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Unified Crack Phase-Field Model Enhanced by Diffusive-Discrete Crack Transition
for Brittle, Dynamic, and Ductile Fractures
ABSTRACT : This study aims to pave the road toward the comprehensive evaluation and prediction of
the multistage and multiscale failure events of infrastructure facilities. To realize the purpose, a novel
crack phase-field model is proposed, and a diffusive-discrete crack transition scheme is developed.

For predicting the damage evolution occurring in infrastructure facilities, the “‘crack phase-field
model (CPFM)" is studied. The CPFM has recently received attention, which enables us to consider crack
Initiation, propagation, and bifurcation in materials as solutions to an energy minimization problem of
potential energy based on Griffith's theory. Since the origin of the CPFM, it has been enhanced to
describe brittle, dynamic, ductile, cohesive, fatigue, multifield fractures, and so on. In particular, when
the failure phenomena of elastoplastic materials are targeted, several ingredients, such as the
plasticity-induced degradation function, the plastic damage driving force, and the degrading fracture
toughness, have been introduced into the original CPFM. Additionally, thresholds and coefficients have
been employed by researchers for controlling the effect of the above-suggested ingredients and for
pursuing better realizations of actual failure phenomena. Indeed, these treatments have shown the
richness of capturing ductile fracture responses, but on the other hand, eventually, vitiate the
variational consistency that is one of the beauties equipped to CPFMs. In the literature, this issue was
recognized as a dilemma of the CPFMs for ductile fracture.

To address the issue, we propose a variationally and thermodynamically consistent CPFM for ductile
fracture. Prior to the formulation, we review the distinctive features of the existing CPFMs for ductile
fracture in terms of how ductile fracture is realized in previous studies. Based on the discussion, we
propose a new model for ductile fracture equipped with two separate damage variables for elasticity and
plasticity. Beginning with the introduction of a constitutive work density functional consisting of elastic,
plastic hardening, and damage hardening components, we derive variationally and thermodynamically
consistent evolution laws for plasticity and damage. The mathematical form describing the evolution
laws of damage has been overlooked or not considered in previous studies and therefore deserves
particular emphasis. The evolution laws for plasticity are coupled with damage, so the accumulation of
plastic strain is ceased in the severely damaged region. Also, the proposed model is equipped with
thresholds and coefficients to control the amount of damage driving force and thus is useful to reproduce
actual failure events. Additionally, thanks to the introduction of both the plastic driving force and
degrading fracture toughness, the formulation realizes both the plastic deformation-induced and
negative hydrostatic pressure-induced damage evolutions. Therefore, the formulation unifies several of
the existing CPFMs for ductile fracture proposed to date, including a few proposed by the authors.

Meanwhile, to realize explicit crack propagation, division of a base structure into multiple portions,
and independent motions of the divided portions, a diffusive-discrete crack transition scheme is
developed. The proposed scheme realizes the discontinuity of a state variable enjoying the feature of a
meshfree method, the “finite cover method". Specifically, we determine explicit crack tips and paths by
referring to the distribution of damage variables, which is apart from several conventional approaches
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using the mechanical properties or the geometric information to determine crack tips and paths. Also,
since the given crack topology is updated from diffusive to discrete intermittently during the course of
the staggered iterative procedure in a single time step, even a curved crack path that evolves
significantly within a single time increment can be explicitly captured. In addition, to stably update an
explicit crack tip within the finite strain framework, we devise two stabilization techniques. Specifically,
pseudo-stiffness is introduced to severely damaged elements around the discrete crack path for the
quasi-static system to prevent excessively large deformations, and the damage and volume
fraction-induced numerical damping is introduced for the dynamic problem to maintain computational
stability and avoid distortion of the physical mesh due to the effects of stress wave propagation.
Additionally, the corrector of the displacement increment is intentionally modified so that NR
computations successfully converge, and the discrete crack opens in a gradual and stable manner.

The CPFM accommodating two damage variables for elasticity and plasticity is incorporated into the
developed diffusive-discrete crack transition scheme, and we coin the name “"Crack phase-field enhanced
finite cover method (CPFFCM)" for the proposed method. The proposed method uses the derived CPFM
as the damage computation tool to predict the crack initiation, propagation, and bifurcation, and the
obtained diffusive crack path is transformed into the strong discontinuous representation by the
developed diffusive-discrete crack transition scheme. Enjoying this combination, a series of failure
events from the damage initiation to the post-failure phase, occurring in brittle and ductile materials
under quasi-static and dynamic conditions, can be simulated. Based on the numerical simulation
methods, we argue several advantages over previous studies:

1. The proposed method can simulate failure phenomena more stably than the standard FEM with the
conventional CPFM since the damaged elements are less subjected to the extremely large
deformation and rotation that lead to the mesh distortion.

2. The proposed method is developed within the finite strain framework, so the fracture events
involving arbitrary crack initiation, propagation, bifurcation, division of the original object into
multiple portions, and subsequent independent motions of the divided portions can be properly
simulated.

3. Thanks to the introduction of discrete crack surfaces, the crack paths and crack surfaces
obtained by different sets of parameters can be compared to each other, which can be helpful in

understanding the contribution of provided parameters to the fracture behavior.
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1 Introduction

1.1 Research Background

Natural disasters, such as earthquakes, hurricanes, and floods, bring devastating effects
on local and global communities all over the world. They cause not only immediate dam-
age and loss of human life but also lead to long-term aftershocks such as infective disease
D2 logistics disruption ® and environmental pollution ®. These problems often result
from the destruction of infrastructure facilities. That is, roads, bridges, and buildings are de-
stroyed, making it difficult or impossible for people to access essential services such as food,
medication, and energy. From this perspective, a framework is needed that can evaluate or
predict how infrastructure facilities are damaged and destroyed in the event of a natural dis-
aster. With such a framework, proactive procedures, such as reinforcement and repair, can be
adequately performed, which can mitigate the degree of damage to infrastructure facilities
caused by natural disasters and, consequently, shorten post-disaster economic stagnation.

An infrastructure facility, which is called “a structure” hereafter, experiences several
“failures” before losing its functionality, as illustrated in Fig. [Il. If the external forces
acting on the structure are small, or if the structure has been repeatedly subjected to these
forces for a long period of time, the structure experiences microscale damage. The damaged
region is often small compared with the size of the whole structure and may not be visible.
Also, the structure does not immediately lose its functionality. We call this type of failure
“segment-level fracture”. Meanwhile, if the external forces are sufficiently large to cause the

structure to lose its functionality, “structural level fracture” occurs. At this stage, the crack
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Fig. 1.1: Classification of failures in an infrastructure facility.

propagations occurring in the structure are visible macroscopically, and the recovery of the
structure is often impossible. Also, the structural level fracture may endanger human lives.
Additionally, if the external forces are extremely large, some segments may be separated
from the base structure and fall to the ground, or the structure itself may be collapsed. This
stage is called “collapse”, in which the structure not only loses its functionality but also drives
the secondary destruction of other structures and also becomes the obstacle to evacuation.

While several types of failures are explained above, they are all derived from the simplest
one, i.e., brittle fracture. As represented by brittle fracture, originating from the pioneering
study conducted by Griffith ®, a vast number of experimental and theoretical studies have
been dedicated to understanding failure phenomena. In a fracture process causing failure,
it is commonly understood that a set of new crack surfaces is generated if a crack opening
condition is satisfied. To be specific, if an instantaneous energy release rate G* is equal to
or larger than its critical value (i.e., G* > G.) inherent in the material under consideration,
cracks initiate brittle fracture. Meanwhile, in the case of ductile materials such as aluminum
or steel, since plastic deformation accompanied by hardening occurs before crack initiation,
another portion of energy must be dissipated by the inelastic (plastic) deformation. Accord-
ingly, the critical value G. of elastoplastic materials is known to be larger than that of brittle
materials; see, e.g., References D5 for more detailed discussions.

In time with the experimental and theoretical developments, numerical simulations have



gained popularity in predicting crack propagations or understanding the mechanisms and
physics of fracture phenomena. Today, the finite element method (FEM) is definitely the
most well-known and reliable simulation tool, which has been mainly developed in the me-
chanical and civil engineering fields. In fact, the research using the FEM has contributed
greatly to understanding the fracture behavior of materials at the specimen level geometry.
At the practical level, commercial software, such as Abaqus ¥, Ansys ™, COMSOL ™, DI-
ANA ™ and Nastran ™ is known as reliable tools employing implicit schemes, which allows
engineers without advanced academic knowledge to conduct numerical simulations. How-
ever, at the current stage, a numerical simulation method (or framework) that can describe
multiple fracture scales and stages in a large structure, from the microscale crack initiation

to the final macroscale collapse, does not exist.

1.2 Previous studies for fracture simulation

In general, techniques within the FE framework to represent crack propagations are clas-
sified into two major groups, i.e., diffusive and discrete approaches. In what follows, rep-
resentative previous studies of the two approaches, their advantages and disadvantages, and

the methods chosen in this thesis are discussed.

1.2.1 Diffusive approach

The diffusive approach, which is known collectively as the “continuum damage model
(CDM) ™ BHBID> “mursues constitutive modeling to replace the discrete expression of frac-
ture by strain-softening behavior of finite elements. In the process of the replacement of the
crack representation, the “damage variable” was introduced, which is usually a scalar quan-
tity to represent how much of the original mechanical ability of the material has been lost
due to damage. Some of the CDMs have long histories: the Gurson-Tvergaard-Needleman
(GTN) model ™™ the Lemaitre model * and the Microplane damage model ™ were first

reported in the 1980s. Today, most CDMs can be categorized into one of them.



The CDM was originally developed as a “local approach”, in which the damage evolution
was computed locally, i.e., at each Gaussian point of a finite element, and the damage vari-
able was defined as an internal variable. However, this local approach is known to suffer from
unstable numerical solutions caused by the ill-posedness of the underlying partial differential
equation . This deficit eventually leads to pathological mesh-dependent solutions and even
results in divergence immediately after the onset of damage evolution. Thus, some sorts of
regularization techniques are necessarily required to overcome this issue, which originated
from non-local integral algorithms * and gradient-enhanced approximations . Accord-
ingly, the non-local modeling becomes essential for properly describing damage evolution in
materials without mesh-dependency, and a lot of advanced CDMs have been proposed in the
last two or three decades, e.g. BaZant et al. ™, Peerlings et al. “®, Reusch et al. ™, Geers
" Golshani et al. ™, Lyakhovsky et al. ®, Waffenschmidt et al. *”, Thai et al. ¥, Poh
& Sun %, and Kurumatani et al. " are relatively well known in the community of damage
modeling.

Being independent of the main family of CDMs but having an equivalent concept to the
gradient-enhanced approaches, the “crack phase-field model (CPFM)” has recently received
attention. The model has a physical background inspired by Francfort & Marigo *. That
is, crack initiation, propagation, and bifurcation in brittle materials can be represented by
solutions to an energy minimization problem of potential energy based on Griffith’s the-
ory. The geometry representation of discrete crack surfaces was subsequently regularized by
adopting a so-called phase-field approximation "% T ater, Miehe et al. * proposed a
thermodynamically consistent formulation within the continuum mechanics framework and
coined the term “crack phase-field” to describe diffusive crack representations. Also, Miehe
et al. * introduced a history variable to represent the maximum elastic strain energy in
tension ever experienced that ensures the irreversibility of crack propagation. Since then,
the CPFM has become increasingly popular, and a great deal of effort has been made on

its enhancements. For instance, the original CPFM has been enhanced to describe the dy-
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RE.ADAR)BD.L0.ED6D multifield fracture )AD5IBDEDER) 16 name only a few. For the historical
development and comprehensive understanding of the CPFM, refer to Ambati et al. ™ and
Wu et al. ™,

When particular attention is paid to the definition of the elastic damage driving force
for the elastic system, several studies are available. Henry & Levine ™ identified the crack
states by decomposing a strain tensor into tensile and compressive parts. Amor et al. ™
proposed an energy split based on the volumetric-deviatoric decomposition. Miehe et al. *
defined the driving force based on the spectral split principle. Steinke & Kaliske ™ proposed
a split based on the directional stress decomposition. Storm et al. ™ has introduced a
homogenization-type approach by incorporating the concept of representative crack element
(RCE) into the CPFM.

To describe ductile fracture, the above elastic damage driving force is insufficient, and the
plasticity-induced damage driving force should be adequately introduced in damage compu-
tation. Pioneering works for CPFM of ductile fracture have been done by several different

research groups. Alessi et al. ™™

proposed a variational elastoplastic gradient damage
model that introduces a “plastic-damage coupled dissipation potential” to realize plasticity-
dependent damage evolution. Ambati et al. ™™ proposed a “plasticity-induced degrada-
tion function” to represent ductile fracture. Since the degradation function is determined
by both the crack phase-field variable and the plastic hardening variable relevant to plastic
deformation, the degradation of material stiffness is realized only in the region where plastic
deformation is concentrated. Also, Miehe et al. ™ introduced “plastic damage driving
force” into damage computation within the gradient plasticity framework %% Similarly,
Borden et al. ® introduced the effect of stress triaxiality on the plastic strain energy as a pa-
rameter to control the damage evolution. In general, under plastic deformation, the amount
of plastic work due to hardening is considerably larger than that of elastic strain energy,
resulting in crack initiation in a plastic-deformation dominant region. As an alternative con-

cept, Dittmann et al. * and Yin & Kaliske * have proposed a different “degrading fracture

toughness”, which is degraded with the accumulation of plastic strain. This concept can



be phenomenologically regarded as fatigue damage, although only the monocycle failure is
considered. Meanwhile, as an example of rigorous mathematical descriptions, Dal Maso et
al. ¥ discussed I'-convergence properties associated with the fracture models for perfectly
plastic materials subjected to antiplane shear. Additionally, among the other models reported
are those by Kuhn et al. ¥ Alessi et al. *, Aldakheel et al. *, Dittmann et al. ™, and Han
etal. ™.

In a review by Alessi et al. ™, some early CPFMs for ductile fracture are investigated re-
garding their responses to homogeneous and non-homogeneous deformations. In the study,
a dilemma is pointed out: the introduction of thresholds and coefficients to control damage
driving force improves the richness of capturing ductile fracture responses while vitiating
variational consistency. In fact, several CPFMs #9990 introduce thresholds and coeffi-
cients regarding damage in the numerical implementation stage or without driving variational
consistent damage evolution law, which in nature, violates the variational structure of the
original formulation. Additionally, these newly introduced thresholds and coefficients may
lead to unreasonable mechanical responses of materials, which are not able to be explained

by physics.

