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COMPUTATIONAL AND THEORETICAL
MODELING FOR FAILURE IN QUASI-
BRITTLE MATERIALS, COMPOSITES,

AND POROUS MEDIA

Tinh Quoc Bui (Tokyo Institute of Technology)

Thank you very much for being elected as The 2018 JACM
Award for Young Investigators in Computational Mechanics.
It was a great honor for me to be the recipient of this award.
Thank you to those who nominated me and supported my
nomination. A very special thanks to the JACM for giving me a
chance to introduce my study in the JACM Mail Magazine No.
44. This is my great pleasure to share all of you some of typical
results that have been conducted over the past ten years.

Our research group on Computational Mechanics at the
Department of Civil and Environmental Engineering,
School of Environment and Society, Tokyo Tech is devoted
to the study of a wide range of physical and mechanical
phenomena and engineering problems in solids, multiphase
composites, and porous media. Much of the research works
conducted within our group is based on theoretical modeling
and advanced computational methods development,
computational mechanics, taking into account the behavior

of solids and advanced complex and multi-phase materials
under the actions of various types of loading. The problems
considered within the group are often, in whole or in part,
interdisciplinary in nature, reflecting a combination of
methodologies, concepts and principles usually spanning
several areas of civil and mechanical engineering, material
sciences, physics, mathematics, and computer science. We
are particularly interested in modeling softening behavior,
discontinuities, topological and geometrical changes,
delamination, moving boundaries, localized failure and
instabilities in different materials such as solids, smart
functional materials, laminated composites, and porous
materials, by developing theoretical damage models and
efficient and accurate numerical techniques.

I started pursuing pure mathematics with emphasis on partial
differential equations for my undergraduate at the National
Vietnam University-HCMC in 1996, two years later of the
university I changed my study subject to computational solid
mechanics instead. Neither pure math nor computational
mechanics, which one is better than the other, it actually changed
my professional career. I finally completed my bachelor with a
research topic on development of a symbolic computer code
using MAPLE programming language for finite element
analysis of carbon-fiber laminated composite plates. I then
pursued my higher educations in civil and mechanical
engineering in different countries in Europe. I performed my
master thesis at the University of Li¢ge, Belgium under the
guidance of Dr. Marc Duflot (he is now at MSC Software
Corporation) about development of particle meshfree methods
for error estimations and duality analysis. Soon after, I joined to
work on an active research team led by Profs. H.J. Bohm and



F.G. Rammerstorfer at the Institute for Lightweight Design and
Structural Biomechanics, Vienna University of Technology,
Austria, and conducted my doctoral research work focusing on
development of some non-traditional computational approaches
into modeling failure behavior of spot-welds, an important
joining technique that is currently used in fabricating virtually
all car bodies. The studies are based on the capabilities of finite
element analysis and mesh-independent modeling of
fastener/connector in the explicit FE code ABAQUS/Explicit,
high-performing computing, stochastic analysis, and soft-
computing methods (e.g., artificial neural networks, machine
learning, data mining, and genetic algorithm) [1].

At the Center of Structures and Material Sciences,
Department of Mechanics and Materials Processing, Ecole
Nationale Superieure des Mines de Saint-Etienne, France, where
I worked as a postdoctoral researcher for an industrially funded
project, I developed computer codes and subroutines integrated
into in-house Zebulon finite element solvers for delamination
(bonding/debonding) in carbon-fiber laminated Z-pin joints
under pull-out, shear, and flexure dynamic loading conditions.
This Z-pin joining techniques play a crucial role in many
engineering applications including aerospace and automobile.
Fig. 1 shows two types of Z-pin failure by experimental testing.

Fig. 1 Z-pin interface failure on the web (left) and
crack between the web and flange (right).

At the Department of Civil Engineering, University of
Siegen, Germany, where I subsequently worked as postdoctoral
fellowship and senior researcher, my main research goal there
was to modeling of dynamic fracture mechanics in multiphase
smart functional materials (e.g., functional piezoelectric and
magnetoelectroelastic) under thermal environment by
enrichment techniques (e.g., extended finite elements and
isogeometric analysis). Smart functional materials offer many
opportunities for engineers and designers to develop novel
devices and intelligent structures, for instance, transducers,
smart sensors, actuators, lasers, supersonics, and microwaves.
The key features lie in the surprising coupling effects among
mechanical, electrical, and magnetic fields. Due to the brittle in
nature, their imperfection or defects are unavoidable. I
successfully conducted 04 research projects funded by DFG and
DAAD, and achieved results have been published in a number
of scientific journals, e.g., [2, 3] .

