
existing ones basically intend to simulate a normal situation with a fixed traffic demand pattern given. Estimating a
single demand pattern after a major earthquake before it happens is virtually impossible. We construct a stochastic
model describing how the demand is generated. Then, various demand patterns that are likely to happen are
sampled by a Monte Carlo simulation. A large number of demand patterns generated by the stochastic model
should be similar to each other. This property would be useful to reduce total calculation time of simulations for all
demand patterns. However, this is not a trivial task owing to the time-dependency of traffic congestions. We
developed an efficient algorithm for different demand patterns that are similar to each other by HPC
(high-performance computer). In the algorithm, a traffic flow is regarded as a continuous flow like a fluid flow.
Dynamics of a traffic flow is described by a partial differential equation system called LWR
(Lighthill-Whitham-Richards) model. A traffic flow patter of each link is independently calculated by the LWR model.
To parallelise the calculation, a road network is divided into a number of sub-networks and they are assigned to
each CPU. Inconsistency of traffic flow patterns between links are likely to happen owing to the calculations
ignoring interdependency of a traffic flow across links. This inconsistency is corrected by repeating the process that
transmits information of traffic flow patterns between links and updates a traffic flow pattern in each link. The traffic
simulator is designed to handle a network of Tokyo and surrounding area in Japan including about 400 thousand
links and 26 million vehicle trips. In the session, we present case studies of thus network, as well as details of the
simulation.
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ABSTRACT

Beta-type Ti-Nb alloys exhibit shape memory and superelasticity properties due to the martensitic transformation
(MT) from beta phase (parent phase) to alpha” phase (martensite phase) and are assumed to be promising
materials for biomedical applications [1]. When oxygen is added to Ti-Nb alloys, the stress-strain hysteresis of the
alloys becomes slim as the oxygen content increases. This unique property has been considered to be related to
the nanoscale minute martensite, which is called nanodomain [2]. In this study, we focus on the spinodal
decomposition of beta phase at 1073 K and its effect on the stress-strain response at room temperature. The
spinodal decomposition of beta phase in Ti-Nb-O alloys was simulated by the phase-field method using
thermodynamic parameters of equilibrium phase diagram. Simulation results show that the oxygen addition induces
the spinodal decomposition, and the beta phase separates into nanoscale beta1 and beta2 phases; the beta1 is
O-rich, Ti-rich and Nb-lean phase and the beta2 is Nb-rich, O-lean and Ti-lean phase. Thermodynamic analyses
have revealed that the increase in oxygen content in Ti-Nb-O alloys increases the driving force for the spinodal
decomposition. The external tensile stress was applied to the calculated (beta1 + beta2) microstructure to simulate
the MT and the stress-strain response at room temperature. It has been shown that the beta1 phase preferentially
transforms to the alpha” phase when the external stress exceeds a critical value but the beta2 phase acts as a local
barrier against the MT. As a result, the long-range MT is suppressed and the minute alpha” phase is formed
reflecting the nanoscale beta1 phase. However, the beta2 phase also transforms into the alpha” phase when the
magnitude of external stress is increased. The Gibbs free energy calculation has revealed that the difference of the
driving force for the MT (Gibbs free energy difference between the beta and alpha” phases) between the beta1 and
beta2 phases is attributable to the niobium concentration difference between the two phases. It is assumed that the
formation of nanodomain and the unique stress-strain response in oxygen added Ti-Nb alloys are closely related to
the nanoscale heterogeneity of the niobium concentration derived from the oxygen induced spinodal decomposition
at high temperatures. References: [1] S. Miyazaki et al., Mater. Sci. Eng. A 438-440 (2006) 18-24. [2] M. Tahara et
al., Acta Mater. 59 (2011) 6208-6218.
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ABSTRACT

Carbon capture, utilization, and storage (CCUS) describes a set of technically viable processes to separate carbon
dioxide (CO2) from industrial byproduct streams and inject it into deep geologic formations to store it from the
atmosphere and/or improve hydrocarbon recovery. Behavior of such engineered geologic systems is complex, and
involves coupled interactions of various natural and man-made components that can significantly impact system
performance. Legacy wells located within the spatial domain of new injection and production activities represent
potential pathways for unwanted fluid migration, and understanding their response to those activities is needed to
ensure hydrodynamic isolation of targeted intervals. Finite element (FE) method numerical techniques represent a
useful tool to simulate those multi-phase and multi-component interactions. The potential presence of cracks in the
cemented well annulus can open a pathway to allow unwanted vertical migration of fluid (i.e., CO2 , and
aqueous-phase) and create conditions for further crack propagation due to hydraulically induced stresses. In this
study, a single-casing composite well system is considered, composed of steel casing, cemented annulus, and rock
formation with a partial microannulus formed at the interface of the steel casing and the cement sheath. Using an
open-source code [1], a coupled FE analysis is conducted. The flow is assumed to be isothermal and the effects of
temperature are ignored. To account for the flow of CO2 phase and the aqueous phase, a two-phase flow [2]
approach is applied in to describe flow and stress response in the interfacial crack. Furthermore, the porous solid
media (cement and rock) are modeled using the elastic-plastic Mohr-Coulomb criterion. The solid steel is modeled
as a linear elastic material. To illustrate the gas-phase and liquid-phase transition, the van Genuchten model [3] is
used. In this paper, the effects of interfacial crack width and length on the predicted mechanical stress distribution
and fluid flow are investigated. References: [1] Kolditz, O., et al. (2012). &amp;amp;quot;OpenGeoSys: an
open-source initiative for numerical simulation of thermo-hydro-mechanical/chemical (THM/C) processes in porous
media.&amp;amp;quot; Environmental Earth Sciences 67(2): 589-599. [2] Bear, J. and Y. Bachmat (1990).
Introduction to Modeling of Transport Phenomena in Porous Media. London, Kluwer Academic Publishers. [3] van
Genuchten, M. T. (1980). &amp;amp;quot;A closed form equation for predicting the hydrauclic conductivity of
unsaturated soils.&amp;amp;quot; Soil Science Society of America Journal 44(5): 892-898.
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ABSTRACT

In case of emergency such as intense fire or collision of some objects to buildings, there is a risk of progressive
collapse; a phenomenon which occurred to the World Trade Center (WTC) towers during the 9.11 terrorist attacks.
The official statements released by the Federal Emergency Management Agency (FEMA) in 2002, and also by the
National Institute of Standards and Technology (NIST) in 2005 and 2008, concluded that the details of the failure
process after the decisive initial trigger that sets the upper part in motion were very complicated and their
clarification would require large computer simulations. In this study, the collapse behaviors of steel framed buildings
are simulated using the Adaptively Shifted Integration (ASI) - Gauss code to investigate the relation between a key
element index, which indicates the contribution of a structural column to the vertical capacity of the structure, and
the scale of progressive collapse. Collapse was initiated by removing specific columns from the models designed
based upon different axial force ratios. Some patterns of removed columns, of which the locations were restricted to
a single floor, were investigated. The total potential energy values of structural members after the collapse were
used to estimate the collapse scale of the buildings. By evaluating the numerical results using the key element
index, it was found that the larger the integrated value of key element index the higher the risk of progressive
collapse; however, some peculiar tendencies were observed in the cases of removed columns with extremely
symmetrical or asymmetrical locations. The critical integrated values of key element index to cause a large-scale
progressive collapse tend to depend on the strengths of buildings, and they cannot be uniquely decided. This is due
to the fact that the key element index is a parameter which does not relate to the strength of the building itself, and
it cannot be compared relatively between buildings with different strengths. Therefore, the key element index may
be used to predict and compare the risks of progressive collapse, only in the same building, but even when the
locations of removed columns are variously assumed. References Isobe D. An Analysis Code and a Planning Tool
Based on a Key Element Index for Controlled Explosive Demolition. International Journal of High-Rise Buildings
2014; 3(4), 243-254. Isobe D. Progressive Collapse Analysis of Structures: Numerical Codes and Applications,
Elsevier, eBook ISBN: 9780128130421, Paperback ISBN: 9780128129753, 2017.
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ABSTRACT