1.2.2 Discrete approach

Another approach is called the “discrete approach,” which probably has a little longer
history than the diffusive approach, by which the discontinuous displacement field is incor-
porated into FE approximations. Note that the discrete approach is often called the “meshless
method” or “meshfree method”. Strictly speaking, the two methods employ different compu-
tational techniques, i.e., the meshless method does not require finite elements and only uses
nodes to solve governing equations, whereas the meshfree method uses finite elements but
relies on the partition of unity property to realize the strong discontinuity of a state variable.
As representative FEMs combined with strong discontinuity approaches, the node-releasing
FEM "% the element-free Galerkin FEM "7 the embedded FEM ), the partition-of-
unity-based FEM "™)MD.I " the generalized or extended FEM (GFEM or XFEM, respec-



tively) "H-IEDI0DI) " and the numerical manifold method or the finite cover method (NMM
or FCM, respectively) ™)1 are well known in the field of computational mechanics.

Although the methods introduced above realize discontinuities, such as cracks, it is nec-
essary to introduce a fracture criterion when there is a need to know the crack initiation posi-
tion and its propagation direction. In many cases, the geometric information and mechanical
properties around the crack tip are employed in the fracture criterion. For instance, within
the framework of linear fracture mechanics, the stress intensity factor ™ and J-integral ™"
are commonly used; see Fleming et al. ™, Rao & Rahman ™, Liu et al. ™, Laborde et
al. ™, Ghorashi et al. ™, Rao & Rahman ™, Bechet et al. ™, Belytschko & Gracie
") and Duflot et al. ™. While these methods represent discrete cracks with high accuracy,
their abilities to trace complex crack propagations in three-dimensional cases are limited.
Also, in some cases, the initial crack location or its propagation direction must be known in
advance to obtain appropriate simulation results. To address the inconvenience of these in-
corporations and to describe an arbitrary crack propagation problem, diffusive-discrete crack
transition techniques have been studied. They have the advantages of both diffusive and dis-
crete approaches, i.e., arbitrary crack propagation problems are solved using CDMs, and the
predicted crack paths are replaced by discrete representations. Among the diffusive-discrete
crack transition techniques, Simone et al. ™", Areias & Belytschko ™, Mediavilla et al. ™,
Comi et al. ™, Moés et al. ™, Roth et al. ™, Wang et al. ™, and Wu et al. ™ are known
as representative studies that succeeded in implementing CDMs in meshfree methods.

More recently, the candidate to be incorporated into diffusive-discrete crack transition
techniques seems to be shifting from the CDM to the CPFM. The author considers that this
trend is due to not only the popularity of the CPFM but also the origin of it. That is, the
CPFM originally stems from fracture mechanics associated with discrete cracks or, equiv-
alently, strong discontinuities. Nevertheless, the CPFM eventually performs equivalently
to other gradient-enhanced damage models since the crack surfaces were regularized to be
diffusive representations. Indeed, this approximation has facilitated the implementation of

the CPFM into the standard FEM but has provoked several problems that CDMs usually



Table 1.1: Several CPFMs combined with strong discontinuity approaches.

Strain ‘ 2D/3D ‘ Method ‘ Crack tip ‘ Targeting problem

Working group
‘When and How crack paths or tips are updated

XFEM Brittle fracture

Small ‘ 2D Implicit

Giovanardi et al. T2
The regions outside of crack tips are updated at the end of each time step.

Small ‘ 2D ‘ XFEM ‘ Explicit* Brittle fracture

Geelen et al. B0
Crack tips are updated by a switching criterion at the end of each time step.

Brittle fracture

Small ‘ 2D/3D | XFEM ‘ Implicit

Muixf et al. 1)
The regions outside of crack tips are updated at the end of each time step.

Small | 2D/3D Brittle fracture

FEMM ‘ Explicit*

Sun et al. %) =
Crack tips are updated by a switching criterion ) at the end of each time step.

Small 2D Brittle fracture

VEM ‘ Explicit*

Hussein et al. T3
Crack tips are updated by length minimization problems at the end of each time step.

Small 2D ‘ NMM ‘ Explicit* Brittle fracture

Yang et al. [34)

Crack tips are updated by finding the farthest damaged nodes at the end of each time step.

face. For instance, severely damaged finite elements or mesh collapses cause the failure of
global Newton-Raphson (NR) computations. Additionally, a discrete crack representation
cannot be realized, so some subsequent phenomena, e.g., frictional contact between oppo-
site crack surfaces, inflow/outflow of gases and liquids within a cracked region, independent
movements of multiple portions separated by cracks, etc., are difficult to be described.

With regard to combining one of the aforementioned discrete approaches with the CPFM,
several challenges have been addressed by different groups, as listed in Table I1l. Giovanardi
et al. ™ introduced a coupling method named “Xfield”. In this method, a discrete crack path
is realized by the XFEM, while the damage computation is conducted only for a certain
region around the crack tip, which is referred to as an overlapping subdomain. Geelen et
al. ™ proposed a continuous-discontinuous crack transition method to simulate brittle frac-
tures, in which a discrete crack path is represented by the XFEM when the increment of a
diffusive crack, Al reaches a predefined threshold. Muixi et al. ™" also proposed a cou-
pling method between the XFEM and CPF modeling, but discrete and diffusive cracks do not
overlap, unlike in the approach of Giovanardi et al. ™. Instead, a diffusive crack topology

in the CPFM is placed only in the region around a crack tip, while the XFEM is utilized to



represent a discrete crack in the rest of the region. As a result, crack tip enrichment in the
XFEM is not required in their method. Sun et al. ™ proposed a method called “FEMM-
PF”, which combines the FE-meshfree method (FEMM) ™ with the CPFM. Employing the
same continuous-discontinuous switching criterion as that of Geelen et al. ™, they pre-
sented several three-dimensional (3D) numerical simulations to demonstrate the capability
of their method. As an alternative concept, Hussein et al. ™ proposed a method of coupling
the crack phase-field and a discrete cutting method to exploit the feature of the virtual ele-
ment method (VEM) Z%59  More recently, Yang et al. ™ extended their previous work
5% to introduce explicit crack surfaces via the NMM.

At the current stage, several unresolved problems still remain. In particular, if a crack is
supposed to propagate rapidly at once or while bending, the algorithms developed in most
of the previous studies might lead to undesirable crack paths. This is because the explicit
crack tip is updated only at the end of each pseudo-time interval in quasi-static analyses.
As a result, the crack tip representation is considered semi-explicit and is marked by an
asterisk * in Table [T since the crack propagating during one loading step is represented
implicitly from beginning to end. Also, all the previous methods were developed within the
small strain framework, but the finite strain assumption is required to adequately capture
the fracture problems affected by the geometrical nonlinearity, such as large deformation
and rotation. Additionally, the enhancements of the previous studies to describe dynamic
and ductile fracture have not been addressed, which are necessary to capture a series of
failure events involving arbitrary crack initiation, propagation, bifurcation, division of a base

structure into multiple portions, and independent motions of the divided portions.

1.3 Purpose of this study

Against the above-explained research background and academic agendas to be addressed,
this study aims to pave the road toward the comprehensive evaluation and prediction of the

multistage and multiscale failure events of a structure summarized in Fig. [Tl
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The first aim is to propose a variationally and thermodynamically consistent CPFM for
ductile fracture. For the sake of formulation, we review the distinctive features of the existing
CPFMs for ductile fracture in terms of how ductile fracture is realized in previous studies.
The specific discussion is focused on the plastic driving force and degrading fracture tough-
ness in damage evolution. Also, we investigate the damage evolution tendency in terms of
the definition of yield function. Based on the discussion, we propose a new model for ductile
fracture equipped with two separate damage variables for elasticity and plasticity. Beginning
with the introduction of a constitutive work density functional consisting of elastic, plastic
hardening, and damage hardening components, we derive variationally and thermodynami-
cally consistent evolution laws for plasticity and damage. These evolution laws for plasticity
and damage are derived by using separate threshold (yield) functions while having similar
formats so that those for damage ensure variational and thermodynamic consistencies. The
mathematical form describing the evolution laws of damage has been overlooked or not con-
sidered in previous studies and therefore deserves particular emphasis. The evolution laws
for plasticity are coupled with damage, so the accumulation of plastic strain is lowered in the
severely damaged region. Also, the proposed model is equipped with thresholds and coeffi-
cients to control the amount of damage driving force and thus is useful to reproduce actual
failure events. Additionally, thanks to the introduction of both the plastic driving force and
degrading fracture toughness, the formulation realizes both the plastic deformation-induced
and negative hydrostatic pressure-induced damage evolution. Therefore, the formulation
unifies several of the existing CPFMs for ductile fracture proposed to date, including a few
proposed by the authors.

On the other hand, with almost the same mentality as the previous studies listed in Table
[T, we propose a novel transition scheme from a diffusive crack topology in CPFM to a
discrete crack represented by a strong discontinuity approach. Specifically, the crack initi-
ation and propagation processes are determined from an energy minimization problem with
respect to the CPF modeling, and the predicted path of a diffusive crack topology is replaced

by a discrete topology by applying the FCM. The proposed scheme can trace an actual crack
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path as closely as possible and stably update its explicit crack tip even in a large deformation

regime. The features of the proposed scheme are summarized as follows:

e By developing a technique for determining explicit crack tips, the given crack topol-
ogy is updated from diffusive to discrete intermittently during the course of a staggered
iterative procedure in a single time step. This is realized by the moving circle algo-
rithm, which is conceptually equivalent to the medial-axis-based algorithm proposed
by Tamayo-Mas & Rodriguez-Ferran ™, thereby pursuing the evolution of explicit
crack tips. Here, the physical quantities are transferred from old to new covers within
the FCM framework during this evolution while satisfying the equilibrium condition.
With this technique, even a curved crack path that evolves significantly within a single

time increment can be explicitly captured.

e To stably update an explicit crack tip within the finite strain framework, we devise sta-
bilization techniques. Specifically, a pseudo-stiffness is introduced to severely dam-
aged elements around the discrete crack path for the quasi-static system to prevent
excessively large deformations. On the other hand, the damage and volume fraction-
induced numerical damping is introduced for the dynamic system to maintain compu-
tational stability and avoid distortion of the physical mesh due to the effects of stress
wave propagation. Additionally, the corrector of the displacement increment is in-
tentionally modified so that NR computations successfully converge, and the discrete

crack opens in a gradual and stable manner.

The CPFM accommodating two damage variables for elasticity and plasticity is incorpo-
rated into the developed diffusive-discrete crack transition scheme. Accordingly, a series of
fracture events involving arbitrary crack initiation, propagation, bifurcation, division of an
original object into multiple portions, and independent motions of the divided portions can

be investigated in the numerical simulation.
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1.4 Outline of this dissertation

v | Chap. 1 Introduction ¥
Enhancement of crack phase-field modeling Enhancement of numerical simulation method
Chap. 2 Crack phase-field model: CPFM Chap. 4 Crack phase-field enhanced
finite cover method: CPFFCM
Chap. 3 Numerical simulations by CPFIGA Chap. 5 Numerical simulations by CPFFCM

Realize diffusive-discrete crack transition for comprehensive investigation
from crack initiation to individual motions of divided portions after fracture.

> | Chap. 6 Conclusion <

Fig. 1.2: The outline of this dissertation.

The outline of this dissertation is summarized in Fig. 2. This dissertation begins with
the enhancement of CPFMs for ductile fracture in Chapter @. After revisiting the fundamen-
tal description regarding the kinematics of continuum mechanics, the regularization of cracks
in the CPF modeling, and the formulation of the conventional CPFM for brittle and dynamic
fractures, the discussion is focused on the ingredients to realize ductile fracture in the CPF
context. Based on the review of existing models, the proposed model that accommodates
damage variables for elasticity and plasticity is derived, which is reasonable with respect to
both the variational and thermodynamic arguments. In the end, the numerical implementa-
tion of the proposed model within the framework of the isogeometric analysis (IGA) ™ is
presented.

Chapter B is devoted to numerical simulations to verify the performance of the proposed
model and demonstrate its ability to reproduce the typical ductile fracture behavior of elasto-
plastic materials. The first example shows the characteristic features of the proposed model
by a uni-directional uniform deformation setup, and its performance is compared with the
performance of the previous models in the literature. The second example demonstrates sev-
eral different crack initiation and propagation scenarios by providing different sets of param-
eters concerning damage evolution. Several typical ductile fractures occurring in notched

specimens are simulated here. In the third example, the cup-cone fracture is simulated,
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in which the plastic deformation-induced and negative hydrostatic pressure-induced crack
initiation and the plastic deformation-induced crack propagation around the surface of the
specimen are demonstrated. In the last example, the characteristic crack initiation and prop-
agation trends of advanced high strength steel materials are simulated, where the role of the
degrading fracture toughness is reconsidered by reference to simulation results.

To realize a series of fracture events involving crack initiation at an arbitrary location,
propagation, and bifurcation in arbitrary directions, arbitrary divisions of an original object
into multiple portions, and independent motions of divided portions, the numerical algorithm
for realizing the diffusive-discrete crack topological transition is presented in Chapter @. The
proposed scheme determines the crack initiation, propagation, and bifurcation processes of
brittle, dynamic, and ductile fractures from an energy minimization problem relevant to the
CPF theory. Additionally, the predicted path in a diffusive crack topology is replaced by its
discrete representation by the application of the finite cover method (FCM). Several algo-
rithms to realize the diffusive-discrete crack topological transition, as well as the spatial and
temporal discretizations, are explained step by step by reference to graphical explanations.

Chapter B proposes a novel simulation method called “Crack phase-field enhanced finite
cover method (CPFFCM)”. The proposed method uses the derived CPFM in Chapter
as the damage computation tool to predict the crack initiation, propagation, and bifurcation,
and the obtained diffusive crack path is replaced by the developed diffusive-discrete crack
transition scheme in Chapter @. Enjoying this combination, a series of failure events from the
damage initiation to the post-failure phase, occurring in brittle and ductile materials under
quasi-static and dynamic conditions, can be simulated. In the first section regarding brittle
fracture, the basic performance of the CPFFCM is investigated. In particular, for compari-
son, we conduct simulations using the CPFFCM and the standard FEM with the conventional
CPFM. The following section demonstrates the dynamic fractures involving arbitrary crack
initiation, propagation, bifurcation, division of the original object into multiple portions, and
subsequent independent motions of the divided portions. In the last section, several ductile

fracture patterns involving the negative hydrostatic pressure-induced damage are computed
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by the CPFFCM. Specifically, as a three dimensional example, the cup-cone failure simula-
tion is conducted to reproduce the explicit cup-cone crack surfaces.
In Chapter B, the implications of the obtained research outcomes are analyzed, and the

future direction of research is discussed.