In 2014, 1T honorably received a JSPS postdoctoral
fellowship (standard program), and two years later I was again
awarded another JSPS postdoctoral fellowship for senior
scientist (pathway program), both hosted by Prof. Sohichi
Hirose. During that time at Tokyo Tech, I conducted several
problems, for instance, cohesive crack growth in terms of
XFEM for quasi-brittle concrete [4], fatigue crack growth under
variable-amplitude cyclic loading, adaptive local-mesh
refinement XFEM for 2D and 3D cracks in solids and functional
materials, transient crack analysis of generalized stress intensity
factors for multiphase smart composites by extended
isogeometric analysis [5], hybrid phase field model for dynamic
crack growth in functionally graded materials [6], or modeling

unsaturated flow problems in porous media using isogeometric
analysis with non-uniform rational B-splines basis functions [7].
Fig. 2 depicts the water content for irrigation by furrows in
which the contour lines represent the wetting front dependent on
the situation of moisture content. At low moisture level where
water fronts beyond 30 cm in depth, the IGA offers smooth and
less oscillation in comparison with the conventional approaches
(not shown here) [7].
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Fig. 2 Water content for irrigation by furrows

computed by the isogeometric analysis [7].

In 2016, I started establishing my research group at Tokyo
Institute of Technology concentrating on Computational
Mechanics and Fracture Modeling with several
undergraduate and graduate students. The group size is now
getting larger and larger. Generally, the ultimate goals or the
main objectives of our research group devote to fourfold: (a)
to discover new physical phenomena relevant to scientific
engineering problems; (b) to improve and enhance
technological developments in terms of numerical
simulation using modern techniques; (c) to solve engineering
problems of a broad range of industries; and (d) to provide
effective tools of numerical solutions to explore phenomena
and predict behavior that may be used to advance concepts
and design in practical applications.

Quasi-brittle failure concerns a large number of geomaterials
such as rock, concrete, or limestone, which are of great
importance in many engineering applications especially in
infrastructure systems. We have proposed a novel smoothing
gradient-enhanced damage model with evolving anisotropic
nonlocal interactions, which goes beyond certain limitations of
conventional approaches, for localized failure in quasi-brittle
materials [8]. This new approach owns many desirable features
as it can eliminate non-physical spurious damage growth;
control softening behavior through fracture energy and
characteristic length, and model well compressive shear-band
problems. Fig. 3 shows mode-I failure simulation of three-point
bending limestone beams, in which three sizes of beams have
been conducted and computed force-displacement responses are
compared with experimental data. The damage evolution grows
from the notch at the middle of the beams. This new gradient-
enhanced damage model has been now extended to solve some
more complicated problems, for instance, one is to take into
account the dynamic rate-dependent effect and another is to
analyze failure response of porous media in geomechanics
applications. For rate-dependent gradient damage model, a
dynamic damage model should be developed. For transport and
damage in porous media, a nonlocal damage-poroelastic model
should be introduced, and a monolithic algorithm in terms of



finite element method which must be developed to solve
coupled systems with a displacement-pressure-regularized
permeability element formulation. Both these works have been
under developments.

(Bazant et al. 1991)
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Fig. 4 Correlation between phase field
distribution and dissipated energy [9].

In line of the continuum damage model, we have studied
alternative emerged fracture mechanics method, the phase field
model, which goes beyond certain limitations of LEFM theory
of Griffith. For instance, we developed a rate-dependent hybrid
phase field model for dynamic crack propagation in functional
composites, exploring the dissipated energy dependent crack
velocity, one of the important aspects of dynamic fracture [9].
Fig. 4 sketches the correlation between dissipated energy, which
is normalized by fracture energy, and the phase field distribution
for a polymethylmethacrylate (PMMA) rectangular plate.
Basically, the evolution of crack can be interpreted through the
representation of the normalized dissipated energy. As indicated
in the figure, the zone A indicates the initial crack, when loaded,
the cracks starts propagating at which the energy dissipated
rapidly as shown in zone B. In this zone, the crack smeared out

with the band width increasing to the maximum value and then
decreases to the constant band width as the initial state. The
crack here does not show to be branching since the energy
dissipated at crack-tip is not strong enough, see zone C. At zone
D, the crack reaches the saturated velocity without the
oscillation in the crack band width.