Aircraft in-flight icing represents a major threat for aviation safety. Along the flight path, an aircraft component may
encounter a cloud with super-cooled water droplets that, due to their unstable status, may freeze upon impact. The
formation of a thin layer of ice can significantly alter the aerodynamic performance, thus leading to drag increase,
lift reduction, loss of control, engine flow distortion and compressor blades structural damage (if ice blocks are
ingested within the engine inlet). In order to avoid such issues, ice protection systems are usually installed on
critical components like wings, tails, probes, engines. These systems can be classified into de-icing and anti-icing
systems. The former aims at breaking the bond of already formed ice with the solid substrate (expulsive or heated
types); the latter, instead, are activated prior or during the icing process to prevent any ice formation (heated types,
coatings). With reference to anti-icing, the focus of the present investigation is on electro-thermal systems. In this
case, the solid substrate consists of a multi-layered structure with heater elements (resistors) embedded at
interfaces between layers. The aim is to increase the surface temperature above the freezing point, allowing the
caught water mass to flow downstream (running-wet anti-icing) or to evaporate (evaporative anti-icing). The role of
numerical simulation is crucial in designing such systems and in reducing the experimental testing burden. The
current practice is to size it by evaluating the most critical icing conditions through ice accretion simulation,
identifying the regions where ice is expected to grow and, finally, estimating the heating power. Here, a coupled
methodology to simulate and optimize the performance of an electro-thermal anti-icing system is proposed in an
integrated fashion. The classical tool chain of icing simulation (aerodynamics, water catch and impact, mass and
energy surface balance) is coupled to the heat conduction analysis through the multi-layered substrate. Steady and
unsteady coupling approaches have been implemented: the first is computationally lighter while the latter is
mandatory when heaters are switched on with predefined temporal laws. A thorough comparison between the two
methods will be shown. Validation results obtained on benchmark test cases, drawn from NASA database, will be
detailed as well as comparison with numerical results from literature.
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ABSTRACT

Accurate prediction of the dispersal of particles resulting from the detonation of a radiological dispersal device
(RDD) presents many modelling and numerical challenges, especially when urban environments are considered.
Certain modelling challenges occur due to the presence of a range of particle sizes generated in the fragmentation
process and the associated fireball. Furthermore, radioactive particles in such flow situations transition from a
granular-phase regime near the explosion site to a dilute-phase farther away. The particulate phase at locations
within each regime will likely display a range of velocities and particle sizes. This talk presents a moment model
designed to accurately treat these effects while remaining computationally affordable for large-scale practical
calculations. The proposed model is an extension of the well-known maximum-entropy ten-moment model from
rarefied gas dynamics with an addition for the treatment of a range of particle diameters. This model allows for
anisotropic variance of particle velocities in the phase space and directly treats correlations between particle
diameter and velocity. The resulting system comprises fifteen first-order hyperbolic balance laws that are quite
simple mathematically. For example, the flux Jacobian possesses an eigenstructure that can be expressed entirely
in closed form, and consequently, it allows in-depth analysis of the system&amp;apos;s behaviour. This talk
presents a derivation of the model and an analysis of the eigenstructure of the system, which characterizes the
fifteen waves that are present. For simple diameter-dependent particle-drag models, such as Stokes flow, a
dispersion analysis is presented that quantifies the behaviour of the model from the free-flight, drag-free regime all
the way to low-Stokes-number, drag-dominated flows. This demonstrates the stability of the partial differential
equations describing the model and shows how the apparent waves, present in solutions, are affected by the
regime in which a flow exists. A numerical implementation for one- and two-dimensional problems is presented.
Numerical solutions for simple problems, for which analytic solutions are available, as well as large-scale
computations that are more typical of real-world situations are shown to illustrate the predictive capabilities of the
model. It is shown that the new model offers clear advantages in terms of accuracy when compared to traditional
Eulerian models for multi-phase flows.
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ABSTRACT

In this talk we discuss a framework for generating optimal topologies of periodic microstructures with viscoplastic
constitutive behavior. Finite deformation is considered and materials with tailored macroscopic mechanical
properties are designed. We evaluate effective material properties by performing numerical tensile and shear
deformation tests of a single unit cell, as opposed to standard homogenization approaches, and also incorporate
irreversible material effects. The constitutive model that we employ was proposed by [1] and is based on finite
strain isotropic hardening viscoplasticity. The mechanical balance laws are formulated in a total Lagrangian setting
and solved using the Newton-Raphson algorithm together with an adaptive time-stepping scheme. The optimization
problem is regularized by introducing a periodic version of the Helmholtz’ partial differential equation filter and
iteratively solved using the method of moving asymptotes (MMA) which is based on the gradients of the cost and
constraint functions. Since the material model is path-dependent the sensitivity will be so too. Sensitivities needed
for each design update are obtained from the adjoint sensitivity scheme presented in [2] which for plasticity will be a
terminal value problem. In the numerical examples we consider several objectives: 1) tailored specific stress-strain
response, achieved by minimizing the error between actual end prescribed target response, 2) design of
microstructures for maximum energy dissipation. Near black and white solutions are obtained through the use of
Heaviside thresholding technique and penalization of intermediate designs. The applicability of the algorithm is
demonstrated by several numerical examples of optimized three-dimensional plane strain continuum structures
exposed to multiple load cases over a wide macroscopic strain range. This work was partially performed under the
auspices of the U.S. Department of Energy by Lawrence Livermore Laboratory under contract
DE-AC52-07NA27344, cf. ref number LLNL-CONF-717640. The financial support from the Swedish research
council (grant ngb. 2015-05134) is gratefully acknowledged. The authors would also like to thank Professor Krister
Svanberg for providing the MMA code. 1. Simo JC, Miehe C. Associative coupled thermoplasticity at finite strains:
Formulation, numerical analysis and implementation. Computer Methods in Applied Mechanics and Engineering
1992; 98:41–104. 2. Michaleris P, Tortorelli DA, Vidal CA. Tangent operators and design sensitivity formulations for
transient non-linear coupled problems with applications to elastoplasticity. International Journal for Numerical
Methods in Engineering 1994; 37(14):2471–2499.
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ABSTRACT

The main objective of this paper is the use of high order 3D elements in the numerical modelling of masonry
structures. For this purpose, FE models corresponding to standard tests were made and calibrated using results of
experimental tests. In particular, this document will analyze the resistant behavior to uniaxial and diagonal
compression walls made with brick. The numerical micromodel has been developed using the ANSYS code with
non-linear hexaedrical 8 and 20 nodes tridimensional elements to represent brick and mortar, such as solid185 and
solid186, in contrast to traditional FE models which use element solid65 as finite element to represent masonry
behavior. Drucker-Prager and Rankine models have been used to study the compression-tension failure surface,
adding a linear hardening-softening-dilatation behavior. Moreover, fracture-energies based cohesive zones have
been added to contacts between mortar and bricks, in order to allow debonding failure between these two
materials. These modelling method prove to be a valid technique to simulate brick masonry behavior according to
experimental results, and will be used as a base to develop FEM analysis to study the effect of Textile Reinforced
Mortars (TRM) to reinforce masonry specimens.
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Abstract. Achieving high performance has been in the focus in the past, but sustaining
achieved performance remains an open topic. Performance degradation, if not actively
monitored for, can creep in and severely diminish the productivity of codes and their
operating scientists’ research. The current state of the art to detect such a creeping
performance loss is performance analysis. A performance analysis is a considerable in-
vestment in resources to generate the necessary data and to subsequently analyze it. The
resulting insight is only directly applicable to the specific analyzed software variant and
data set. Each code variant and configurations must be, in principle, separately analyzed
to ensure the absence of performance bugs. Therefore, frequently repeated performance
analysis is not sustainable for every program execution during the long lifespan of a code.
We present, how so called “active performance documentation” can be used to achieve
resilience against performance loss from creeping code deterioration or configuration er-
rors. Such an active documentation consists of small code augmentations placed at critical
points in the program that monitor specific performance indicators, and validate those
against specifications of acceptable performance. Thus, developers and users of a code
using active performance documentation will be aware, when and if the performance of
their code deteriorates, at which point appropriate counter-measures can be undertaken.
With the use of active performance documentation, users and developers of computational
code will be able to react to performance problems, instead of having to proactively scan
for potential issues.

1The ”Hessisches Kompetenzzentrum für Hochleistungsrechnen”’ is funded by the Hessian State Min-
istry of Higher Education, Research and the Arts.

1



C. Iwainsky et al.

1 Introduction

Performance is an important aspect of many scientific applications, as computational
solutions require typically a large invest of High Performance Computing (HPC) resources.
Here, performance is defined as the ability to utilize a given amount of computational re-
sources to produce as much meaningful work as possible. While achieving performance has
been in the focus in the past, resulting in a plethora of technological and methodological
techniques, the issue of sustaining performance achieved remains an open topic.