2 Crack phase-field model: CPFM

This chapter summarizes the fundamentals of the CPFM and presents a novel model for duc-
tile fracture. The basic descriptions regarding the kinematics of continuum mechanics are
first presented and followed by the regularization of cracks in the CPF modeling and the
formulation of the conventional CPFM for brittle and dynamic fractures. Subsequently, the
several ingredients to realize ductile fracture in the CPFM are summarized, where the discus-
sion is focused on the plastic driving force, degrading fracture toughness, and yield function.
Based on the discussion, the proposed model that accommodates damage variables for elas-
ticity and plasticity is derived. In the end, the numerical implementation of the proposed

model within the framework of the isogeometric analysis (IGA) ™ is presented.

2.1 Kinematics

Let us consider an arbitrary continuum body within the finite deformation framework.
The initial and current configurations are denoted by B, ¢ R* and B, ¢ R* with dimension
s € {2,3}, and their boundaries are denoted by B, c R*! and 8, c R*"!, respectively.
Here, the boundary is a set of two types of partial boundaries, i.e., the Neumann and Dirichlet
boundaries (08 = B} U By and 0B, = dB) U dBD).

At time t € 7 = [0,T], points denoted by X € B, are mapped onto x € B, by the
mapping function * = @ (X,t) : By X T — R’. Here, u =  — X denotes the total
displacement. To describe the deformation of the body, the deformation gradient F' := Vi =
O0x/0X 1is introduced, which is decomposed into the elastic and plastic parts, F*® and FP, so

that F' = F°- F?. Hereafter, the operators V and V,, denote, respectively, the spatial gradients

15
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with respect to the initial configuration 8, and the current configuration 5.

Meanwhile, to describe the hardening caused by plastic deformation, the local and global
plastic hardening variables, @ : 8y X7 — Rand a : 8y X7 — R, are introduced within the
framework of micromorphic plasticity ™42,

In addition, to regularize the crack surfaces, the crack phase-field (CPF) variable d :
By X T — R is introduced. Similarly to the concept of continuum damage mechanics

(CDM) ™ d = 1 indicates the fully broken state, whereas the sound state corresponds to

d = 0. Additionally, we postulate the irreversible condition d > 0 for damage evolution.

2.2 Phase-field approximation

D 3~ BN
d(z) = {1 if T/:,O
0 otherwise
(a) Discrete crack (b) Diffusive crack

Fig. 2.1: Diffusive crack topology in CPF modeling.

Francfort and Marigo 9 first derived the crack initiation followed by propagation as
an optimization problem of the energy function, which consists of the elastic strain energy
and the energy needed for crack surface generation. Their formulation was subsequently
regularized by adopting a diffusive topological approximation by Bourdin et al. *, and the
initial CPFM was born. In the last one or two decades, the crack phase-field model has
gained popularity in the community of computational mechanics.

In the CPF modeling, the discrete crack surfaces I' in a continuum body are numerically
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approximated as a diffusive crack topology I';, by introducing a phase-field approximation as
shown in Fig. 7. As mentioned above, a scalar-valued variable d, called the “crack phase-
field (CPF) variable”, is introduced as a damage variable to connect two physical states of
the material smoothly; intact state d = 0 and fully broken state d = 1. To briefly review
the phase-field approximation for discrete crack surfaces, let us take a one-dimensional bar
in tension as an example, which is assumed to have an infinite length L € [—oo, +0c0] and
discrete crack surfaces at x = 0.

The diffusive crack distribution in second-order phase-field approximation theory is given

as

|x]

d(x) = exp (_Z)’ (2.1)

where /; is the crack length scale parameter to represent the width of the diffusive crack.
By taking the limit /; — 0, the diffuse crack converges to the original discrete crack, as
illustrated in Fig. I7T(a). On the other hand, the exponential function in Eq. (2ZT) is known

to be a solution to the following differential equation:

d*d
2 _
d-B5=0. (2.2)

which is also identified with the Euler equation of the following variational problem:

d = arg {din‘gl (a’)}

¢ (2.3)

with 1 (d) := %f {d®+Rd?}dV, W:={d|d(0)=1, d(+e) = 0}.
By

Under the one-dimensional setup, the volume integration is equivalent to dV = I'dx, so that
the substitution of Eq. (1) into Eq. (2Z3) yields I (d) = T'l;. Here, the discrete crack I' is

found to be approximately equivalent to I';, i.e.,

1(d) f Uin ppne
F~T,=—= | — v
= o 7 (@ + Ra*av | (2.4)

where the integrand is identified with the crack surface density and expressed as

A 1 2 2 12
v, (d,d') = 2—lf(d +1d?). (2.5)
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The multi-dimensional extension of this crack surface density straightforwardly reads

_ 1 2 2 2
¥, (d,Vd) = Z—Zf(d + B |VdP). (2.6)

Here, for the details concerning the phase-field approximation, refer to Bourdin et al. ®,
Miehe et al. *, and Borden et al. ™ to name a few. It is worth mentioning that Eq. (Z-6)
is well-known as the crack surface density of the “AT2 model”, which is probably the most

used in the community of CPFM. Also, other CPFMs are available, but let us ask readers to

refer to Reference ™.

2.3 CPFM for quasi-static and dynamic brittle fractures

Before presenting the proposed model for ductile fracture, let us revisit the conventional
CPFM for quasi-static and dynamic brittle fractures. Based on the first law of thermody-
namics, the following energy conservation relation holds for the motion of the continuum

body:
E+K+D=P , (2.7)

where &, K, D, and P denote the constitutive work, kinetic energy, dissipation energy due

to numerical damping, and external work, respectively. Here, these energy terms are defined

as follows:
&= f wdV = f (v (F.d)+ ¥ (d.Vd)}dV | (2.8)
By By
1
K=| KdV= | spollulfav (2.9)
Bo -(BO
D= f DdV = f f (C: F): Fatav, (2.10)
8() 80 t
and

P:bedV+f P‘dA:f fB-udth+f fT-udtdA , (2.11)
BO 68() 80 t 680 t
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where ¥, K, D, P°, and P' are the constitutive work density, kinetic energy density, dissipa-
tion energy density due to numerical damping, and external work densities of the body and
traction forces, B and T', respectively.

The constitutive work density ¥ is further decomposed into the elastic strain energy

density W° and the crack generation energy density P!, whose specific forms are given as,

respectively,
g (@) (¥ gev + Yovor) +_0 forJ >1 (]2 =1
Ve = 0 with
¥, ¥ f 1 e _H.
9 (d) 0,dev + 0,vol orJ < \PO,dev = z (Ib - 3)
we we
(2.12)
and
, d* + [i||Vd|]?
V=G = GC$. (2.13)
f

Here, J = det[F'] denotes the determinant of the deformation gradient F', [ is the first
invariant of the second-order tensor defined as b = J2/3b with b = F - F" being the left
Cauchy-Green tensor, and u & « are the shear and bulk elastic moduli, respectively. Also,

\Ije

o.dey & W5 o are the deviatoric and volumetric components of the elastic strain energy, and

Wi" & Wi denote the damage driving part and the remaining part that does not contribute
to damage evolution. In addition, g (d) is the degradation function used to represent the

deterioration of the material, for which the following two forms are employed in this study:

Quadratic form: g (d) = (1 — d)*
(2.14)
Cubic form: g(d) = (s—2)(1 -d)’ + 3 - s)(1 - d)*,
where s is a constant to ensure the condition 8,9 (d)|,_, < 0, whose value is fixed at s = 0.1
in this study. Furthermore, G. and /; are the fracture toughness and the crack length scale
parameter.

Meanwhile, the kinetic energy density K is computed from the mass density p, and the

velocity vector &. The dissipation energy density due to numerical damping, D, is supposed
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to be a material-specific quantity but is introduced for numerical damping to ensure compu-
tational stability in this study. The fourth-order damping tensor C will be explained later. In
addition, the external work densities, P° and P!, are computed from the body force B and the
traction force T', respectively, the former of which is exclusively due to gravity. Note that the
constitutive work density W and the kinetic energy density K are state functions, so they are
path-independent and can be computed only from the state variables, v and d, at the current
time. In contrast, the remaining two components, i.e., the dissipation energy density D and
the external work densities P® and P!, are path-dependent quantities and are thus expressed
in time—integral forms.

The time derivative of Eq. (ZZ7) leads to the following power balance equation:

E+K+D=P , (2.15)
where
. . ave . ove . QY. oY _.
E=| Wdv=  F d d .Vd|dV 2.16
f% LO(aF " 5d ‘T a " " ava ) 2.16)
7‘<:f KdV:fpou-udV , (2.17)
By By
z'):f dezf (C: F): Fav, (2.18)
By By
and
sb:bedVJrf PtdA:fB-udV+ T -udA . (2.19)
Bo 0By By 0By

The substitution of Eqgs. (EI6)—(19) into Eq. (Z13) yields
: L\ 0g(d) .. Ge -
—LO(V‘PWLV'(Q:F)+B—p0u)-udV—L0(—%TTO+— Z(d—lgvzd))ddv
+LBS(P-N+(Q: F)-N—T)-udA+LBS(P-N+(Q:F)-N—T)-udA
+ f G.l;Vd - NddA = 0.
3By

(2.20)
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Similarly, the first-order stability condition for any possible admissible variations {ou, 6d} is

given as

—LO(V-P+V-(Q:F)+B—pou)-6udV—f

By

Pt — Ge (d- lszd)) sddv

_9g(d)
I

od

+f (P-N+(Q:F)-N—T)-5udA+f G.l;Vd - N5ddA > 0,
OBy 9By

2.21)

in which the variation du vanishes on the Dirichlet boundary 985 . From these equations and
the prescribed condition d > 0, the governing equations of the mechanical and damage fields

are derived in strong form as follows:

e Equilibriums for the mechanical field:

V-P+V-(C:F)+B=pyii in8B,,
P.-N+(C:F)-N=T ondBy, (2.22)
u=1u ondBy.

e Threshold function for the crack phase-field with loading/unloading conditions:

O = W - (d-7#V?d)<0, d>0, ®'d=0 in8B,
; (2.23)
G.AVd- N =0 on 08,.

2.4 Review of distinctive features in CPFM for ductile frac-
ture

This section presents a review of distinctive features in CPFM for ductile fracture. Specif-
ically, the emphasis is placed on the plastic driving force and degrading fracture toughness
that enable CPFM to represent damage evolution in elastoplastic materials. Attention is also

paid to the damage evolution tendency in terms of the definition of the yield function.
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2.4.1 Concise summary of CPFM for brittle fracture

Recently, the so-called “AT2 model” is widely used and known to correspond to an expo-
nential diffusive crack topology expressed as d = exp (—|x|//f) in a one-dimensional case. As
explained in Section 3, the constitutive work density ¥ in CPF modeling for brittle fracture
consists of the elastic and damage contributions as follows:

=¥+, Y=gV +¥, ¥=0G i (2.24)
Eq. (Z5)

Based on the variational principle, two governing equations are derived as

G,
per — " (d - 17ad) =0, (2.25)

_9g(d)

V.-oc=0 d
o an 5d

where o is the stress tensor in general description, and A = V2 denotes the Laplacian oper-
ator. Here, we have neglected the body and traction forces imposed on the continuum body
for convenience. When a uniform deformation is considered (Ad = 0), an analytical solution
for the crack phase-field variable is derived as follows:

IR

=0 2.26
G + 20 ¥ (2.26)

in which we have assumed the quadratic form for the degradation function g (d) = (1 — d)*.
Eq. (Z26) eventually implies that the damage evolves along with the increase of the tensile
component of the elastic strain energy ‘Pi". In fact, this property holds regardless of the
model type, such as AT1 and AT2 models, the function form of degradation function g (d),

and the values of material parameters, G. & ;.

2.4.2 Issue inherent in conventional CPFM for brittle fracture

When an elastoplastic material is targeted, damage evolution cannot be predicted by the
straightforward incorporation of an elastoplastic constitutive law with conventional CPFM
for brittle fracture. To clarify the issue inherent in the models, let us consider the one-
dimensional problem of a uniformly deforming bar subjected to monotonic loading in its

tensile direction, whose geometric setup and material parameters are provided in Table P11
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Table 2.1: Geometric setup and material parameters for the one-dimensional bar.

Parameter Value  Unit
Length of one-dimensional bar L 10 [mm]
Total displacement u - [mm]
Young’s modulus E 200000 [MPa]
Initial yield stress Yo 1000 [MPa]
Linear hardening parameter h  10000r0 [MPa]
Fracture toughness G, 500 [N/mm]
Crack length scale parameter IR 1 [mm]

When linear elastoplasticity under the small strain assumption is assumed, the total stain &,

plastic strain €P and elastic strain £° can be written, respectively, as

_u o _ (E€—yo)
g=—, &=-—-—2-
L E+h

and & =g-¢P, (2.27)
where (o) = (o + | o |) /2 is the Macaulay bracket. Here, E, y(, and & denote Young’s mod-
ulus, initial yield stress, and linear hardening parameter. Assuming that & = ¢ in the one-
dimensional setting, we will not make a distinction between the plastic strain &P and the

plastic hardening variable (denoted by «) in the following description. Also, the constitutive

work density functional, which consists of elastic, plastic, and damage parts, yields

[ PSR AN N 4
N——

Eq. (C23)
h e 7 1E e2 (d) Ee R N lh 5 (2.28)
wi = = = = —ha”.
g(d)ZEe™, o =g g, an Yo + Sha
~ 00 ~————
‘{‘8 lyg

From this setup, the following governing equations are derived based on the variational prin-
ciple:

_99(d)
od

Pe — Ge (d - 17Ad) = 0. (2.29)

V.-oe=0 and
lg

Then, similar to Eq. (ZZ26), the damage variable d is given as

200¥

=0 2.
G + 20;%; (230)
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Here, the quadratic form g (d) = (1 — d)?* introduced in the above equation allows softening
behavior before reaching peak stress. To avoid such an undesirable response, we replace V5

by (\¥5 — W5, ) as

2 (ws —we,)
G+ 2 (W - ¥e,)

d (2.31)

where ¥¢, is a threshold to activate the damage driving force, and ¢, — oo corresponds to

an elastoplastic deformation without damage.