In the past decades, the failure in layered heterogeneous
composites and structures has been studied by many researchers
due to their critical role in mechanics and physics of solids. We
introduced a new methodology for better describing interface
cracks in 2D and 3D by a regularized interfacial transition zone
in the context of variational phase field model [10]. One of the
main purpose of this new model is to circumvent drawbacks of
sharp-transition models as the jumps at mismatch material and
geometry discontinuity effects can be treated in a
straightforward manner. Fig. 5 depicts the crack growth in 3D
layered heterogeneous beam and shows a comparison of crack
morphologies between the computed phase field model and
experiment for a multi-layered structure.
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Fig. 5 Crack growth in 3D layered structure (top)
and comparison of crack morphologies between phase
field model and experiment for a multi—/ayered
structures (bottom [10].

We have conducted 3D micromechanical modelling of
progressive failure in fiber-reinforced composites by using the
phase field model. One of the advantages of the phase field
model in modeling localized failure problems is its capability to
model crack behaviors without requiring any additional ad-hoc
fracture criteria or crack tracking strategy. Conventional
numerical approaches such as discrete approaches for modeling
a complete progressive failure of fiber-reinforced composite are
still challenging, and most of numerical methods are designed
for single failure mechanism. Generally, composite laminates
can be studied at three length scales (i.e., macro-, meso- and
micro-scales). This study is particularly devoted to micro-scale
failure modeling. Fig. 6 shows the interface phase field of the
30°/90° plies specimens and crack phase field at the end of the
loading stage (top) and a comparison of crack patterns (i.e.,
interface debonding and matrix cracking) between the phase
field model and experiment (bottom).
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Fig. 6 Interface phase field crack of a 30/90 plies
specimen (top) and comparison of crack patterns
between numerical approach and exper iments.

We recently computed the phase field model to capture and
investigate complex fracture behavior in cement-based
materials at early-age [11]. We developed a model that consists
of coupling the most important chemo-thermo-mechanical
processes to describe temperature evolution, variation of
hydration degree, and mechanical behavior. In fact, early-age
shrinkage and hydration heat induced defects in concrete have
been a major research area in the past few decades. Since the
change of mechanical properties of early-age concrete is
relatively fast, and is largely dependent on physical and
mechanical processes (i.e., hydration), modeling of such
complex fracture in cement-based materials at early-age stage
by means of conventional numerical approaches is not a trivial
task. Fig. 7 represents the computed results of crack growth,
temperature, and hydration evolution for conducting crack in the
L-shaped structure.
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Fig. 7 The evolution of phase field temperature,
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and hydration of a L-shaped structure at a certain
time step.

I'have presented in this note some major numerical results that
have been conducted either individually or collaboratively.
Computational and theoretical modeling works for failure
problems in composites, solids, or porous media are one of the
fields where computer-based simulations have been constantly
used. It is because that numerical simulations required for basic
design is roughly put to practical use. The team at Tokyo Tech
has a vast expertise in the area of computational mechanics as it
has been advancing computational fracture mechanics for many

years. We now have in hand many of the ingredients for
pursuing the mentioned research area. The well support from the
Department of Civil and Environmental Engineering, the School
of Environmental and Society, and Tokyo Tech, has greatly
helped us in conducting the study as they have very strong
research capabilities in the areas of concrete structures, steel
structures, geomechanics, geotechnical engineering, and so
forth. However, we have learnt that there are many other
unsolved problems that still remain and challenge us, and what
difficult tasks cannot be analyzed with commercial software, the
group for sure will continue to develop new and effective
numerical approaches and more appropriate theoretical models
that allow us to solve the problems in better way.

In future, apart from other favorite research areas such as
fracture in solids and functional composites [12-13] and
continuum damage model [8, 14], we are particularly more
focusing on theoretical and computational modeling approaches
for, for instance, multiscale fracture in porous media, dynamic
response, mass transport, and coupled systems, which are
currently a prominent research topic. This certainly is a
fascinating research area where several grand challenges of
computational mechanics come together, e.g., multi-physics
problem, multi-scale phenomena, or the interaction between
mechanical phenomena and one or more diffusion problems.

In recent years, collaborations with the field of computational
mechanics have been active, and in this way, we are conducting
research on numerical simulation deeply and on a wide range of
computational approaches. Please contact us if you are
interested in conducting research for the degrees of mater, and
doctoral, or postdoc programs.

Once again, I would like to thank the JACM for giving me a
chance to share some of my research interests. Many thanks to
all my former Advisors and Professors, my past and current
Colleagues, Collaborators, Students, and to those who have been
continuously supporting me.

“The experience of living in a different country and learning
different approaches to scientific problems broadens your mind
for research”, said by Nick Luscombe, a computational biologist
who found that moving from the UK to the USA for a postdoc
was “an eye-opener”. This interesting story from Science
Magazine has impressed me a lot as it would be true that the
experience living in different countries raised our own
confidence, but also reinforced our appreciation of time to think
through scientific problems.
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