The performance is limited by the constraints of the specific hardware used and by the
capability of the used software to make efficient use of these resources. Examples for hard-
ware constraints are network performance, CPU performance, available memory, storage
performance, or the maximum up-time of a system; examples for software constraints are
the data-set size or the precision required of the result. A good performance is all too
often a trade-off between user-requirements and available resources. To preserve good
long term performance, an achieved performance must be monitored and maintained to
account for changes in constraints and requirements.

While changes in hardware are rare and obvious, changes in the software or its run-
time configuration and their effects are subtle and frequently remain unnoticed. This is
especially the case in an academic environment, where software is actively worked on to
keep up with advances in domain knowledge and methodology or applied to substantially
different scenarios than it was originally intended for. This, in combination with the
loss of usage-experience due to frequently changing developer and user base caused by
academic life-cycles and project driven development, creates an environment where the
performance of a software can decrease without being noticed, if not actively monitored
for.

Performance Stewardship (PS) describes the holistic approach where the performance
of a software is not a simple byproduct, but a primary concern on the same level as software
features or correctness. It follows, that the performance of a software is something to be
actively preserved and maintained in all phases of its life-cycle. One important aspect of
PS is the monitoring of program executions and evaluation of the resulting information
to detect degrading performance. The current state of the art relies entirely on the user
to use performance models or to conduct a performance analysis:

1. Performance models parameterized by the software configuration traits and hard-
ware parameters are used to predict values of observable metrics, such as the wall-
time of the application. If the observed metric matches with the predicted value,
then the performance is considered to be OK, and if not, a performance problem
must have occurred.

2. For performance analysis, dedicated measurement runs are used to generate perfor-
mance data that is analyzed for performance deficiencies. This analysis is substan-
tially based on experience of the analyst and uses usually an implicit and abstract
performance model of the machine used and software executed.

2
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Both techniques have their challenges. The precise performance models with predic-
tive qualities required for the first approach are rare, and the creation of such mod-
els requires substantial expertise and considerable effort. Current research, such as the
ExtraP-project [2], aims to make performance models more accessible, but still requires
considerable expertise to use. The performance analysis approach is expert driven and
resource-intensive in nature, as separate experiments must be conducted for the sole pur-
pose of generating measurement data. Additionally, the measurement overheads incurred
with current methods require a tailored measurement setup [4], which is configuration spe-
cific and often a result of multiple refinements of the measurement infrastructure. While
performance analysis may lead to considerable insight in an applications runtime behav-
ior, it is unfeasible to perform an user-driven analysis for every execution as the overheads
of such an approach, be it runtime overheads or human time invested, would in most cases
surpass the potential benefits in detecting performance creep.

Therefore, a more accessible method is necessary that can be used easily by developers
and domain scientists to achieve performance stewardship of their codes.

2 Performance Mistakes

From years of experience advising and supporting users of different HPC systems2, we
identified three reoccurring performance issues: load balancing, over-parallelization and
performance critical component misconceptions.

Load balancing, or the issue of unbalanced workloads, is a considerable challenge for
scientific applications, both for multi-processing and multi-threading [3]. Simply stated,
the principal issue is that, due to synchronization of imbalanced workloads, not all compu-
tational entities contribute evenly to the outcome. In consequence, some of the allocated
resources are wasted and the performance of the program decreases. The underlying
root-cause is case specific. Examples are imbalanced domain partitioning or software
with adaptive refinement. Also external sources, such as intermittent network conges-
tion or temperature based CPU over- or under-clocking, will effect the work balance of
a parallel application. While users and developers are, in principle, aware of the work-
balancing issue, countermeasures are challenging in both implementation and usage. On
the one hand, runtime load-balancing methods are difficult to implement, incur additional
overhead and are often not available in existing code-bases. On the other hand, static
work-balancing, i.e. balancing the workload before each execution, requires prior infor-
mation, a very good understanding of the input parameter and knowledge of resulting
runtime behavior such as a performance model. For this reason, in everyday HPC usage,
application users are rarely aware of their codes actual workload distribution.

Runtime over-parallelization is yet an other issue that users often struggle with.
Over-parallelization describes the effect that with increasing parallelism the performance

2The authors currently support HPC users from all Hessian universities, such as user of the Lichtenberg
HPC system at TU Darmstadt.
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gains drop, to the point, where an additional degree of parallelism actually increases
the runtime. Possible root causes are, for example, increasing communication-costs, as
observed in previous work [5], or domain partitioning to the point at which each parallel
entity has only a few elements to process; this can even culminate in each parallel entity
having only a single element to process.

The following case study exemplifies this issue: A given code was used for parameter
studies for material structure calculations, with hundreds of experiments to be conducted.
The code was benchmarked by the user to assess its fastest configuration, which was
determined to be at 72 MPI processes on three 24 core machines. However, the user
did not realize that even though there was a continued speedup up to 72 processes, the
efficiency had substantially dropped. In this case, the efficiency dropped from above
69.9% at 16 processes, to 35% at 32 cores down to 25% efficiency at 72 cores. As many of
the planned experiments were independent from each other, the best performance for the
user was to run 3 experiments at 16 cores, instead of one experiment at 72 cores. This
provided a net-speedup for the desired work of 3x without any code modification. Had a
mechanisms been available in the code to notify the user of a low efficiency, this situation
would have been rectified much earlier than it was.

Performance critical component misconceptions (PCCM) is a collective term
for performance issues originating from development practice. A PCCM is a performance
issue caused by a code region or kernel that is considered by the developers of the code to
be non-critical or where the developer is unaware of its existence. The problem of such a
misconception is, that without explicit profiling, such expensive code regions are likely to
remain unnoticed and therefore never addressed in tuning and optimization. The reasons
for such PCCM are manifold.

For example, developers of parallel software aim to optimize their codes, but due
to time constraints focus on perceived performance critical components and ignore less
critical components. This is even further emphasized by the fact, that their intent is
to implement new mathematical solvers or physical simulation capabilities to their code.
Understandably, their development effort is spent to optimizing these regions. While
focusing on critical code is important for good performance, it is easy to neglect tuning
and optimizing the other aspects of a code, such as the I/O components before and after
the computation intensive regions, or the management routines used for check-pointing
or data-structure management. Such a PCCM, for example, was discovered by Calotoiu
et al.[2] in a widely used weather simulation package, where an I/O related section had a
so far unknown performance issue.

An other example for PCCM can be observed in codes with continued development.
Here, the addition of new functionality, restructuring of code or inclusion of new methods
can easily shift the location of computation heavy aspects. This, by itself, is not an
issue, but optimizations made for the previous code version might no longer apply. Also
a human element plays a problematic role: past experience with the code is frequently
used without checking its validity for the new code version, thus creating possibilities for
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PCCM and in conclusion to performance problems
Simple profiling, and other performance analysis methods, can and will detect such

changes and shifts in performance critical regions and prevent PCCM. However, this
requires the users and developers to use such tools in their daily development process. And
even if such methods are known, the fact that such analyzes require explicit and additional
after-development steps results in developers often simply neglecting this crucial step, as
their actual goal is to conduct their computational experiments.

These three issues are a tiny sub-set of all potential performance issues. The three de-
scribed, however, occur easily by mistake, even by experts, and are, in our experience, not
too uncommon in the bulk of engineering applications run in HPC centers. Measurements
of codes with production configurations are the only way to guard against such mistakes.
The likeliness of such mistakes is unfortunately further amplified by the proliferation of
ready-to-use packages, such as OpenFOAM, Wien2K or VASP, as a larger experience and
knowledge gap exists between the original developers, who are typically aware of these
issues, and ”end-users” that have to learn to use the software as well as cope with all the
peculiarities of good performance.

3 Active Performance Documentation

HPC users and code developers require an approach to automate the monitoring and
analysis aspects, and the means to integrate this in their applications in order to mitigate
the performance mistakes described earlier.

3.1 Method

To provide a practical mechanism in support of PS, we proposes the following approach:

• In a first step, the application is augmented with permanent measurement and anal-
ysis facilities in combination with developer defined performance criteria. Ideally
the performance checks and validation are integrated directly into the code-base
itself, but also external specifications and measurement facilities are possible.

• The resulting software is then used as is, allowing for unchanged application work-
flows without the need of interleaved explicit profiling and validation runs. As the
added measurement and analysis system evaluates every execution, a creeping or
accidental performance loss can not remain unnoticed and appropriate countermea-
sures can be applied.