2500 i i — i
— h=1000 - ‘l’g >0
— h=0 e =0
2000 0 —
& 1500 e
E “...«"""“(
£ 1000
7]
500

0 02 04 06 08 1
Total strain [-]
Fig. 2.2: Stress—total strain curves for the incorporation of the elastoplastic constitutive law

and conventional CPF brittle modeling.

Using W¢, = 2.5, we obtain the stress-total strain curves as shown in Fig. 2. The black
and gray solid lines represent the elastoplastic responses without damage computation for
linear hardening (h = 1000) and perfectly plastic (h = 0) cases, respectively. In contrast, the
red and blue dashed lines represent those with damage. As can be seen in this figure, only
a small reduction of material stiffness is seen in the linear hardening case, and no damage
evolution is seen in the perfectly plastic case. This issue arises from the straightforward
incorporation of an elastoplastic constitutive law with the conventional CPF modeling for

brittle fracture. In fact, using Eq. (Z228), Eq. (Z29), and Eq. (ZZ31)), the total strain £43 at
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peak stress reads
G. 2w (Esv—y)
- +
3El; 3E E+h

Ge 2%
3El; 3E E+h|

8quad — 8equad + gpquad —

(2.32)
E+nh

h

N Squad —

Substituting the values for the linear hardening case in Table Tl into the last equation above,

|G 2% _w
- - ~ 4.7732.
3E; 3E E+ h]

This means that about 477% strain is required to reach peak stress with (1 — d.)? = 9/16.

we have

E+h
h

squad —

From a common-sense standpoint, such an extremely large deformation with only 25% dam-
age (d.; = 0.25) is impossible, especially for metallic materials. While the amount of defor-
mation at peak stress in the linear hardening case becomes smaller when the value of fracture
toughness, G, is lower, this is unlikely in actual situations. More emphasis should be placed
on the fact that damage evolution cannot be realized regardless of the material parameters
used in the perfectly plastic case because the rate of change of elastic strain energy ‘Pg is
zero during plastic deformation. In a similar model proposed by Duda et al. ™, an elasto-
plastic constitutive law was employed, but the damage computation only relied on the elastic
response. From the above discussion, it is clear that an appropriate theory to describe the

ductile fracture of elastoplastic materials by CPF modeling is needed.

2.4.3 Plastic driving force for damage computation

The first component is the plastic driving force introduced for damage computation. The
original idea was proposed by Alessi et al. ™™ %9 who introduced a plasticity-dependent
damage dissipation potential for perfectly plasticity and Miehe et al. ™% who assumed
a pseudo plastic strain energy density. As is well known, the amount of plastic work due
to hardening is larger than that of elastic strain energy under the plastic state. Hence, it

is reasonably assumed that the increase in plastic work promotes damage evolution, and
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the numerical simulation results are therefore expected to be consistent with actual failure
phenomena to some extent. Some other models adopting the plastic driving force were
proposed around the same time as the above groups. Among them, Kuhn et al. ¥ proposed
a model in the small strain framework, and Borden et al. *¥ introduced two coefficients
Be € [0,1] and B, € [0, 1] to control the portion of thermodynamic force associated with
damage evolution (damage driving force). Also, several models with a similar setup for
the damage driving force were reported. Choo and Sun et al. ™ developed a model for

146)

geological materials, and Rodriguez et al. proposed a model describing coupling with

non-local plasticity. Huang and Gao et al. ™

presented another model by introducing a
plastic adjustment function for the damage driving force, and Fang et al. ™ proposed a
model to incorporate multi-surface plasticity.

Now, let us compare the models with and without a plastic driving force, as discussed in

the previous subsection. Similarly to the setup in Section 22471, we define the constitutive

work density functional for the current case as

Y=o @l
N——

Eq. (@)

1 1 2.33
with W° =g (d) EEes62 and WP =g (d) (yoa + Ehaz). ( )
—_—— NI

l{lg \,PP

0
Then, the application of a variational statement to Eq. (Z33) provides the damage variable
as

20 (W5 + )
‘= G + 20 (W5 +¥7)

(2.34)

Similar to Eq. (Z3T), we introduce another threshold WP, to activate the plastic driving force,

so that Eq. (Z34) is modified as follows:

L, 2 (W - e, ) + (W) - W2 | 035)
Ge + 20 {(W5 — w5, ) + (W5 — W2,
Here, along with the values of parameters provided in Table 27T, ¢, = 2.5 and W%, = 500

are given to avoid softening behavior in elastic and early plastic states.
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Fig. 2.3: Stress—total strain curves with plastic driving force.

Fig. shows the stress-total strain curves for this setup. Here, the black and gray
solid lines are the same as those in Fig. 72, which are the elastoplastic responses without
damage computation for the linear hardening (2 = 1000) and perfectly plastic (h = 0) cases,
respectively. Also, the red and blue dashed lines show the corresponding responses when the
plastic driving force is used. As can be seen from Fig. Z3(a), damage evolutions are observed
in both the linear hardening and perfectly plastic cases. It should be noted that stress is a
monotonically decreasing function of plastic deformation, and its maximum appears as soon
as the plastic driving force is activated. This fact can be better understood by neglecting
Macaulay brackets in Eq. (Z35). That is, Fig. Z3(b) shows the stress responses of the cases
“‘Pg > 0, without” and “‘Pg = 0, without”, both of which represent the pure mathematical
results without Macaulay brackets in Eq. (Z35), whereas the other two curves are the same

as those in Fig. C3(a).

2.4.4 Degrading fracture toughness for damage computation

As an alternative concept for the CPF modeling for ductile fracture, degrading fracture
toughness was introduced by several researchers to represent the deterioration of material

due to plastic deformation; see, e.g., Dittmann et al. *, Yin & Kaliske *¥, Zhao et al. ™9,
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Hu et al. ™™, and Han et al. . Although the function forms of degrading fracture toughness
in these studies differ from each other, the underlying concept is the same in that the amount
of fracture toughness decreases with the accumulation of plastic deformation. Endowed with
this property, the models enable us to realize crack initiation, propagation, and bifurcation in

a region where plastic strain is severely accumulated.

o

A
AB
C
D
(o4
> = =
O &

A. Void nucleation  B. Void coalescence ~ C. Crack propagation D. Separation

Fig. 2.4: Micro-mechanisms of ductile fracture and its numerical approximation.

It should be noted that introducing degrading fracture toughness in the CPF modeling is a
phenomenological approach. As discussed in Han et al. ™, within the process zone, which is
formed around the fracture surface due to plastic deformation, the apparent or macroscopic
material properties gradually decrease due to void nucleation and evolution. The situation
is schematically shown in Fig. ZZ4. As can be seen from this figure, within the region of
localized plastic deformation, the evolution of small defects causes a reduction in the effec-
tive surface at the micro-scale, which results in the corresponding reduction of macroscopic
load-bearing capacity. This kind of phenomenon is commonly represented by the reduction
of material properties according to the effective stress concept in conventional continuum
damage mechanics (CDM) ™. A similar phenomenological description for degrading frac-

B Tt is, therefore, reasonable to

ture toughness has been recently reported in Hu et al.
assume that the fracture toughness also gradually decreases with the increase in accumu-
lated plastic strain. However, it is well known that ductile failure involves the degradation of
material stiffness not only as a result of plastic deformation but also owing to the negative

hydrostatic pressure (mean stress) in the transitional process, whose fracture trend was in-

deed confirmed in recent experiments ™. Based on these observations and considerations,
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our recent work ™7 is the first to propose a degrading fracture toughness reflecting both the
effects of the plastic deformation and the negative hydrostatic pressure.

To illustrate the effect of degrading fracture toughness, let us take the same setup as
before. Assuming a linearly decreasing function such that G. = (G, —hgeP), the constitutive

work density functional and damage variable can be expressed, respectively, as

Y= e 4 pp gt

: 1 o 1L [ dd + 2Vd - Vd
with Y° =g (d) =Ee*”, Y = ypa + zha”, ¥' = f(GCo — hge?)———dt
2\,_/ * 0 lf
‘Ifg \yg
(2.36)
and
20 (W - P5,)
d= ,
(Ee - yo) (2.37)

<GC0 - hGE——l-h> + 2lf <\Pg — \Pgr>
where Gy and hg denote the initial fracture toughness and the linear degrading parameter,
respectively. Note that the damage part P' has been modified in Eq. (Z38), reflecting a
history-dependent property of the dissipated energy due to damage. This modification was
utilized by Alessi et al. ™ and Carrara et al. ™ to describe fatigue problems, while not

considered in Dittmann et al. ™ and Yin & Kaliske *V.
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Fig. 2.5: Stress—total strain curves with degrading fracture toughness.
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The red-colored and blue-colored curves in Fig. I3 correspond to the above setup, while
the black and gray solid curves are the same as those in Fig. 2. Here, Gy = 500, hg = 600
and ¢, = 0 have been used. As can be seen from this figure, damage evolutions are observed
for both the linear hardening and perfectly plastic cases, ‘Pg > 0 and ‘I’g = 0. However, the
decreasing trends of stress are quite different from the cases with a plastic driving force
shown in Fig. 3. To be specific, while the stress does not reach the maximum for the

perfect plastic case, there is a peak stress for the linear hardening case.

2.4.5 Yield function for CPFM with plastic damage driving force

The third component in CPF modeling for ductile fracture is yield function. Although
some early CPF ductile models have been investigated in a review by Alessi et al. ® in terms
of their ability to represent homogeneous and non-homogeneous deformations, there is no
elaborate study for the effect of defining yield criteria on the performance of the correspond-
ing models. In what follows, we borrow the manner of verification presented by Grassl &
Jirdsek ™ and investigate the responses obtained by different setups for yield function.

Generally, the form of a yield function coincides with the energetic ingredients in CPF
modeling. For instance, when both the elastic and plastic damage driving forces are consid-
ered, the yield function is often defined by the nominal stress and nominal hardening force;

see References "9 An equivalent setup to these studies in a one-dimensional system is

assumed as
¢*° = (1 - d)* {E (¢ — €°) — (yo + heP)}
with ¢*? <0, & >0 and ¢*eP =0
Setup A: 1 1 G
M =21 —d)|(ZE(e - ) =) + (yos® + —he®> — P2 )| - =2d
2 2 It
with ¢*"<0, d>0 and ¢*d=0.

(2.38)

Here, ¢*P is the yield function for plasticity, and linear hardening is employed for the sake

of simplicity. Meanwhile, ¢*' is the yield function for damage, for which neither the plastic
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driving force nor the degrading fracture toughness is introduced here (¥, = +oc0 and G, =
const.) to see the distinctive difference between the material responses realized by Setups A
and B, the latter of which will be discussed in the next subsection. Note that e indicates the
material time derivative of e. Then, the analytical solution for the damage variable is again
expressed by Eq. (Z3T).

Meanwhile, we make further reference to the loading/unloading conditions. If the yield
function is negative at the current state, the deformation state is elastic, implying &° = 0. On
the other hand, if the yield function is zero, £P either becomes positive or remains zero for the
plastic or elastic unloading states. Thus, if the current deformation state is plastic, the next
state remains plastic or becomes elastic unloading. Exactly the same argument can be made
for damage. Therefore, for Setup A defined by Eq. (Z38), the following conditions must be
satisfied for the time rate of change of accumulated plastic strain (hardening variable) and
the damage variable as well as those of the yield and threshold functions:

PP <0, & >0 and ¢@*PeP =0,
(2.39)

M <0, d>0 and ¢*d=0.

Here, the material time derivatives of ¢*P and $*' can be expressed in matrix notation as

A" 9" 9P 9™ 9™ 9t
) | et T e | | et | e e ||
(bAf 6¢Afé + 8¢Af ép + a¢Afd aLAfg _aLAf _%Af d ’
N O O€P od o 0€P od NI
dph SeA KA 5'YA
(2.40)
where
HPAP OH™P
SS (- E D, T =201 - d) (B )~ (o + heD)
o " =0 Eq. (I38) (2.41)
o~ P o 5! by e | 4 G
—ﬁ_Z(I—d)E(S—s) and _W_Z(EE(S_S) s o "‘?,

in which we have assumed (o) > 0 in Eq. (Z3R) because only the elastic driving force

invokes damage evolution in this setup. Using the expressions in Eq. (2240), we rewrite Eq.
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(Z39) in direct notation as
Se — K™ . 542 <0, 64 >0 and 69 (66A — KA. 67A) =0. (2.42)

This is the so-called linear complementarity problem as elaborated in References ™™™, for

which the following conditions must be satisfied:
KL >0, Kp>0 and KNKH - KLIKs >0, (2.43)

whose mathematical justification is discussed in Reference ™. Substituting Eq. (241 into
Eq. (ZZ43), we find that Setup A with 0 < d < 1 always fulfills the following conditions

unless the unrealistic case i < —FE holds:

1 G.
KA=(1-d?E+h>0, Ky=2(zE@-e)-¥|+—=>0,
2 Iy (2.44)

and  K\Ko, — KHHKa > 0.
Therefore, it is found that ), = 0 in Eq. (Z241]) implies that the evolution of plastic strain is

independent of the evolution of damage.