We call this concept active performance documentation (APD), as the mechanisms in the
code document the expected performance behaviour.

Such APDs provide, on the one hand, a confidence and ease of mind into the scientific
software, as it will ”notify” the user when the software is running deficient. Also, per-
formance experts, such as members of the many performance engineering groups at HPC
centers, can focus their effort on known deficient codes, instead of having to proactively
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triage all codes for their performance. On the other hand, the run-time measurement and
validation of complex performance models will add overhead, which must be controlled
for.

3.2 Performance Model Simplifications

Active performance documentation is at its core a hybrid of both performance models
and measurement-based performance analysis. It therefore requires aspects from both
methods: a sufficiently precise performance model, which is, as described earlier, diffi-
cult to come by, and a low-overhead measurement system, which is also challenging to
integrate into arbitrary codes. This would be too complex for most domain experts and
engineers to apply to their codes. Fortunately, for the three specific performance mis-
takes described earlier, i.e. load-imbalances, over-parallelization and performance critical
component misconceptions, simplifications can be applied that eliminate the need for an
explicit mathematical performance model3 and that have, in comparison, lower and easier
controlled measurement costs.

To derive these simplifications, we first define the performance issues and demonstrate
how the complexity of performance models can be substituted by far more easily imple-
mented runtime measurements:

A load imbalance is defined as follows: Assuming that the target metric is the run-
time t and the (performance) model T (R, ...) describes the runtime of a parallel com-
puting entity4 Pn for a specific region R of code, then a load imbalance is defined by
T (Pa,R, ...) < T (Pb,R, ...). The ellipsis here is a placeholder for the many additional
arguments required, such as machine specific parameters like memory bandwidth or net-
working latency, and input parameters like the domain size used. To assess, if this com-
parison is true for a given program for all configurations, a performance model replicate
all aspects of the code, which is very complex. However, as active performance docu-
mentations do not intend to argue this equation for all executions, but only for a specific
execution, the model of a specific region can be substituted by a runtime measurement.
Therefore, it is not necessary compute the runtime of the different computation entities
from parameters, but the desired metric, i.e. runtime, can be simply measured, commu-
nicated and compared on a global level.

Similarly, for over-parallelization, the local workload can be compared to the various
overheads. Here, performance models, (see [1]), describe the time spent in the CPU
and other components as sums of partial models, each modeling specific aspects of the
program, such as communication, I/O and other activities. To ensure that a specific
component, such as the computation, remains the dominant part, the individual terms
of the model can be separated and compared to each other. Assuming that the runtime
model T can be split into the component models for CPU time Tcpu(R, ...) and commu-

3An example and its derivation for such a model can be found in Bauer et al.[1].
4A parallel computing entity can be a process or thread, with the number n used as means for

identification.
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1 for (time_step < end) {

2 while(not_converged) {

3 exchange_local_boundaries (...);

4 compute_local_solution (..);

5 communication_error (...);

6 }

7 compute_global_contribution (...);

8 communicate_global_contribution (...);

9 }

Listing 1: Demonstrator Pseudocode

This pseudo-code mimics the a compute and communication structure found in some fluid
dynamics codes. Compute only regions are highlighted in green color, and communication and

synchronization in red color.

nication time Tcomm(R, ...), then a comparison between both terms can be used to ensure
proper compute to overhead-ratio. For example, Tcpu(R, ...) > 9∗Tcomm(R, ...) states that
the time spend in communication should not exceed 10% of the runtime of that region
(Tcpu + Tcomm). Again, moving from a generic model to a specific execution instance, the
modeled components can be replaced with measurements of the specific components from
that region.

Performance critical component misconceptions correspond to the developer
relying on a partial model T ′ describing a subset of the full, but unknown, model T .
This model, while not 100% correct, sufficiently approximates the full model, if the error
Et = T −T ′ is small enough, i.e. E(R, ...) � T (R, ...). For a specific execution the generic
model can be substituted with the measurements.

The metric used so far, was the time spent in specific components of the code, i.e. com-
pute and communication. While a plethora of possible metrics exists on current hardware
platforms, such as hardware performance counters counting the number of floating-point
operations, or memory accesses, their precise interpretation is often hardware-specific,
compiler depended and requires considerable expertise. This does not imply, that these
more detailed metrics should not be used, but we consider them too complex for this step
towards active performance documentation. This is especially the case, as the runtime
of specific components, if measurable, can function as a stand in for these more precise
metrics. On today’s HPC systems three principal components can be considered as mea-
surable: The CPU with its compute units, the network components, and the I/O system.
Time measurements of these three components aggregate to the total runtime of a specific
application run, and therefore can be used to describe the full application behavior.

3.3 Active Documentation Example

Using these simplifications, it is possible to express the desired performance checks
directly in the program. To demonstrate this, we use the pseudo-code of Listing 1 as a
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1 for (time_step < end) {

2 #pragma apd balanced(tcpu ,0.1, NEXT_STATEMENT)
3 while(not_converged) {

4 exchange_local_boundaries (...);

5 compute_local_solution (..);

6 communication_error (...);

7 }

8 #pragma apd balanced(tcpu ,0.1, NEXT_STATEMENT)
9 compute_global_contribution (...);

10 communicate_global_contribution (...);

11 }

Listing 2: Demonstrator Pseudocode with Work-balance APD

This pseudo-code is augmented with two APDs defining the expected work-balance.
Computations are highlighted in green color, communication and synchronization in red color,
and APD code is highlighted in blue. NEXT STATEMENT specifies, that the APD operates only

on the next statement, and sub-elements.

demonstrator. Listing 1 mimics the work-flow of typical fluid-dynamics applications, and
depicts a simple boundary-region based parallelization of a solver with local computations
(line #3-4), global convergence check (line #5) and global operations (line #7-8).

For this example, a lack of load balancing implies, that one of the computational
entities must compute more than the others. This entity, either a thread or a process,
will spend more time in the routines of line #4 and #7 of Listing 1. To state for this
example, that the workload must be balanced, one could either specify that the loop
body of the while-loop, that the whole while-loop or that the global computation must
be balanced. The granularity of the scope chosen will effect the overhead. In this case,
either option is viable, as the loop contains a call to a communication routine, which are
typically more expensive than a local measurement and comparison. Therefore, the cost
of tracking the runtime and exchanging it will be in the worst case on the same order
of magnitude as the loop body, but will in most situations be masked by the communi-
cation and actual computation overhead. The same consideration applies to the second
communication routine of line #8. Borrowing from the C-pragmas, the pseudo-code syntax
apd balanced(metric,deviation,region)5 describes that for the designated region, e.g.
the next statement, a computation entity, i.e. a tread of process, may only deviate up to
10% from the slowest in terms of the given metric. Listing 2 offers an example for such
ab active performance documentation using the CPU time metric tcpu.

In the case of over parallelization, the computational aspects shrink, e.g. in the case
of strong scaling due to constant domain partitioning with increasing number of processes.
The ratio of work, i.e. the time spent using the CPU, shifts from the computation code,
lines #5 and #9 in Listing 1, to the communication code in lines #4, #6 and #10. In general, as

5The pragma is used in lieu of an actual implementation using a domain specific language or other
programming constructs native to the host language.
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1 #pragma apd cold(tcomm ,0.1, NEXT_STATEMENT)
2 for (time_step < end) {

3 #pragma apd balanced(tcpu ,0.1, NEXT_STATEMENT)
4 while(not_converged) {

5 exchange_local_boundaries (...);

6 #pragma apd hot(tcpu ,0.98, CURRENT_SCOPE)
7 compute_local_solution (..);

8 communication_error (...);

9 }

10 #pragma apd balanced(tcpu ,0.1, NEXT_STATEMENT)
11 compute_global_contribution (...);

12 communicate_global_contribution (...);

13 }

Listing 3: Demonstrator Pseudo-code with Work-balance APD

This pseudo-code is augmented with a hot- and cold-spot APD defining the expected ratio of
compute to communication. Computations are highlighted in green color, communication and
synchronization in red color, and APD code is highlighted in blue. CURRENT SCOPE expands the

APD to cover all elements of the current scope.

long as the computation dominates, this is considered acceptable to a certain degree, but
at the latest when communication dominates, the CPU no longer contributes effectively
to the computational solution. The precise communication to compute ratio is depended
of the specific situation. A guard against such behavior is the measurement of time
spent computing (tcpu) and communicating (tcomm) and a comparison between both times.
Without further evidence, it is for tcpu � tcomm safe to assume, that the compute to
communication efficiency of the monitored code aspect is sound. Rephrased, the fraction
CPU-time to the wall-time of the region must be much larger than 50%. This is more
commonly known as a hot-spot ; in this case it is a hot-spot of CPU usage.

Thus, by stating that for the given region a CPU-time hot-spot exists, a clear and
measurable definition of its behavior is specified. As a side effect, a developer reading
the APD in the source-code with APD will be able to understand the intended behavior.
In a complementary fashion, the same behavior could be defined by a communication
cold-spot, stating that communication should not exceed a specific fraction of work.

For example, using hot- and cold-spots in Listing 2, it is possible to specify good compu-
tational efficiency. Using the pseudo-code syntax apd hot(metric,deviation, region),
a computation hotspot is defined with a 98% hotness, i.e. 98% of this regions runtime
must be spent in computation. In absence of other contributors, this also implicitly de-
fines a communication cold-spot of 2%. The APD in line #1 of Listing 3 states, that for
the whole example the communication time should at maximum consume 10% of runtime.
If the code is executed with twice the number of processes, the local domain will only
contain half the number of elements to compute, cutting the runtime of the computation
in half. Assuming the communication time remains constant, the remaining computa-
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1 #pragma coverage(tcpu ,0.9, CURRENT_SCOPE)
2 main (...) {

3 startup (...)

4 #pragma apd cold(tcomm ,0.1, NEXT_STATEMENT)
5 for (time_step < end) {

6 #pragma apd balanced(tcpu ,0.1, NEXT_STATEMENT)
7 while(not_converged) {

8 exchange_local_boundaries (...);

9 #pragma apd hot(tcpu ,0.98, CURRENT_SCOPE)
10 compute_local_solution (..);

11 communicate_error (...);

12 }

13 #pragma apd balanced(tcpu ,0.1, NEXT_STATEMENT)
14 compute_global_contribution (...);

15 communicate_global_contribution (...);

16 output_timestep(time_step ,...)

17 }

18 shutdown (...)

19 }

Listing 4: Demonstrator Pseudo-code for APD guarding against PCCM

This pseudo-code is augmented with a single APD defining the global coverage of all APDs in
the code. Computations are highlighted in green color, communication and synchronization in

red color, and APD code is highlighted in blue.

tion time must be 18 times the communication time to pass the criterion. Double that
number for each doubling of the number parallel processes. It is obvious, that eventually
the communication time will outclass the runtime, and thus fail the comparison. Thus,
by focusing on the simple concept of ”hot-” and ”cold-spots” in combination with met-
rics representing the critical components of HPC systems, i.e. networking, I/O, memory,
or CPU performance, users can define active performance documentation that prevents
issues, such as over-parallelization.

The pseudo-code of Listing 1 is too simple possible to demonstrate a guard against per-
formance critical component misconceptions. We extend the pseudo-code (see Listing 4),
with a startup-routine, an output-routine at the end of the time-step loop body, and a
shutdown routine at the end. Here, the APD apd coverage(metric,percentage, region)
describes the coverage of all other APD in the code of the corresponding region. If, as in
this case, a coverage of 90% is specified, then this states that for the given metric 90%
must be covered by other APD. For Listing 4, this means that 90% of all runtime must
be spent in the hotspot (line #10). If, for example, the start-up routine were to become
computational expensive and would consume 15% of tcpu, then the coverage APD would
fail and notify the user of one ore more undiscovered computational intensive regions.

10
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1 // #pragma apd balanced(tcpu ,0.1, NEXT_STMT)
2 double local_start_time=get_wtime ();

3 compute_global_contribution (...);

4 double delta_t=get_wtime()- local_start_time;

5 double global_max_time;

6 MPI_Allreduce (&delta_t ,&max_t ,1,MPI_DOUBLE ,MPI_MAX ,APD_COMM );

7 if (delta_t <(1 -0.1)* max_t) perror("APD failed");

8 communicate_global_contribution (...);

Listing 5: APD to native code transforamtions example

This pseudo-code showcases the transformation of a work-balance APD to native code.
Computations are highlighted in green color, communication and synchronization in red color,

and APD code is highlighted in blue.

3.4 Implementation Aspects

So far, we used pseudo-code pragmas to specify and anchor an APD in the source code.
Such a transformation can be implemented in a compiler, such as the LLVM compiler.

However, the concepts that the pragmas represent, can also manually be implemented
in the source code, using the native programming language. For example, the APD for
load-balancing requires for each process two measurements of the required metric, e.g.
CPU-time, and a communication call to exchange the locally measured data. Listing 5
shows a possible implementation. In line #2 the walltime before the monitored regions
is acquired. Line line #4 measures the walltime after the region and computes the time
spent in the compute_global_contribution section of the code. Lines line #5-7 declare
a variable to store the global maximum, which is then obtained via an MPI-Allreduce

call. In this case, we use a unique communicator to isolate the communication calls from
the APD system from the rest of the program to avoid communication problems. Line
line #7 implements the check against the given criterion and prints an error message, if it
fails.

4 Conclusion

Performance of software, especially parallel software, is challenging to obtain and diffi-
cult to maintain. Performance Stewardship, i.e. the methodical approach for maintaining
performance, is becoming an important aspect of scientific software. Active performance
documentation (APD) offers a shift from a proactive monitoring approach, where one ac-
tively looks for performance issues, to a reactive approach, where one only has to react
to occurring issues. We propose the concept of augmenting the code with measurement
facilities and automated analysis capability to automatically track all executions of the
software. However, generic APD is complex and subject of research. But for reoccurring
mistakes that can seriously hamper performance, simplifications can be applied that make
APD viable. We demonstrate the use of such APD on a demonstrator pseudo-code for
load imbalances, over-parallelization and performance critical component misconceptions.

11



C. Iwainsky et al.

Even though the concept of APD is subject of current ongoing research, we demonstrate
that the concept can already be applied to codes, although not yet with automated sup-
port by compilers or tools.

In conclusion, it is critical, according to the popular wisdom ”knowing of the existence
of a problem is the first step in solving it”, to detect performance issues in every execution
of a code to mitigate problems as soon as possible. APDs offers exactly this knowledge, if
properly implemented, and provides the necessary support for Performance Stewardship.
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ABSTRACT

In recent years, reduction of CO2 emission has become an urgent issue in order to mitigate the global warming. It
is said that three quarters of CO2 emission out of transport is from the road sector. The Cross-ministerial Strategic
Innovation Promotion Program (SIP) in Japan aims at improving the thermal efficiency of IC engines up to 50
percent, where an IC engine simulator, named HINOCA, is being developed so as to enable prediction and
improvement of IC engines. This simulator consists of different physical models of IC engines, such as turbulent
flow, ignition, and combustion. As for the turbulence simulation, the wall-adapting local eddy-viscosity (WALE)
model is adopted for the subgrid-scale model in large-eddy simulation (LES). However, for HINOCA to complete a
simulation within a realistic computational time, it is inevitable to choose the grid spacings much coarser than that is
well accepted. Therefore, we need to assess the accuracy of WALE model in the case where the computational
grid is very coarse. In the present study, we perform a comprehensive grid resolution study of the WALE model in a
turbulent pipe flow. The LES is performed under the constant flow rate at the bulk Reynolds number of 5300. The
computational grid is uniform in the streamwise (longitudinal) and spanwise (azimuthal) directions while
non-uniform in the wall-normal (radial) direction. A top-hat filter is used for the spatial filter. The results show that
the turbulent statistics such as the mean velocity profiles and the second order moments significantly depend on
the spanwise grid resolution, while less sensitive to the streamwise grid resolution. The coarsest streamwise and
spanwise grid resolutions producing reasonable statistics are found to be about 56 and 18 wall units, which is in
accordance with conventional LES studies. The sensitivity to the wall-normal grid spacing is found to be much less
than what is usually believed. Surprisingly, the statistics are reasonably well reproduced using only 6 computational
points in the radial direction if only the first computational point is located within 5 wall units from the wall.
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ABSTRACT