2.4.6 Yield function for CPFM without plastic damage driving force

On the other hand, some studies V¥ have defined the yield function using
nominal stress and effective hardening force because the plastic damage driving force is not

considered. A one-dimensional setup equivalent to these studies is as follows:
¢% = (1 —d)* E (& — &) — (yo + he®)
with ¢BP <0, & >0 and ¢BpéP =0
G b

PP =2(1- d)<1E(g — &Py’ — ‘P> -4
2 I

Setup B: (2.45)

with ¢B'<0, d>0 and ¢®d=0

where ¢BP and ¢B' are the yield functions for plasticity and damage, respectively. As dis-

cussed in the previous subsection, the following conditions must be satisfied:

#B° <0, & >0 and ¢PPer =0
(2.46)

#'<0, d>0 and ¢®d=0
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Here, the material time derivatives, ¢ and @', can be written in matrix notation as

‘ a(po ) @¢Bp . 6¢Bp . 6¢Bp ) 6¢Bp 5¢Bp '
| | et et T | | e | | Tae aa || €
. - Bf Bf Bf - Bf Bf Bf o r
o I O e I I B VA U N
—_— oe 0eP od o€ 0P ad R g
5¢B SeB KB 6'7B
(2.47)
where
Bp Bp Bf
LW —apEen, 9 gy E@E-,
oeP ad OeP
OBt 1 ) G (2.48)
S _ — oP)? _ e =<
and 5d 2 2E(s &P) ‘Pcr) + I

Here, we have assumed (o) > 0 for convenience. Using the expressions in Eq. (Z47), we

rewrite Eq. (248) as
0e® —K®.69° <0, 64°>0 and 57BT . (JEB - KB 67]3) =0. (2.49)

To fulfill the requirements for this linear complementarity problem with non-negative com-

ponents in 62, the following conditions must be satisfied:
KP >0, Ko >0 and KK — KLK > 0. (2.50)

The first and second conditions can easily be confirmed to hold for the hardening case (h >
0):

1 G.
KB =(1-d’E+h>0 and X5 = 2(§E(8—3P)2 —\Pgr) +==>0. (2.51)
f

On the other hand, the third condition is expanded as

KK, ~ KA
2 . 2 G : (2.52)
= {(1 —d) E+h}{2(§E(8—8p) —‘Pﬁr) + T 201 -d)E(e-£")}) > 0.
£

Subsequently, after some mathematical manipulation, the following inequality is obtained:

h {E8°2 - (2\1!; - g)}
Iy

(1-d)?> o
E {3Ege2 + (2\1!; - T)}
f

(2.53)
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The left-hand side must be equal to or less than one for d € [0, 1], whereas the right-hand

side becomes larger than one if the elastic strain satisfies the following condition:

o [E+D (. G
£ \/E (h—3E) (N’“ I ) (2.54)

(<
SCI'

When this condition holds or, equivalently, when the elastic strain becomes larger than the

critical value &,

proper evolutions of the accumulated plastic strain and damage variable,
62 > 0, are not ensured. In addition, since the critical value is determined only by the
material parameters, there is no way to avoid this issue.

Fig. '@ shows the variations of stress, elastic strain, plastic strain, and the crack phase-
field variable with respect to the total strain for both Setups A and B, for which ¥¢ =
2.5 is again given. Here, the black-colored solid line in each of the figures indicates the
response of the “intact” state without damage evolutions, and the red dashed line indicated
by “effective” represents the result of Setup A, in which the effective stress is employed in
the yield function. Also, the blue and magenta dashed lines, indicated by “nominal (m)” and
“nominal (s)” , correspond to the results of Setup B by using the monolithic and staggered
algorithms, respectively, which adopt the nominal stress in the yield function. As can be
seen from Fig. Z@(a), the stress response of “effective” shows a gradual decrease but never
declines drastically. In contrast, the stresses of “nominal (m)” and “nominal (s)” are almost
the same as the “intact” state until reaching their peaks and exhibit different trends in the
rapid drops immediately after the peaks. See also the enlarged view around the peak stresses
in Fig. ZG(b). As mentioned above, since the accumulation of plastic strain computed by the
“effective” case equivalent to Setup A is independent of damage evolution, the evolution of
elastic and plastic strains match those of the “intact” case; see Fig. _6(c)~(e), where the red
dashed lines overlap with the black-colored solid lines, so the black-colored solid lines are
barely visible.

Meanwhile, in the “nominal (m)” case corresponding to Setup B, an abrupt increase in
elastic strain and a sudden decrease of plastic strain are seen at € ~ 2.32, which corresponds

to the instance when the elastic strain reaches &f.. In fact, by using the parameters listed in
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Fig. 2.6: Stress, elastic strain, plastic strain and crack phase-field variable—total strain curves

with effective/nominal stress (“effective” and “nominal (m)” are equivalent to Setup A and

Setup B).
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Table T in Eq. (Z34)), we can compute the critical value of elastic strain &5, as

(E + h) G.
e = [T foge _ Ze) L 0.02882,
Cer \/E (h - 3E) ( o )

which is exactly the same amount of increase/decrease in elastic strain/plastic strain indicated
by the blue dashed lines in Fig. ZZ6(d) and (e). As a result, the damage variable instantly
approaches to one due to the rapid increase in elastic strain energy, as shown in Fig. DZ6(f).
Also, during this process, the plastic strain becomes negative, as can be seen from Fig. -f(e).
The situations for Setups A and B can be adequately explained by depicting the plastic strain
surfaces defined as functions of the total strain and crack phase-field variable, which are
obtained, respectively, as

_(1-dEs—y,

Ee —yo
g = = .
Setup B (1 _ d)ZE +h

Setup A E+h and

(2.55)

Fig. 271 shows the corresponding surfaces. The plastic strain surface of Setup B exhibits

A e

i SSelup A 1 50 3

"""""" effective 20
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Fig. 2.7: Surfaces of plastic strain determined by crack phase-field variable and total strain.

a depression with minus values of plastic strain (Fig. Z77(b)), whereas that of Setup A does
not (Fig. I71(a)). Also, the three lines indicate the paths of the “effective”, “nominal (m)”,
and “nominal (s)” cases. As can be seen from Fig. ”J(a), the plastic strain is constant with

respect to the crack phase-field variable, and the actual path indicated by the red line on
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the surface monotonically increases. In contrast, as illustrated in Fig. Z7A(b), the plastic
strain surface attains the minimum of é? = —1 at d = 1, and the blue line, representing the
“nominal (m)” case, varies from the origin (d, €, €?) = (0,0, 0) and moves in a single bound
from a certain point to the minimum. Thus, it is concluded that the combined use of nominal
quantities in the yield function and the monolithic algorithm (Setup B) leads to physically
unacceptable updates of the state variables.

On the other hand, as can be seen from the magenta dashed line in Fig. ”A(b), the stag-
gered algorithm may be used to achieve physically acceptable constitutive updates. That is,
at least, the values of plastic strain are kept positive. As suggested by Miehe et al. *” and
Ambati et al. ™, converged solutions can be obtained stably to some extent by the staggered
algorithm even for unstable crack growths. We guess that this algorithm is also effective for
stabilizing elastoplastic constitutive responses. In short, every time the mechanical field is
solved, the deformation state must be determined by reference to the yield function. Since
the equivalent stress is multiplied by the degradation function in the yield function, the defor-
mation state inevitably becomes elastic when the damage variable d reaches a certain value.
A comprehensive explanation of this situation can be found in ¢®° of Eq. (ZZ43). Owing to
this property, the magenta dashed line in Fig. Z@(e), which represents the evolution of plastic
strain for the “nominal (s)” case, does not exhibit negative values. Also, the damage variable
gradually reaches one, as can be indicated by the blue dotted line in Fig. IZ6(f), while that of
the “nominal (m)” case instantaneously becomes one. In addition, as can be seen from the
magenta dashed line of Fig. Z8(c) and (e), after the yield function returns to negative, the
evolution of the plastic strain ceases, and any additional deformation is considered elastic
deformation.

This transition in the deformation state from elastic to plastic and again to elastic states
seems to be physically inappropriate, but it brings computational stability. That is, since
the region with severe damage exhibits an elastic state, it is unnecessary to execute the re-
turn mapping calculations, which leads to computational instability caused by the excessive

amount of softening of finite elements. However, it should be noted that the solution after the
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cessation of plastic deformation is just “a solution of either the governing equations for dis-
placement or damage variable” but does not necessarily satisfy both of them. In other words,
the intermediate solution in the staggered algorithm does not represent an actual physical
state. This can be visually understood from the magenta dashed line in Fig. IZ4(b), which

deviates from the surface.

2.5 Proposed model

As suggested in the previous section, to describe ductile fracture by CPFM, the plasticity-
induced damage driving force should be involved in the formulation. In this section, based
on the study of characteristic features of existing CPFM for ductile fracture, we propose a
new model ™? endowed with elastic and plastic damage variables. Its constitutive work den-
sity consists of the elastic, plastic hardening, and damage hardening components. Evolution
laws for plasticity and damage are derived by using separate threshold (yield) functions while
having similar formats so that those for damage hold variational and thermodynamic consis-
tencies. Also, the proposed model is equipped with thresholds and coeflicients to control the

amount of damage driving force.

2.5.1 Constitutive work density functional

In line with the previous studies ™% we define the following constitutive work density

functional to describe the energy state of the continuum body:

Y=Y (F, F?,d° + VP (@, a,Va,d”) + ¥ (F, FP, a,d, Vd), (2.56)

where ¢, PP, and W' denote the elastic strain energy density, the plastic strain energy density
(stored energy due to plastic hardening) and the energy density due to crack surface gener-
ation (stored energy due to damage hardening), respectively. Also, d° : By X 7 — R and
d? : By X T — R are the elastic and plastic damage variables, whose evolution laws will be
presented later. In the following, specific function forms of these energy density functionals

are provided in order.



39

[5R),159)

Similar to Eq. (12), we employ a Neo-Hookean hyperelastic constitutive law

with a volumeric-deviatoric split ™ of the elastic strain energy density as

g (d°®) ‘I’S,dev + ‘Pg’vol + 0 forJ° > 1 c (J2 -1
( pe+ ) Yo 8,v01 = 5 ( ) - hl]e)
Ye = 0 with ,
e (5] (5] e e _ ll :
g (d*) ¥ ey + ¥ 101 for J* <1 ¥ ey = 5 U = 3)
e e
(2.57)

where I is the first invariant of the second-order tensor defined as b° = J*™2/3b¢ with b° =
Fe¢. F*T being the elastic left Cauchy-Green tensor. Additionally, J¢ denotes the Jacobian of
the elastic deformation gradient F°. When the plastic incompressibility, namely det [FP] =
1, is assumed, J° = J = det[F'] is ensured. Moreover, g (d°®) is an elastic degradation
function to describe the degradation of material stiffness, for which the following two forms

are employed:

Quadratic form: ¢ (d®) = (1 — d°)*
(2.58)
Cubic form: ¢ (d®) = (s —2) (1 —d®) + (3 — 5) (1 — d°>.

In a one-dimensional elastic case, the theoretical peak stress and strain for Eq. (Z3X), are

given, respectively, as

- 81 [2EG ; 10G
li cubic _ =~ ¢ d 1 ecubic _ < , 2.59
s’ T50V sy N e T\ 27Eg 22

Using 05" = g (d°) E£*"*, we have g (d°) = 243/250, which means only 2.8% of Young’s

cr

modulus degrades before the stress attains its peak. Thus, one beauty of this function is that
it provides an almost linear stress-strain response up to the peak stress.
Second, the plastic strain energy density (stored energy due to plastic hardening) is de-

fined as
a 2 p
WP = g (d) {f A (&) da + yo5 IVall’ + - (@ - a)2}, (2.60)
0

where H (@), yo, l, and p, are the plastic hardening function at material points, the initial

yield stress, the plastic length scale parameter, and the penalty parameter to link @ to « in
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the micromorphic regularization, respectively. Also, g (dP) is a plastic degradation function,
which assumes the same function form as in Eq. (Z3X). Here, the spatial gradient of the
global hardening variable has been introduced to smooth the distribution of plastic harden-
ing energy spatially. Without the spatial gradient term for damage computations, we may
encounter strong nonuniform distribution of damage variables even in one element. This is
an inappropriate situation because the fully damaged element still has resistance to loading.
Note that if a large value of the penalty parameter p, is taken, the connection between «
and @ becomes stronger, but the convergence property of the Newton-Raphson procedure
is reduced or lost. So, relatively small values of the penalty parameter will be used in our
numerical examples, with priority given to ensuring convergence.
Lastly, we borrow the idea from References "™ to define the energy density due to
crack surface generation (stored energy due to damage hardening) as
. ! . dd+l%Vd-Vd
P = fo Ge(a",1}) (Z—f)dt. (2.61)

Here, G, denotes the degrading fracture toughness and is defined in this study as

0G, (a*, T;) 0G. (a*, T;) ‘ 1
T < 0, T <0 with o' = <a’ - a’cr> s Tp = <§tr [TO] _Tcr> ’ (262)

p —_——
Tp
in which the degradation effects are determined by both the plastic hardening variable o and
the negative hydrostatic pressure 7,,. The concept of degrading fracture toughness stems from
the macroscopic and phenomenological viewpoints for the failure of elastoplastic materials,
as explained in References ™™ Here, we have used two variables with different units (a*
& 7,) to define the degrading fracture toughness by directly extending the previous studies
SDEDED - Nevertheless, another choice of arguments having the same unit can be taken for
the degrading fracture toughness; for example, G (||T0,dev||, Tp) or G; (@, J°) may be possible.
Note that the degrading fracture toughness is introduced to describe monocyclic fracture in
this study, though it can be extended to reproduce fatigue problems by introducing the kine-

matic hardening for plasticity and the cyclic history variable for degrading fracture toughness

as proposed by Alessi et al. °®, Carrara et al. ®, and Ulloa et al. ®.
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Remark 1 Since Eq. (IZ61) is a time integral form, the constitutive work density functional
Y is history-dependent with respect to & and ;. Then, Eq. (Z58) is no longer a state func-
tional, and we thus proceed with our discussion by using the power density ¥ to circumvent
this history-dependent problem in what follows. Note that Eq. (Z38) is a state functional
only when the fracture toughness is assumed constant (G. = const.) as to be done in general

CPF brittle and ductile models.

Remark 2 One may argue that Eq. (U38) is unacceptable in terms of the principle in
physics because it is regarded as “free energy density” but involves plastic and damage
dissipation terms WP and V'. However, such a manner of incorporating ¥? and V' into the
free energy (or stored energy) density is widely accepted in the existing plasticity/damage
modeling; see, for example, "N NEL) - Specifically, for the modeling in plasticity, the en-
ergy due to plastic hardening is commonly considered as a “pseudo” energetic component
of free energy density. In this context, we are also able to assume the existence of pseudo
energy due to damage hardening and consider it as a part of free energy. In short, the argu-
ment is whether or not possible to assume the dissipations relevant to plasticity and damage

hardenings as energy components of the free energy (stored energy).