We propose an extension of the dynamic variational multiscale stabilization (D-VMS) to nearly/fully incompressible
viscoelastic materials using quadrilateral/tetrahedral finite elements. We test the approach on two different viscous
constitutive laws, namely, models based on Prony series and models based on the multiplicative decomposition of
the deformation gradient. In addition, we propose a new variational multiscale approach for quasi-static
elasto-plasticity. The main features of this method are the definition of an effective shear modulus as well as the
use of fine-scale pressure. Our method is based on a mixed formulation, in which the momentum equation is
complemented by a pressure equation in rate form for viscoelasticity and static form for elasto-plasticity. The
unknowns are approximated with piecewise linear, continuous finite element functions. For viscoelasticity, in order
to prevent spurious oscillations, the pressure equation is augmented with a stabilization operator specifically
designed for viscoelastic problems, in that it depends on the viscoelastic dissipation.
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ABSTRACT

Light aircrafts are designed to be used in both developed and undeveloped areas of a country. Hard landing
conditions such as shocks and rebounds may occur on irregular terrains. The main role of the landing gear is to
dissipate the energy of the landing impact. Although, a part of shock energies is absorbed by under-inflated tires.
The aim of this work is to study light aircraft landing gears, and suggest convenient damping settings according to
runway type. The study is carried out through three steps. Firstly, Bush tire are modeled with finite elements taking
into account tire geometry and materials specifications. The tire-runway contact is modeled using hard contact and
friction coefficients are determined experimentally. Secondly, three different landing gear systems are modeled: a
classical spring steel landing gear, a landing gear with bungee cords and a recent landing gear equipped with a real
damper. Traditionally, landing gear numerical simulations have been carried out with Multi-body Dynamics (MBD)
software. In this study, finite elements are used combined with connectors, mass concentrations, springs/dampers
and rigid elements. Thus, stress, deformation and energy within landing gears components are obtained, taking into
account the nonlinearities of the system. Finally, aircraft dynamic rolling simulations are conducted. The systems’
transient dynamic responses on rolling over obstacles are evaluated, as well as efforts and rebound amplitudes
submitted to the aircraft body. An efficiency comparative study between the landing gears is conducted. On the
other hand, the damper&amp;amp;apos;s stiffness and damping laws are investigated. The influence of these
parameters on the landing gear dynamic performance in different rolling conditions is highlighted. Thus, aircraft
rolling simulations on different types of runways (by introducing variable friction coefficients and runway shapes) are
conducted. These simulations allow settings&amp;amp;apos; adjustment based on the landing gear dissipation
efficiency for each case.



13th World Congress on Computational Mechanics (WCCM XIII)
2nd Pan American Congress on Computational Mechanics (PANACM II)

July 22-27, 2018, New York, NY, USA

A 2D Finite Element Model for the Common Carotid Artery and its
Surrounding Anatomy: Effects on Arterial Stiffness Assessment

adriaan campo*, joris dirckx**

*Laboratory of Biophysics and BioMedical Physics (BIMEF); University of Antwerp; Antwerp; Belgium, **Laboratory
of Biophysics and BioMedical Physics (BIMEF); University of Antwerp; Antwerp; Belgium

ABSTRACT

Introduction: Cardiovascular disease (CVD) is the most common cause of death worldwide, and its prevalence is
increasing [1]. Research indicates that the onset of CVD can be slowed down or even prevented when detected in
an early stage. An early indicator for CVD is increased stiffness of the large elastic arteries such as the aorta and
the common carotid artery (CCA). Therefore, arterial stiffness detection is being developed as screening method
through various methodologies such as carotid-femoral pulse wave velocity (PWV) detection using tonometry and
distensibility coefficient (DC) detection using ultrasound (US), amongst other methods [2]. Using US, DC is often
estimated by imaging a 2D, longitudinal cross-section of the CCA. The position of the upper and lower CCA wall is
measured during diastole and systole. Assuming radial distension of the CCA, with the CCA maintaining its circular
cross-section throughout the heart-cycle, the relative change in arterial cross-sectional area for a given pressure
change can be readily estimated, or an indicator for arterial stiffness: the DC [3]. Since the stiffness of the CCA is
much higher than the stiffness of the bulk surrounding tissue, a steady circular cross-section throughout the
heart-cycle can be assumed. However, the influence of nearby structures with different stiffness than the CCA
cannot be ignored. In this study, the influence of a realistic measurement situation on a US DC measurement is
evaluated. Methods: A 2D static finite element model (FEM) of the CCA and its surrounding anatomy is
constructed, based on 3 cross-sections of the left and right CCA of 10 healthy volunteers, resulting in 60
data-points with significantly different anatomical features. DC as estimated with US, is then compared with the
“ground-truth” DC as based on the true area change. Hereby, the influence of nearby structures with different
stiffness than the CCA is included, as well as the pressure of the US probe. Results and conclusion: Stiffness is
overestimated using US in the majority of the cases as compared to the “ground-truth” stiffness. However, the
detected difference is smaller than 5% which is not relevant for medical applications [4]. Therefore, we conclude
that our results do not show contraindications for the use of US for DC detection. [1] World health organisation n.d.
http://www.who.int/en/. [2] Laurent S et al. Hypertension 2001;37:1236–41. [3] Nichols et al. McDonald’s Blood
Flow in Arteries: Theoretical, Experimental and Clinical Principles. Hodder Arnold Publishers; 2011. [4] Laurent S et
al. Stroke 2006:2588–605.
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ABSTRACT

The mechanical behavior of freestanding (FS) two-dimensional (2D) materials is commonly investigated through
indentation tests performed via atomic force microscopy (AFM), where a 2D-material is placed on a substrate with a
cylindrical hole and indentation is performed over the FS region of the 2D-material over the hole. Here, we perform
theoretical and finite element analyses to show that the conventional assumption of a clamped boundary condition
in existing models of such tests is inappropriate and should be replaced with an adhesive boundary condition in
which the 2D-material can be partially detached from the substrate. A new analytical model which accounts for the
adhesive boundary condition is then developed and shown capable of describing the indentation response of FS
2D-materials.
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ABSTRACT

In this paper, a new vortex identification method named Rortex-Omega method is introduced base on the Rortex,
which is a mathematical definition proposed by our group. The basic idea of this new Omega is the normalization of
Rortex. The new Omega is defined as a ratio of the rotation square over the sum of rotation square and
anti-symmetric shear square. Compared with other vortex identification methods, this method has several
advantages: it can capture both strong and weak vortex structures in turbulence and transition flow to be a case
independent and a normalized method; It can be further used in studying the turbulence vortex structures,
turbulence modeling and correlation analysis as a physical quantity just like pressure, density, etc.
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ABSTRACT

The Arbitrary Lagrangian-Eulerian(ALE) Formulation has been the research hotspot since the work of Hirt etc.,
which emerged to alleviate the drawbacks of traditional Eulerian and Lagrangian formulations. The algorithm
described by Hirt etc. couldn’t rezone across material interfaces, which was called simple ALE (SALE). A powerful
extension to SALE is to incorporate VOF(volume of fluid) or MOF(moment of fluid) capability into the mixed cells
containing multiple materials, which was called multi-material ALE(MMALE)[1]. Staggered Lagrangian schemes
have been extensively used in the simulations of elastic-plastic multi-material problems since the numerical
simulation emerged, but Lagrangian schemes couldn’t tackle the problems of changing-topology interfaces. So,
Multi-material ALE method, which is effective to the large-deformation problems with changing-topology interfaces,
has been the trend of computational mechanics in recent years. Aiming to meet the need of numerical simulations
of mutli-material large-deformation problems, we develop the staggered multiple-material ALE code. We use MOF
interface reconstruction method [3], the equivalent strain closure model for mixed cells (containing multiple
materials) and conservative flux-based multi-material remapping method [2] to develop the staggered multi-material
ALE code. Numerical results of shock tube, Rayleigh Taylor incompressible instability problem and interaction
problem of a shock wave with Helium bubble, prove that our multi-material ALE code is valid in the multi-material
large-deformation problems with changing-topology interfaces. Our MMALE code will be a useful tool in the
large-deformation numerical simulation field. The Multi-material ALE scheme can treat the multi-material problems
with the views of Lagrangian, Eulerian or ALE flexibly, so it is booming all over the world in recent years, but there
are still some difficulties in the development of MMALE, especially the closure model is a challenge for the
materials with absolutely different properties. In the future, we will study the closure models to extend the
applications of MMALE. Key words: large-deformation problems, multi-material ALE, MOF reconstruction method
References [1]A. J. Barlow, P. H. Maire, W. J. Rider,R. N. Rieben, M. J. Shashkov, Arbitrary Lagrangian-Eulerian
Methods for Modeling High-Speed Compressible Multimaterial Flow, Journal of Compressible Physics, 322,
603-665, 2016. [2]Milan Kucharik, Mikhail Shashkov, Conservative Multi-Material Remap for Staggered
Multi-Material Arbitrary Lagrangian-Eulerian Methods, Journal of Computational Physics,258, 268-304, 2014. [3]V.
Dyadechko, M. Shashkov, Moment-of-Fluid Interface Reconstruction, LA-UR-05-7571, 2005.
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ABSTRACT