2.5.2 Thermodynamic consistency

Based on the first principle of thermodynamics, the energy conservation law is written as

dK dD
- = Fo o7 2.63
dt + dl fext u fmt u, ( )

where f. and fi, are the external and internal forces. Here, to confirm the thermodynamic

consistency of the proposed model, we define the energy dissipation rate as

fext'u_%(\y‘l'K):fint'u_T (264)
where
fint.u:T:d7
. ovye . ove . o¥P . JPP oyP oYP . ovt . ot .
\I’: N € © 2 ) V P V .
o el 3 3 ave Y e T ea  ava Ve
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The rate of deformation tensor d and the material time derivative of the elastic left Cauchy-

Green tensor, b°, are given, respectively, as

LP
——

1 . . .
d=sym[l]=~(1+1") with I=F-F'=F F+F . F°.F"'.F,
2 %/_/
e I

(2.66)
and
b=L-b+b"-I"+F-C"' - F" (2.67)
Thus, for a scalar quantity e, the following relation holds:
de . Oe
b =2 b (d-dP 2.
o ( o ) d-d), (2.68)
where dP denotes the rate of plastic deformation tensor defined as
1 )
d’ ;= F°-sym[LP]- F*' = —5F- cr'.cr-F'. (2.69)

After some mathematical manipulation for Eq. (ZZ64), we obtain a more explicit form of the

energy dissipation rate as

T dP - Pa+ 1 + PdP - r'd, (2.70)

fe 7, and rf are the driving force for plasticity conjugated to dP, plastic dis-

where T, 1P, T
sipative resistance force (plastic hardening force) associated with @, elastic damage driving
force conjugated to d°, plastic damage driving force conjugated to d?, and damage dissipative
resistance force (damage hardening force) associated with d, respectively. They are defined
as

e Je@ g (2= 1)1+ g (@) pdev [b] forJe > 1 | o

ob° (2= 1)1+ g@)pdev ][] forse <1

P = % =g(d{A @ + py(@- )}, (2.72)
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Tfp . _a\Pp _ _ag (dp) P

- - 2.74
Odp odv 2.74)
and
i oM d Y G (a* T*) d—PAd 275
T 8d dX ovd O\ P s ' '

Note that during the derivation process from Eq. (Z64) to Eq. (Z7Z0), we have assumed
0,Y = 0 based on the micromorphic regularization. Thus, the terms involving « vanish. In
addition, owing to the plastic incompressibility, i.e., det [FP] = 1, assumed in this study, we

have

L det[CP] = 2 det [F?] 7 < (FPT - (L2 + L) B} =0 = tr[sym [L7] = 0.
=1

(2.76)
Considering this property, we can use the relation 7 : d?P = 7y, : dP, and Eq. (ZZ70)

eventually yields
Toey & dP — P& + 7%d° + PP — rid. (2.77)

In order to prescribe the admissible stress field for plasticity, we define the threshold
function (the yield function in J, plasticity) as

el 2gd)yo+r’ 2 P
O (Tgey, 1) 1= 0 \/;W = ||70.devll — 3 (yo + 1”0) <0, (2.78)

in which the effective stress 7y and effective hardening force ry are used. Note that the set
of 7 and r? (or 7y and rg) for the threshold function Eq. (E7Z8) is convex and define the
admissble space such that KP := {7y, 7’ | ®? < 0}. It should also be noted that Eq. (ZZX)
does not lead to the improper plasticity/damage responses as demonstrated in Section 243
and matches the concept of the effective area in CDM, as established by Kachanov "™,

Rabotnov "™, and Murakami ™.
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Similarly, to define the admissible stress field for damage, another threshold function is

defined as

of (Tfe,Tfp, rf) = P <0

" g (d°
Tfe — _ g( ) \Pg+ _ \Pzr>ée — Tfege/\/e _ T(f;{e/\/e, (279)
. ade
with 94 (d°) i
o = 2T WP = Ty — B

where 7™ and 7" are the “modified” elastic and plastic damage driving forces. To acti-
vate these driving forces, two threshold parameters V¢, and %, have been introduced. Also,
inspired by Borden ™, two coefficients ¢ € [0, 1] and ¢P € [0, 1] have been introduced
to control the contributions of elastic and plastic strain energies for damage evolution, re-
spectively. From the phenomenological viewpoint for failure in elastoplastic materials, the
two threshold parameters, V¢, and PP, realize the behavior such that “the deterioration of
material initiates after experiencing a certain amount of elastic and/or plastic deformations”,
while the two coefficients ¢ and {P realize the behavior such that “not all the portion of the
thermodynamic forces 7 and 7 contribute to the damage evolution”. Similarly to plasticity,
the set of 7, 7, and ' (or ™", 7", and r") in the threshold function Eq. (IZ79) is convex
and define the admissble space such that K' := {Tfe, P, | @f < O}. In addition, y° and y?
are step functions defined as, respectively,

1 if P -9 >0 1 if ¥ - >0
X© = and P = . (2.80)

0 otherwise 0 otherwise

Now, for the given rates {dp, a,de,dv, d}, we postulate the dissipation potential Y’ as

T = sup [‘rdev dP - rPa + T + PP rfd] : 2.81)

{Tdev,rP}EKP, {Tfe,TfP,rf}EKf

This optimization problem is a particular case of the principle of maximum dissipation and

can be rewritten in an equivalent form:

T = sup sup [’Tdev cdP — Pa + T%d° + tPdP — rd — POP — /lf(Df] . (2.82)

{7119\,,rl’,‘z'fe e f } {/lP,/lf}
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where A > 0 and A' > 0 are Lagrange multipliers, i.e., the plastic multiplier in the theory
of plasticity and the damage multiplier in the crack phase-field description. Then, we find
the stationary conditions of the Lagrangian in Eq. (ZZ82) with respect to {’Tdev, P, rfe 7P, rf}
and {/lp, /lf} to derive the following five evolution laws accompanied by the corresponding
loading/unloading conditions:

G(DP _ /lp T 0,dev
0Taev  9(d®) |70 devl

a = _ﬂp@ = \/2 A
B arr N 3g(d)
acp >0, ® <0, and APD* =0

dc = (9 — = = Ay with ‘ . (2.83)
>0, <0, and VD' =0

dr =

ol
dP — /lfa 5 _ /lfngP
. L
d=-1'— o7 =A

Since ||dP|| = A?/g (d°) and d = A, the second, third and fourth evolution laws in Eq. (EX3)

yield, respectively,

. g(d) e 3
& dp)\[ Il d° = 2x°d, d° = Oy (2.84)

Following these relations, @ & b° (or dP) are updeted according to Algorithm [0 in Section
26T, and d° & dP are updated by Eq. (ZT22) in Section 2672, respectively.
The thermodynamic consistency can be confirmed for all variations {dp, @, d, dp,d} as

follows:

T = sup Tiey : dP — PP + T°d° + TGP — rfd]
{Taev 1PYeRP, {7fe 7P /M eKf

2 g (d) \/7
- Za(d® yalldPll + 7P P|| — (2.85)
Tdev,rf}:gﬁp’rf[\/gg( ) yolld®ll + r [ @ 1]l )

09 (d). . .. dg(d®) N Y .
—%T‘Pcrd - % R + = (d —{d)+2—p(dp—§pd)],

in which we have reflected the assumptions such that y* = y? = 1, 7' = r + P, 77" < jfe,

and 7" < # for convenience. For the hardening materials (+* > 0), the dissipation potential
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Eq. (ZX9) eventually takes the closed form as follows:

2 g (d°) e e Og(d)

= e Pl _ e je _ P jp
\/gg(d)yolld [ pye Ved o ———¥od

T if ggjp;\[ Il F<sd ad d<gd - (2386)

+o0o otherwise

To the best of our knowledge, the present study is the first among the models equipped
with the thresholds and coefficients used to control the damage driving forces to derive the
variationally consistent evolution laws for damage variables (the third, fourth, and fifth equa-
tions in Eq. (Z¥3)) in CPF modeling. As mentioned in Section 2473, while thresholds and
coeflicients to delay the activation or control the contribution of plastic driving forces have
been introduced in earlier studies ™% the variational structure of the evolution of the
damage variable appears to have been overlooked. As a result, the damage variables, d°, d®,
and d, have not been differentiated. For brittle fracture, d” does not exist, and d° is naturally
equal to d. On the other hand, when the ductile fracture accompanied by plastic deformation
is considered, the term 7" in Eq. (ZZ19) has no effect until it is activated, and d? = 0 while
d® > 0 with 7" > 0. Therefore, since the evolution tendencies in d¢ and dP are different, the
evolution laws for plasticity (the first and second equations in Eq. (Z-83)) are separately af-
fected by g (d°) and g (dP). Further explanation about the motivation to introduce two damage

variables is given in Appendix AT

Remark 3 As suggested by Miehe et al. X, as long as the same degradation function g (d)
acts on both the stress and hardening components, the evolution of plastic deformation is
independent of that of damage. That is because of the relation ¢ = g (d) ¢, and it is indeed
demonstrated in Section 43. However, once the different forms of degradation function or
evolution tendencies of damage variables are assumed, as discussed in this thesis, we may
encounter improper plasticity/damage responses as shown in Section 4 8. For instance, if
we assume the yield function as ¢* = g (d°)||To.devll — g (dP) ( vV2/3 (yo + rg)), there exists a

critical amount of elastic strain similar to Eq. (Z233).
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Remark 4 The plasticity modeling and damage modeling have similar mathematical struc-
tures, as recognized from Eq. (I”IR), Eq. (I719), Eq. (ZX3), and Eq. (I8A). That is, each
has a threshold function & appropriate loading/unloading conditions and eventually leads
to a similar form of dissipation (initial yield value multiplied by a rate of the conjugating
variable). This manner of formulation is sometimes called “two-surface formulation” as in

Brepols et al. ™™ and is commonly seen in Literature for CPF modeling.

Remark 5 Unlike some CPF ductile models introducing the plastic damage driving force
SEVED  the proposed model does not involve the damage driving force due to the initial
vield stress (—dg (d®) [0dPyoa). In the case of perfectly plastic materials, this setup makes
the damage driving force zero. In such a case, the degrading fracture toughness plays the

role of promoting damage evolution.

2.5.3 Verification of the positivity of A° and A'

The positivities of the Lagrange multipliers AP and A' for the novel evolution laws Eq.
(ZX3) are confirmed in this subsection. As discussed in Section 243 and Section 4@,
the following conditions must be satisfied under the plastic/damaged state in addition to the
loading/unloading conditions in Eq. (ZX3):

>0, <0 and PP? =0
(2.87)

AA>0, & <0 and A =0
To simplify the discussion, both the elastic and plastic driving forces are inactivated in what
follows. Then, ®? and @' are expanded as, respectively,

1 LOLI
= b+ —a+ —a

©0be oa oa

AP Py 1 (. o0 Toaer 2 1 oar) (28
(22 pe) a+s B - pRedudiipy ) UK Y I T
ob° O g(d°)\ ob° |170,dev | 3g(dr) oa

0}
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and

5L R T L 0 A0t .. 0" . 4Dt . HDf

of = b+ &+ a+ d® + d® + d Ad

ob° o T3 T e T T a %" ana

oD oD 1 (00" T0,dev \/E 1 o
=12 b id+ —a— 2 b —— — 4[> — AP
( b ) T oa " {g<de>( b ) Froaell ~ V3g@@ oo [ %
( a0’ | 90t 9t &P amf) .

- e _ p
ade ¢ odr ¢ od  dX?0Ad

These expressions of the material time derivatives, ®P and @', can be written in matrix

notation as

oor L\ oor
P (2 b -b ) cd+ %Q’ 7(‘11 7(12 AP
| f ro ' : 2.90
of (28@e . be) cd+ agd Ko K At ( )
—_— db o . PN 2
0P s &y

e

1 ODP Todev \/5 1 ODP
7( = — 2 . be - — —_
! g(de)( ob° ) IToaerll V39 (d») ba

(2.91)
go | (20ch be)- Todev _\/2 1 of
1@ \"ob ) el V3g (@) da”
sy OV e 0V, 00 & o0
27 0de°  ode®  dd  dX?0Ad
The substitution of Eq. (ZZ90) into Eq. (¥7) yields the following conditions:
de —K-6v<0, dv>0 and 6~ -(6e—K-d8v)=0. (2.92)

Similarly to the discussions in Section 2475 and Section 2246, we have the following condi-

tions ™Y to satisfy the positivity of Lagrange multipliers §-:

7(11 > 0, 7(22 >0 and 7(117(22 - 7(127(21 > 0. (293)
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The first condition is satisfied for an arbitrary material with hardening behavior (8c—,rg > 0).

1 oor ev 2 1 0or
Ku = (2 -be) ; T0dev \/j -
g(d°)\ abe lI70,evl 3g(dPr) oa

That is,

_ 1 (za”TO,dev” be) . T0,dev 2 1 8}"8 (294)
g (d°) ob* Imodedl 39 (dP) _da
>0 >0

The component K5, is rewritten as

A0t o0f Aot d* 90f

[ € _ P __ _
Ko =558 "ot " 6d " axX:ond (2.95)
Pg) \er wer o2 I (o o\ 2 Ge & 9G.l:Ad '
- adcz \PO - \Pcr){ + adpz (\PO - \Pcr)g + ? - dX? OAd > 0.

Here, the quadratic forms, g (d®) = (1 - d°)* and gd) = (1- dr)?, always guarantee the
second condition in Eq. (Z293), namely K5, > 0, because they are convex with respect to
the damage variables, d° and dP. That is, both the second derivatives become 6zezg(d°) =
ﬁfing (d®) = 2 > 0. Nevertheless, if the cubic form is employed, 8§ezg(de) = (')zng(dp)
may have negative values. To be precise, aflezg d®) = (12— 65)d® + 4s — 6 and 8§ng dP) =
(12 — 65)dP + 45 — 6 are zero or positive only when d® > 0.5 and d” > 0.5 for any s > 0, so
that 75, > 0. If either d° < 0.5 or dP < 0.5, an additional procedure is necessary to confirm
the inequality condition in Eq. (Z293), as explained in detail in Appendix [A~2. Finally, from
Eq. (294), Eq. (Z93), and K, = 0, the third condition is verified, which confirms that two

Lagrange multipliers, AP and A', are positive.

2.5.4 Governing equations

To derive governing equations, we consider the power balance equation such that

E+D=9, (2.96)
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where &, D, and P are the internal power, dissipation power, and external power defined,
respectively, as

szf
B

0 Eq. (I83),

¥ dv, D= f T dv,
—— 3 ——
 Eq. (30) (2.97)

and P = B -adV + T - udA + TP - uPdA.
By oBY 0B

Here, B is the body force in the initial configuration, and T~ & TP denote the traction forces

acting on the Neumann and Dirichlet boundaries, 8881 & 6BOD, in the initial configuration.

The substitution of Eq. (ZZ97) into Eq. (Z9A) yields

N G | RN N RN R\ U NI, N CR | L
b de 7 ' -V P d .vd|dv
Lo(abe T T 9 v YT s T ad T ava )
2 dg(d) . .. Bg(d) . .
Zg(d) yolld®|| - ¥ e — 24P | dV
+f80[\£g< Yol - 5w e - D n e g
—me,dV— T - udA - TP - uPdA
By By B>
= - (V-P+B)-udV+f (P-N—TN)-udA+f (P-N-T") u dA
By 0By B>
3 2 o) -
- fBO \/;g(dp)[HTO,devH - \/;(yO‘H’O)]a/dV

dr<0

+ f (pp (a—a)— yolpzAa) adV + f (yolpzvaf . N) adA
Bo 4By

. _r
_ fg (_ dg (d )<l1_,8+ ) dg (dP) <\Pg _ \Plc’r>§P -G, (a*, T*) (d llfAd)) dav

ode odr p f

of<0
+ f (Ge (. 7;) 1sVd - N)ddA =0,
08By
(2.98)

in which we have used the relations in Eq. (Z66), Eq. (ZZ67), Eq. (Z-6X), Eq. (¥4) as well
as P = 0p'P° and the Gaussian divergence theorem.

Meanwhile, the first-order stability condition for any possible variations {ou, 0@, o, dd}
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can be written in a similar form as

- (V-P+B)-6udV+f (P-N—TN)-5udA

N
IB)

By
3 2 _
- LO \/;9 (d) (”TO,dev” ~\3 (!/0 + i’op)} oadV

Pr<0

+ f (pp (@ —a) - yolpzAa) oadV + f (yolpzva . N) SadA
BO aﬁgo

09 (d*) \er werse 09 oo . [(d-BAd
- fBO (_ Jd° <\PO - lI’cr>§ - 9dp <\PO - Wcr)( - Gc (a' 7Tp) lf oddV

<0

N f (Ge(e*,73) 1'Vd - N) 5ddA > 0.
08B
(2.99)

Finally, from Eq. (Z98) and Eq. (Z99), the governing equations of the proposed model are
derived as follows:

e Equilibrium for mechanical field:
V-P+B=0 inB, P-N=TY onoB), u=u ondBp, (2.100)
e Equilibrium for micromorphic plastic field:
pp@—a) —yl,’Aa=0 inB;,, Va-N =0 ondB,, (2.101)
e Threshold function for plasticity with loading/unloading conditions:

2 . .
O° = |70 gevll — \/;(yo + rg) <0, @=>0, ®a=0 inB, (2.102)

e Threshold function for damage with loading/unloading conditions:

g (d°)
ode

dg (d?)

O =
adp

<Tg+ - lPirN:e -

d- zf.Ad)
<0,
Iy

<%—%Mk64ﬁ®(
d>0, ®d=0 inBy, Vd-N =0 ondB,,
(2.103)
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2.5.5 Equivalence and novelty

To close this section, we remark on the unified nature of the proposed model by reference
to several recently developed CPFMs.

As suggested in Section 24, the plastic driving force and the degrading fracture tough-
ness are the two major elements for realizing the ductile fracture of elastoplastic materials
within the CPF framework. For instance, suppose we consider only the elastic and plastic
driving forces while assuming constant fracture toughness. Then, this setup is equivalent to
that of Miehe et al. *” by activating the damage thresholds, ¥¢, and P¥,, simultaneously and
setting the damage coefficients at ¢ = 1 and P = 1. Also, if ¥¢, = 0 is assumed, and if any
values are given for W2, £° and ¢P, the same damage driving force as in Borden ™ is realized
by the proposed model. Similarly, our model is capable of realizing the assumptions on the
damage driving force made in the other models 514018080 49 described in Section 7473,
The difference between these models and ours is the origin of the evolution laws of damage
variables. The novelty of our proposed model is clear; that is, it is the first model to derive
the damage evolution laws in Eq. (ZZ83) as a consequence of the variational formulation,
whereas they were not properly considered in previous studies in spite of the introduction of
the thresholds and coefficients.

On the other hand, if a degrading fracture toughness is utilized without introducing a plas-
tic driving force, i.e., P&, — oo, the proposed model is equivalent to the models proposed
by Dittmann et al. *, Yin & Kaliske *¥, Hu et al. ™, as described in Section Z-Z4. Here,
“equivalent” means that each model has the same degrading tendency for fracture toughness.
That is, severe plastic deformation provokes damage, because the value of fracture tough-
ness decreases as plastic strain accumulates. Also, it should be noted that the degrading
fracture toughness introduced in the proposed model decreases not only by the accumulation
of plastic strain but also by the increase in the negative hydrostatic pressure. Therefore, the
degradation tendency can manifest the effect of stress triaxiality in addition to that of plastic
deformation. This idea was originally proposed by Han et al. ™ in their study designed to

51)

experimentally validate the failure tendency of advanced high strength steel (AHSS)
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In this context, the proposed model ™ can be regarded as a unification of several of the
existing CPFMs for ductile fracture, as summarized in Table 2, where each model can be

regarded as a specific case of the proposed model employing a set of parameters.

Table 2.2: Unified nature of the proposed model by reference to several recently developed

CPFMs.
Working group yeoo b e P G.
Alessi et al. D) | = = =1 =1 = const.
Kuhn et al. 59 =0 =0 =1 =1 = const.
Miehe et al. 5 #0 #0 =1 =1 = const.

Bordenetal. ™ | =0 #0 €[0,1] €[0,1] = const.

Dittmann et al. 5 | = = =1 =1 # const.
Yin & Kaliske™ | =0 =0 =1 =1  #const
Hu et al. % #0 #0 =1 =1 # const.
Han et al. 2" #0 #0 =1 =1 # const.

Furthermore, another difference worthy of remark is the definition of yield function.
The yield function in the proposed model is true to the theory of CDM "800 - while
being defined to coincide with the form of energies in previous studies. Consequently, the
evolution laws for plastic deformation become equivalent to those in CDM for plasticity,
and the evolutions of plastic strain and the plastic hardening variable are influenced by the
corresponding damage variables, d° and dP.

Thus, the proposed model has the versatility to become equivalent to various models by

turning the components relevant to damage modeling either on or off.

2.6 Numerical implementation of the proposed model

The return mapping algorithm for local plasticity and spatial discretization by Isogeo-
metric analysis (IGA) ™ are presented in this section. For detailed forms of vectors and

tensors, refer to Appendix A73.
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2.6.1 Return mapping algorithm for internal variables

Algorithm 1 Return mapping algorithm.

(% At time step f,,+1, the variables Fj,. 1, CP;I and rgn are known.)

1 - . tr — et . eitr _ -1 T
Compute the following stress tensor for the trial state: 7o'y | = udev lanJ withb " = Fyyy - CP7 - F |

. . . . 2
Check the deformation state by the yield function: ®P (7-6‘ devnil’® rg n) = ||7-(§r devnitll = 3 (yo + rgﬂ)

if ®P < 0 then

(a1 = Gy
else

(% Plastic state)
T0,dev,n+1

1:
2:
3:
4.
5: (% Elastic state)
6:
7
8:
9:

2
Solve AEH and 1| from two local governing equations, |70 dev.n+1ll — \/;(yo + rg,n-H) =0and Toa T — 1,y =0,
Ldev,n+
. o ’15+1 e,tr — — 2 /,‘S+1
10: where by | = exp _zg(de)At"”"”“ b and @pel = @ + 3 g(dP)At"H

11: endif

A pseudo-code for the local return mapping algorithm is shown in Algorithm 0. Here,
the plastic multiplier A and flow tensor n are internal variables to be determined. Also, to
ensure the incompressibility of the plastic deformation, exponential mapping is adopted.

The residuals of two local differential equations are expressed as

2
re=- [nro,dev,kn - \g (vo + rg,k)] (2.104)
rm — _( TO,dev,k_ — nk) , (2105)
[iex O,dev,k”

where the index k represents the iteration of the local Newton-Raphson scheme. By lin-

earization, its tangent matrix yields

o | o Ko (2.106)
kn/ll’ knn
with diagonal components
/1p 2 p
dexp|-—2—~—At,, ;|- b ola, + \/j gy ]
o Olmosed! P ( g@d) " k) o \ﬁar&k ( 3g)” "
e ob PYD 3 da PYD ’

(2.107)
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oo 1 OTogevk  Todevk  _ OllTogevall
BTEY odevikll O [170.devlI* on -
P
dexp|-2——At,, ;|- b
:( 1 OT0 dev __T0devik ® a”TO,dev,k”)' p( (de) o k) i 1
170.aevill ~ Ob° [170.devlI* ob* ' on -
(2.108)
and off-diagonal components
P
0 — Aty |- B
Mol eXp( 7@ ’“) ! (2.109)
T ke on :
1 0mogevk Todevk OllTodevill
kn/lP - - 2
1T0.devkll  OAP IT0devkll* 0P
A
exp|—2—-—=41, n)
_( 1 0Todevk  Todevk _ OllT O,dev,kH) , ( g(d) "t et
1T0.aevill b (170, dev.ill? ob° AP 12
(2.110)
where
P
0 22— Aty |- b
exp( 7@ ’“) ! y !
EXT: = DCXp -2 (d )Aln_an 2g(de)Atn+1nk brz+1
(2.111)
p
e,tr
anp( ’ (de)mn“n) b"“ Dexp(-2-% 4 b Y e
= toh t, :
on TP\ @y g () " Zom [ et
iakl “
(2.112)

Here, D exp denotes the derivative of the second order exponential tensor, and lsym is the
fourth order symmetric identity tensor. Also, to show formulations explicitly in tensor no-
tation, we define an operator * that represents a contraction of the second basis of a fourth-
order tensor X and the first basis of a second-order tensor Y, which corresponds to the index

notation Xj,jxY,;.
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2.6.2 Spatial discretization

After some mathematical manipulation, the weak forms in the current configuration for

the mechanical field, micromorphic plastic field, and crack phase-field yield

fzszéudv—fb-éudv—f t - suda = 0, (2.113)
8 J 3, a8Y
1 r
f— (@— @) 60+ 22Va - Voa b dv = 0, 2.114)
B/" [E

and

1 d* v c
f 1 {_ag( ) (PSP 375 — 99 )<\Pg — P2)¢P5d — (l;— (dod + 7Vd - V(Sd)} dv = 0.
B f

J ode adp
(2.115)
Here, b and t are the body and traction forces in the current configuration defined as
B T
b=— and t= . (2.116)
J JVN -C-'-N

The state variables (u, @ and d) and their variations (6w, da and 6d) are approximated in

a general manner by using second-order NURBS basis functions R’ as

Nnode Nnode
u~ul= E Rau!, Su ~ su = E Risu!,
I1=1 I=1

Hpode Hpode

ax~a = Z Ra!,  Sa~éad = Z Risa!, 2.117)
=1
FMnode Nnode

d~d"= Z Rd,  6d~od = Z Risd!,
=1

Additionally, the element-level residual vectors corresponding to the weak forms Eq.

(113), Eq. (1T14) and Eq. (Z-I13) are given as, respectively,

_h 9@]
R :—f T OR (2.118)
! B, J 8xb

1 Yyol2 da' OR!
R =— | I -a" )R+ 2.11
! fB J{(a ap, )R + o ax, | (2.119)
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and
eh h h
ﬂl = _f l ag (d )Heh é«e I ag (dp )7_{ph é/piR] _ Gc,n+] dhERI l2 6dh 69%1 dv.
d gJ| od oar ! Iy ' 0X, 0X,
(2.120)

Here, we have introduced the history variables H° and HP® to ensure the irreversibility of
damage evolution, which was initially proposed by Miehe et al. * and is defined in this

study as follows:

e COPES N EC SE PRI R
n+l =
He" otherwise
(2.121)
‘7—{p <\P 0,n+1 \PEI' if <\P 0,n+1 lPEr) > ?{Yll)
n+l = :
Ho" otherwise

Furthermore, the two damage variables, ", and @”",,, at current time step are, respectively,

updated by
Nnode Hnode
dczﬂ - ZC‘RI n+1 - dl (X,H] + de:z} and de+1 - Z ERI n+1 dl {p n+1 + dp:z}
a fz+1 dpf“rl
‘ Cor it Pt~ P >0 1 if Wl - >0
with ¢ = and P = .
0 otherwise 0 otherwise

(2.122)

The tangent matrices are obtained by differentiating the residual vectors with respect to
the state variables. In this study, we introduce the staggered scheme ™ for stable damage
computation. That is, instead of solving three state variables simultaneously, we solve the
mechanical/micromorphic fields and crack phase-field alternately. Then, the original tangent

matrices K yields two blocks, K., and K7, as follows:

7(uu 7(11,(1 7('u.d
(](uu 7(ua
K=| Kow Koo Koa | = Kep = and «f:[«dd], (2.123)

7((211, 7<(1(1
7<a"u, (]<da 7<‘a'd
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where
ONR! oR’ 1 (0t
V(L{,‘Juj = f {Egl}'laﬂ) ox }dV with Cfla]b (6F Fy. — Tibh6ja), (2124)
B, a b jc
1 oa" 2 oR! oR’
K = f j{(l agl)m’mu% X aX av, (2.125)
B, P a a
1 (07 oR!
o — — R’ Ydv, 2.126
Kia f J { da 0x, } ( )
1 da"  oR’
o= =yl 2.127
(]<;mj Lt J { aFJa aXa dv’ ( )
and
1| &g(d") &g (") G" oR! R
1J eh  we2qlqy] h 2aplgqeJ cn+l IgqyJ 2
= e e RR — ——— 2P PERIR — —— I R'R + .
de Lt J{ adez 7{ n+1§ adpz 7‘{ n+1§ lf ( lf GX 6X ) dv
(2.128)

In order to obtain converged solutions, the staggered iterative process ™ should be con-
ducted, whose specific algorithm is omitted here but is explained in Chapter & along with the

proposed diffusive-discrete crack transition scheme.



3 Numerical simulations by CPFIGA

Several numerical examples are presented to demonstrate the ability and performance of the
proposed model. The simulations are conducted using our in-house isogeometric analysis
(IGA) ™ program, which is referred to as “CPFIGA”. For the degrading fracture toughness,

the following two forms are proposed:
: . P ﬁGlal* ﬂGZT;
Cosinusoidal form: G (a ,Tp) = (Gep — Geoo) cOS”! — cos”? — + Geoo
Exponential form: G, (a/*, T;) = (Geo — Geoo) €Xp (=Bg1@") exp (—,BGZT;) + Geoo 3.0

. k k 1
with @ =(a-ay), 7, = <§t1‘ [70] —Tcr>-
N——
Tp
Here, Gy and G, are the initial and critical values. The degradation effects are determined
by both the plastic hardening variable « and the negative hydrostatic pressure 7,, for which
saturation parameters, 8g; and Sg,, and thresholds, a. and 7., are appropriately given. Also,
p1 and p, are the parameters to determine the slope of cosine functions. Note that the cosi-

nusoidal form is used in the second and third numerical examples, while the exponential one

is used in the last example.