Since the pioneering work of Terzaghi and Biot, the flow of fluids in deforming porous media has been given
considerable attention. Nevertheless, flow in fractured or fracturing porous media has received less attention,
although the physics of the flow within such discontinuities can be very different from that of the interstitial fluid in
the surrounding deforming bulk, and in spite of its technological and societal importance as in energy and
environmental issues. Herein we develop a general model for flow in progressively fracturing porous media. Since
the cross-sectional dimension of the fracture is small compared to its length, the flow in the crack can be averaged
over the width. A two-scale model results, including momentum and mass couplings between the subgrid scale and
the macroscopic scale. Numerically, the two-scale model imposes some requirements on the interpolation of the
displacement and pressure fields. Moreover, it will be shown that the interpolation of the pressure across the crack
has implications for the physics that can be accommodated [1]. Discretisation methods are needed to model a
crack, which is essentially an internal free boundary. Interface elements are an option, but have restrictions in terms
of flexibility. Exploiting the partition-of-unity property allows the crack path to be decoupled from the underlying
discretisation. Another possibility is isogeometric analysis. We develop an isogeometric formulation for porous
media, including stationary and propagating cracks, such that it is possible to have fluid transport in the cracks.
Within this framework crack initiation and propagation can be modelled in two ways: either via lowering the order of
the interpolation [2], or by using isogeometric interface elements [3]. [1] R. de Borst, Computational Methods for
Fracture in Porous Media, Elsevier, New York, pp. 206, 2018. [2] C.V. Verhoosel, M.A. Scott, R. de Borst, T.J.R.
Hughes, An isogeometric approach to cohesive zone modelling, International Journal for Numerical Methods in
Engineering, 87, 336 – 360, 2011. [3] J. Vignollet, S. May, R. de Borst, Isogeometric analysis of fluid-saturated
porous media including flow in the cracks, International Journal for Numerical Methods in Engineering 108, 990 –
1006, 2016.
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ABSTRACT

Assessment of the impact loads of sloshing liquefied natural gas (LNG) on containment tanks of seagoing LNG
carriers is a major structural design challenge. Especially breaking LNG waves can cause severe damage. A lot of
research into this is currently being done, using (scaled) experiments and numerical studies. Due to the many
physical parameters involved: liquid compressibility, gas compressibility, the ratio of the densities of the phases,
phase transition and more, it is impossible to scale the entire process in a unified way. To study these parameters
separately we perform numerical modelling and analysis of multiphase compressible fluid-flow problems. To start
with, a five-equation two-fluid flow model [1] is discretized in space with an innovative higher-order accurate
finite-volume method. The higher-order model is obtained through spatial reconstruction with a limiter function, for
which latter some novel formulations are presented. We study the one-dimensional case of a liquid column
impacting a gas pocket entrapped at a solid wall. This is known as the generalized Bagnold model [2]. It mimics the
impact of a breaking wave in an LNG containment system, where the gas pocket is entrapped below the wave crest
and the tank wall. Furthermore, the impact of a shock wave on a gas bubble immersed in air is simulated, in two
dimensions, and compared to experimental results from [3]. Two cases are considered, one where the bubble gas
is heavier (R22), and one where it is lighter (Helium) than the ambient air. The bubble deforms and surface
instabilities form and develop. The computational results obtained have a good resemblance to the references. The
correct wave speeds are computed and the surface instabilities are qualitatively similar. References 1. A.K. Kapila,
R. Menikoff, J.B. Bdzil, and D.S.S.F. Son. Two-phase modeling of deflagration-to- detonation transition in granular
materials: Reduced equations. Physics of Fluids, 13, 2001, pp. 3002-3024. 2. L. Brosset, J-M. Ghidaglia, P-M.
Guilcher, and L. le Tarnec. Generalized Bagnold model. ISOPE, 2013. 3. J.F. Haas and B. Sturtevant. Interaction of
weak shock waves with cylindrical and spherical gas inhomogeneities. Journal of Fluid Mechanics, 81, 1987, pp.
41-76.
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ABSTRACT

A Geometric Nonlinear iFEM Approach Using Solid Elements Cornelis de Mooij1, Marcias Martinez2,1 and Rinze
Benedictus1 1 Delft University of Technology 2 Clarkson University Abstract. Structural Health Monitoring (SHM) is
a growing field of research, as it has the potential to simultaneously improve the reliability of structures and reduce
their maintenance cost. SHM requires accurate stress and strain information, preferably for the entire structure.
Unfortunately, it is often infeasible to instrument every part of the structure, making it necessary to estimate the
stress and strain fields based on data from a limited number of sensors. One promising technique for making this
estimate is the Inverse Finite Element Method (iFEM), which can be applied to any combination geometry and
loading conditions. It can also process several different types of sensor data. For this study, an iFEM algorithm was
developed that uses solid elements and is capable of geometrically nonlinear analyses. These capabilities are both
novel and necessary for aircraft wings and wind turbine blades. These structures often have thick regions and
experience large deflections and rotations. Solid elements are more appropriate for modelling thick regions than
shell elements, which are used in most of the iFEM literature. Geometric nonlinearity is necessary to accurately
model large deflections and rotations. As a proof-of-concept, the strain and displacement distributions were
determined numerically for several geometrically nonlinear benchmark tests from the literature, using a FEM code
that was developed in-house and verified using Abaqus CAE. A varying number of virtual sensors were simulated
based on the finite element results, in lieu of experimental data. The data from these sensors were used as input
for the iFEM algorithm, which was also developed in-house. It was shown that the iFEM results match the literature
values for geometric nonlinear conditions, even when only a limited number of virtual sensors were used.
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ABSTRACT

Residual stress is one of the most noticeable issues found in Additive Manufacturing components, especially when
working with metal powder alloys, which will need high temperature in order to build the part. For this reason,
several testing procedures are necessary to be implemented in order to validate a new alloy use in Metal Powder
Bed Processes. The usual tests are minimum wall thickness assessment, cracking and warping analysis, process
parameter optimization and melt pool analysis. The testing procedures usually demands long-term development
and planning, for this reason Numerical Models are being implemented in numerous scales nowadays, from
Discrete Element Modeling of powder to Thermal and Mechanical modeling, to minimize the range of parameters
used in testing and optimize the process. These simulations are important either for the pre-analysis and for
evaluation of parameter selection utilizing the selected new alloy, thus the objective of this study is to evaluate the
effectiveness of this approach. The model proposed is a thermomechanical simulation of Selective Laser Melting
process (SLM) to obtain the residual stresses when scanning a single track through the powder bed. The material
selected is the Stainless Steel 304L, which is not commercially available on SLM manufacturers yet and it is a
promising alloy to be largely used for Additive Manufacturing technology due its low cost along with the SS316L.
The laser is modeled using the heat flux formulation based in a Gaussian profile described by Goldak et al, utilizing
a double ellipsoid shape to effectively match the shape of the moving heat source present in SLM process. Close
attention is required when inputting the powder properties, especially emissivity and thermal conductivity which has
to be conditioned given parameters like chamber pressure, thermal gas conductivity, powder diameter, porosity and
initial temperature. A Fortran subroutine is implemented and linked to the FEM solver to account for all the X-Y
orientations as well the heat source input parameters. The validation is performed by literature, especially with the
study of Simsom et al and Yakout et al, who performed experimental measurements of the residual stresses
through XRD. The results are presented for 3 power different power inputs (100W, 200W and 400W), in order to
analyse the impact on the final residual stresses on commercially available equipment.
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ABSTRACT

The recent interest in soft robots arises from their adaptability, versatility and flexibility, which is very beneficial for
new applications of human-robot interaction, healthcare or field exploration. Many prototypes have already proven
the feasibility of soft robots to grasp indistinct objects, to walk on uneven surfaces, or to interact with humans.
Additional research on mathematical models of these continuous deformable robots are in progress to predict their
performance in real live and operating situations. At the Institute of Applied Structural Mechanics, pneumatic
actuated and tendon driven soft robots have been fabricated and analyzed, and a rod model has been developed to
describe the robot under loading and walking conditions. For a quadruped soft robot, we will present design
aspects to optimize the performance of the soft robot and results of the experimental analyses. Furthermore, a
simple rod model will be presented with which the deformation of the soft material structures can be described
under pressurization. To parameterize the rod model, special experiments are conducted and will be discussed.
Beside the research on soft robots, a tendon driven robot has been developed that moves autonomously on a
horizontal or inclined surface. Via servomotors, the three segments of the robot can be controlled such that the
robot is able to walk straight forward or on a circular path. The capability to walk on an inclined surface was tested
on several surface materials and the results will be presented and related to the friction coefficient between surface
and contacting limb.
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ABSTRACT

Immersed methods are useful tools to preclude expensive (re-)meshing operations for flow problems around
complex objects, flow problems on scanned domains, and fluid-structure interaction problems with large
deformations. A common pitfall of immersed techniques is, however, ill-conditioning of the linear system [1]. 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. [2]. In [1] we have analyzed the fundamental cause of
ill-conditioning of immersed finite element methods and, based on this analysis, in [3] we have developed a
preconditioner that is tailored to immersed flow problems. We demonstrate that this preconditioner brings the
condition number down to that of standard, mesh-fitting, finite elements, such that the linear system can be solved
iteratively. Like standard finite elements, the conditioning of this preconditioned system still depends on the grid size
however. In this contribution we shortly describe the cause of the conditioning problems and the developed
preconditioner, and extend this approach to investigate possibilities to apply the preconditioner as a smoother in a
multigrid cycle to develop a scalable solver that is robust to both the grid size and how elements are cut. [1] F. de
Prenter, C.V. Verhoosel, G.J. van Zwieten and E.H. van Brummelen. Condition number analysis and
preconditioning of the finite cell method. Comp. Meth. App. Mech. Engng. 2017. [2] F. Xu, D. Schillinger, D.
Kamensky, V. Varduhn, C. Wang and M.-C. Hsu. The tetrahedral finite cell method for fluids: Immersogeometric
analysis of turbulent flow around complex geometries. Computers &amp;amp;amp;amp; Fluids. 2016. [3] F. de
Prenter, C.V. Verhoosel and E.H. van Brummelen. Preconditioning immersed isogeometric finite element methods
with application to flow problems. arXiv preprint. 2017.
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ABSTRACT

The human brain, amongst that of most other mamallian brains, assumes a highly folded structure through- out its
development after being initially smooth. This folded structure offers the great benefit of allowing more surface area
for a given brain volume. Indeed, the cortical layer at the brain surface accommodates the cell bodies of the nerve
cells that provide the brain with its processing capabilities. Several pathologies in neurodevelopment have been
associated with abnormalities in cortical folding and behavioral disorders. A thorough understanding of
neurodevelopment is therefore critical towards understanding and, potentially, treating such disorders. The prenatal
development of the human brain is characterized by a rapid increase in brain volume and a development of a highly
folded cortex. At the cellular level, these events are enabled by symmetric and asymmetric cell division in the
ventricular regions of the brain followed by an outwards cell migration towards the peripheral regions [1]. The role of
mechanics during brain development has been suggested and acknowledged in past decades, but remains
insufficiently understood. Here we propose a mechanistic model that couples cell division, cell migration, and brain
volume growth to accurately model the developing brain between weeks 10 and 29 of gestation [2]. Our model
accurately predicts a 160-fold volume increase from 1.5cm3 at week 10 to 235cm3 at week 29 of gestation. In
agreement with human brain development, the cortex begins to form around week 22 and accounts for about 30%
of the total brain volume at week 29. Our results show that cell division and coupling between cell density and
volume growth are essential to accurately model brain volume development, whereas cell migration and diffusion
contribute mainly to the development of the cortex. We demonstrate that complex folding patterns, includ- ing
sinusoidal folds and creases, emerge naturally as the cortex develops, even for low stiffness contrasts between the
cortex and subcortex. References: [1] S. Budday, P. Steinmann, E. Kuhl, 2015, Physical biology of human brain
development, Frontiers in Cellular Neuroscience 9 (2015) 257. [2] R. de Rooij and E. Kuhl, 2018, A physical
multifield model predicts the development of volume and structure in the human brain, Journal of the Mechanics
and Physics of Solids, (accepted)
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ABSTRACT

During the contraction-relaxation cycle the heart produces pressure pulses, also known as pulse waves, which
travel through the vessel wall with a certain velocity. This Pulse Wave Velocity (PWV) can be estimated by the
piecewise Pulse Wave Imaging (pPWI) technique based on a high frame-per-second (FPS) (e.g., 8000 fps)
ultrasound imaging [1]. In this regard, one can map the localized arterial wall stiffness in vivo aiming at the
detection and monitoring of localized vascular diseases. Nevertheless, certain limitations exist related to data
transfer and storage capacity due to the high FPS adopted in the data acquisition step. Therefore, large
time-varying RF-frames in the order of gigabytes and containing only a dozen milliseconds of data are inevitably
produced in one single clinical evaluation. To circumvent such big data limitations a data compression technique
based on a multiresolution 1-D wavelet analysis [2] is proposed considering the strong correlation of the RF-frames
in the time domain. A numerical example involving real data is considered, while the signal-to-noise ratio (SNR) and
the achieved compression ratio are adopted as performance measures. [1] I. Z. Apostolakis, S. D. Nandlall, and E.
E. Konofagou, “Piecewise pulse wave imaging (ppwi) for detection and monitoring of focal vascular disease in
murine aortas and carotids in vivo,” IEEE Transactions on Medical Imaging, vol. 35, no. 1, pp. 13–28, Jan 2016. [2]
S. G. Mallat, “A theory for multiresolution signal decomposition: the wavelet representation,” IEEE Transactions on
Pattern Analysis and Machine Intelligence, vol. 11, no. 7, pp. 674–693, Jul 1989.
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ABSTRACT

For topology optimization problems considering dynamic structural behavior, the accuracy of sensitivity is very
important. It is suggested that there is a possibility that an error may occur in the design sensitivity in the dynamic
problem. However, details such as specific parameters that can cause errors are still not clear. The purpose of this
study is to investigate errors in the sensitivity of the objective function to design variables. Here, we verify the
accuracy of the design sensitivity from the two viewpoints, the time discretization method and the dynamic
governing equation terms. Regarding the time discretization method: central difference method (explicit method)
and the Newmark ? method (implicit method) are used for numerical analysis. We examine how influence the
choice of explicit method and implicit method has on design sensitivity. Regarding the governing equation: inertia
term and viscosity term can be considered a cause of errors. We show concrete numerical calculation example and
confirm the influence on the design sensitivity when considering these terms.
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ABSTRACT

Additive manufacturing (AM) is of tremendous interest in engineered structural materials. However, multi-scale
complicated physical phenomena simultaneously occur during the process and result in complex microstructure
forming spatially and an-isotropic mechanical properties within the build. The relationships between multi-physics
processes, solidified microstructure and mechanical properties in AM have not been thoroughly understood. For
addressing this need, a multi-scale modeling framework for process-structure relationships is proposed. (1) A
part-scale thermal-CFD module considering heat transfer, fluid flow (Marangoni effect) and mass addition is
proposed. (2) A Meso/Micro-scale grain/dendrite structure evolution module is proposed to simulation grain
nucleation, epitaxial growth, and columnar to equiaxed transformation (CET). The temperature history, liquid metal
velocity in the melt pool, columnar to equiaxed transformation, and size/morphology of dendrite during AM of
Ni-based supperalloy can be predicted and validated by experimental results.
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ABSTRACT

Stewart parallel mechanism is characterized by its important research and application value. In the decades after
being presented, many scholars have done a great deal of work1-3. In this thesis, we mainly study the dynamics
parts in the application of stabilized platform, deriving a dynamic equation based on Newton Euler method with the
pods’ qualities and inertia tensors are taken into account in the formulation. For verifying the theoretical results,
formulation has been implemented in a program written in MATLAB compared to the ADAMS simulation
results, then plotting the driving force diagrams under the several different motion forms. From the final results, it
can conclude that the simulation results coincide with the actual driving force of the stabilized platform, and we also
analyse the reason of driving force when it’s easy to go wrong, which provides a theoretical basis for the dynamic
control of the stabilized platform. The disturbance motion state of the lower platform for which is provided by the
motion simulator fixed with it. Keywords: Stewart stabilized platform, Newton-Euler method, Dynamics, Matlab,
Adams
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