3.1 Exmaple 3-1: Tensile failure of a square element

The first example shows the characteristic features of the proposed model, and its per-
formance is compared with that of the previous models in the literature. Uni-directional
uniform deformation is imposed on a two-dimensional square element with a side length of

he = 1 [mm]. For simplicity, the isotropic linear hardening law H (@) = ha is adopted, and

59
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the material parameters for elastoplasticity and damage are listed in Table Bl

Table 3.1: Material parameters for the square element.

Parameter Value  Unit
Young’s modulus E 200000 [MPa]
Poisson’s ratio v 03 [-]
Initial yield stress Yo 1000 [MPa]
Linear hardening parameter h 1000 [MPa]
Plastic length scale parameter [, 5 [mm]
Penalty parameter Dp 10000  [-]
Crack length scale parameter l¢ 5 [mm)]
Elastic damage threshold e, 0 [MPa]

3.1.1 Parameter study for plastic damage threshold V%,

First, we present the evolution tendencies relevant to two damage variables, d° and dP,
by changing the plastic damage threshold W%,. Fig. Bl shows the stress—total strain curves
as well as the evolutions of damage and hardening variables with respect to the total strain.
Here, two different values of constant fracture toughness, G. = 100 and G. = 500, are used,
while ¢ =1 and ¢P = 1 are fixed.

As can be seen from Fig. B1l(a) and Fig. B(b), the stress drop mainly depends on the
threshold value W?,. Specifically, the larger the threshold value P, is, the larger deformation
the material sustains against external loading before exhibiting a rapid stress drop. Also,
while all the cases with G, = 500 hardly show a decrease in material stiffness before the
rapid stress drop, the cases with G. = 100 exhibit some decrease from the early stage of
plastic deformation. This is because the amount of elastic strain energy ‘P§" is sufficiently
large compared to the smaller value of fracture toughness G, = 100 and thus able to promote
damage evolution. In fact, for the case with Y5, = 150 & G. = 100, the elastic damage
variable has already reached d° ~ 0.5 when the plastic damage variable starts to evolve, as

shown in Fig. Bl(c).
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Fig. 3.1: Stress, damage variables, and hardening variable—total strain curves for the single

square element: Comparisons of the value of threshold P%,.

In contrast, for all the cases with G. = 500, the amount of elastic strain energy W{" is

relatively small compared to the value of fracture toughness. As a result, damage evolutions

are hardly seen before the plastic damage driving force is activated. Then, the plastic driving

force becomes dominant for damage evolutions, and due to the relation A%y = AT/PyP,
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both the elastic and plastic damage variables have almost the same value, as shown in Fig.
BTI(d). Strictly speaking, however, d® = dP is not realized because d° also evolves in a purely
elastic state.

In addition, as can be seen from the last graphs in Fig. B-Il(c) and Fig. B-1(d), the evolution
rate of hardening variable @ is smaller less than the intact case. This is because the two
degradation functions, g (d°) and g (d®), are active in the evolution laws of the rate of plastic
deformation dP and the hardening variable @ in Eq. (Z¥3), ,. While each case with G, = 500
exhibits almost the same evolution tendency, the value of hardening variable @ becomes

smaller with smaller plastic threshold W?, for the cases employing G. = 100.

3.1.2 Parameter study for plastic damage coefficient /P

Next, we explore the evolution tendencies of d° and d” by changing the plastic damage
coeflicient {P. Fig. shows the effect of the coefficient on the stress—total strain curves and
the evolutions of the elastic and plastic damage variables and hardening variable with respect
to the total strain. Again, two different values of the constant fracture toughness, G. = 100
and G, = 500, are used, while £° = 1 and W%, = 50 are employed for all the cases.

It can be seen from Fig. B7(a) and Fig. BA(b) that, as {P is reduced from one, the curves
after the stress drops become gentle. Particularly for some cases with relatively small values
of the plastic damage coefficient {P, the curves become downwardly concave. This is because
smaller values of {P are associated with smaller amounts of the plastic driving force and have
been used for damage computation.

In the meantime, as can be seen from Fig. B2(c) and Fig. B“A(d), the evolution tendencies
of d° and 4P are different from those in the previous investigations in Section B-I1l. Specif-
ically, only the cases with {P = 1.0 exhibit the same tendency of damage evolution as those
of Fig. BIl(c) and Fig. BI(d). For all the other cases, the evolution of d® is slower than that
of d® because the increasing rates for the elastic and plastic damage variables are not the
same: that is, A'¢°y°® # A'PyP reflecting the condition ° = 1 > £P. For instance, for the case

“? = 0.50” corresponding to the blue dashed line in Fig. BA(c), when dP reaches about 0.25
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Fig. 3.2: Stress, damage variables, and hardening variable—total strain curves for the single

square element: Comparisons of the value of coefficient £P.

at a total strain 0.6, d° has already reached about 0.85. It should be noted that d° cannot reach
one with the coeflicient {P < 1. Still, this setup does not contradict the concept of the damage
model, since d° € [0, 1] is used to represent the actual material deterioration, as considered in

Eq. (ZX7) via the degradation function g (d°). On the other hand, in the concept of the crack
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phase-field model, d = 1 represents the crack surfaces. In this context, it is reasonable to
accept d = d° when considering actual phenomena even though d and d° are independently
determined in the present formulation. Otherwise, an inadequate stress transfer or unrealistic
elastoplastic constitutive response would occur in the region where d = 1 but d® # 1.

In the end, as can be seen from the last graphs in Fig. B72(c) and Fig. BZA(d), for all the
cases, the evolution rates of hardening variable @ are smaller than that of the intact case
indicated by the black line. These results are similar to those in the previous parameter study
shown in Section BT1. However, while the value of hardening variable @ becomes smaller
with larger plastic coefficient {P for the cases with G. = 100, a simple relation is not found
for the cases with G, = 500. This is because, for each case with different /P, the evolution
laws for the rate of plastic deformation dP and hardening variable @ have nonlinear properties
with respect to the degradation functions, g (d°) and g (d?), and the relationship between dP

and @ is also nonlinear as can be seen in Eq. (284).

3.1.3 Comparison of evolution laws

We compare the responses determined by the evolution laws employed in the proposed
model and those employed in the previous studies **9%)  For the previous studies, the

following relationships holds:

dp — /lp TO,deV
”TO,dBV”
3 AA>0, O <0 and APOP =0
= \/j/lp with . (3.2)
AA>0, <0 and AD =0
F=dp=d=X

Fig. shows the stress—total strain, damage, and hardening variables—total strain curves,
in which the prefix character “o” indicates the results obtained by using Eq. (B22), while
the curves with the prefix character “n” are obtained by the use of the evolution laws of the
proposed model. Again, we consider two different values of constant fracture toughness,

G. =100 and G, = 500, and £* = 1 and P = 1, for all the cases.
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Fig. 3.3: Stress, damage variables, and hardening variable—total strain curves for the single

square element: Comparisons of the evolution laws.

Fig. B3(a) shows the apparently different responses between the two sets of evolution
laws. That is, the green dashed line indicated by “o:¥?, = 100” exhibits a more rapid soften-
ing behavior than the blue dashed line indicated by “n:¥. = 100”. The difference is due to

the different evolution laws for plasticity. Specifically, the damage evolution does not affect
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the evolution of plastic strain or, equivalently, the plastic hardening variable in the evolution
laws employed in the previous studies represented by Eq. (BZ2). This is evidently shown
in the last figure in Fig. B3(c). That is, the evolutions of the hardening variable for cases,
“0:PP. = 0” and “o:¥E. = 1007, are exactly the same as that without damage computation.
Meanwhile, from the same figure, the other two cases “n:¥P2 = 0” and “n:¥%, = 100” show
more gentle evolutions of hardening variable. As explained in Section BT and Section
BT, these result from the damage variable-dependent evolution laws in Eq. (Z83), ,. Phe-
nomenologically, the evolution laws of the proposed model appear to be physically reason-
able since the cracked region does not have additional plastic deformation. On the contrary,
in some existing models employing Eq. (B2), the evolution of plastic deformation affects
damage evolution, but the opposite does not hold. In short, even though d ~ 1, as shown in
Fig. B3, a cracked region still exhibits plastic deformation, which is not physically reason-
able.

On the other hand, as can be seen from Fig. B3(b) and Fig. B3(d), both sets of evolution
laws lead to almost the same damage evolution regardless of the values of plastic damage
threshold W%,.. As described in Section BT, for the cases employing G. = 500, the amount
of elastic driving force is too small to contribute to the damage evolution. Therefore, we may
conclude that when a fracture in the material under consideration exhibits severe dependency
on plasticity or, equivalently when the damage evolution prior to the activation of the plastic

driving force is small, the proposed model performs equivalently to the previous studies

R0),83),91)

3.2 Exmaple 3-2: Tensile failure of symmetrically notched
specimen

The second example is devoted to demonstrating the ability of the proposed method to
represent crack initiation and propagation in a two-dimensional structure. For that purpose,

the symmetrically notched tensile specimen illustrated in Fig. B4 is taken as a target struc-
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Fig. 3.4: Geometry and boundary conditions for the symmetrically notched specimen.

Table 3.2: Material parameters for the symmetrically notched specimen.

Parameter Value  Unit
Young’s modulus E 200000 [MPa]
Poisson’s ratio % 03 [-]
Strength coefficient Ya 1169 [MPa]
Pre-strain parameter ay 0.0033  [-]
Hardening parameter Be 0.1 [-]
Plastic length scale parameter I, 0.2 [mm]
Penalty parameter Dp 1000 [MPa]
Initial fracture toughness G 500 [N/mm)]
Critical fracture toughness Gewo 5 [N/mm)]
Crack length scale parameter Il 0.2 [mm]

ture. A fine mesh having an element size of 4, ~ 0.06 is used for the potentially damaged
region. In this particular example, the Swift hardening function y, + H(a) = Y. (@ + ap )Y is
adopted for the hardening behavior. The material properties and other parameters for dam-
age computations are provided in Table B2. We consider five analysis cases listed in Table
with different sets of material parameters for the driving force and the degrading fracture
toughness with the intention of indicating the likelihood of different crack patterns.

The load-displacement curves for five cases are shown in Fig. B3. First, let us discuss the
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Table 3.3: Five cases under consideration for the symmetrically notched specimen.

Case I II I v v Unit

1.0 1.0 1.0 1.0 1.0 [-]
0 0 0 0 [MPa]

Parameter

Elastic damage coefficient ~ °
e, 0
P 1.0 1.0

Elastic damage threshold
1.0 0.5 05 [-]

Plastic damage coefficient
0 100 [MPa]

Plastic damage threshold ¥ 0 0 0
Saturation parameter Baci 10 15 15 10 5 [-]
Degradation threshold Aer 0 0 0 0 0 [-1
Slope parameter D1 2 2 2 2 2 [-]
Saturation parameter Bsx 0.002 0.002 0.0025 0.002 0.002 [1/MPa]
Degradation threshold Ter 300 300 300 300 800 [MPa]
Slope parameter D2 2 2 2 2 2 [-]
12000
T T
/ - (€3] % [(b) v G s S
9000 -/ :
= : Vi m) o
2 6000 fg><e> £
3 | w
.' : m®
3000 : b
|
0 Wb o0 o b © ¢
0 0.5 1 1.5 2 2.5
Displacement [mm]
— intact Case I1 == CaselV
"""""" Case I = Case III Case V

Fig. 3.5: Load-displacement curves for the symmetrically notched specimen.

results for the first three cases, for which the detailed evolutions of elastic & plastic damage
variables and degrading fracture toughness are shown in Fig. B-6, Fig. B71, and Fig. B8, re-
spectively. For Case 1, a slanted crack path is observed. Specifically, the crack initiates from
the two notch surfaces, and these initial cracks propagate to form a single crack path. It is

instructive that a similar crack propagation behavior is reported in Yin & Kaliske *. Mean-
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while, with a larger saturation parameter B¢ for @, a different crack path is found for Case II.
That is, the crack initiates from the middle of two notch surfaces and propagates horizontally
toward the center of the specimen. This is because the accumulation of plastic strain is first
concentrated near the notch surfaces. Also, the material can sustain only a small amount
of deformation before crack initiation due to the larger saturation parameter 55, compared
to Case I. In addition, as can be seen from Fig. B7A(f), the leftward crack propagates in an
oblique direction because the accumulation of plastic strain is distributed in that direction.
This tendency is also reported in Ambati et al. ™, Miehe et al. *, and Aldakheel et al. ¥
with a smaller notch size or a different notch geometry. Here, the asymmetric crack patterns
are due to numerical errors. Moreover, with a larger value for the saturation parameters Sg,
and B¢, the crack path for Case III tends to be straight, as shown in Fig. B8(i). This is due to
the degrading effect of fracture toughness produced by the negative hydrostatic pressure. To
be specific, the value of ,BGZT; is larger near the center of the specimen than in other regions,
as can be found by comparing the center of the specimen in Fig. B9(e) and (h).

On the other hand, Fig. B10 and Fig. BTl show the detailed evolutions of the elastic &
plastic damage variables and degrading fracture toughness for Cases IV & V, respectively.
For both of these two cases, the plastic damage driving force is decreased, and the degrading
effect of fracture toughness is lowered. Specifically, a smaller plastic damage coefficient
{? = 0.5 1s given for Case IV compared to Case 1. Also, in addition to {P, a plastic damage
threshold W%, a smaller saturation parameter g, and a larger degradation threshold 7., are
given for Case V. As can be seen in Fig. B10 and Fig. BTT], slanted crack paths are observed
similar to Case I in Fig. B-6, but the crack initiation mechanism is different. Indeed, the
current two cases provide shear band-induced cracks; that is, the specimen first shows a
necking behavior, then forms a shear band, and the crack eventually initiates from the center
of the specimen, as explained in Han et al. ?” with experimental investigations. For instance,
as can be seen from Fig. BT0 obtained for Case IV, a distinctive crack initiates at the center of
the specimen and propagates at an angle to form a slanted crack path. It is worth mentioning

that similar failure characteristics are also found in Ambati et al. ™ and Aldakheel et al.
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Fig. 3.6: Detailed evolution of elastic & plastic damage variables and degrading fracture

toughness: Case 1.

%9, Meanwhile, this type of failure mechanism is also applied to Case V. However, since
the plastic damage driving force or the degrading effect of fracture toughness is decreased,
the crack propagates horizontally to some extent and then bends obliquely. Also, the crack
propagation tends to be more stable than the previous four cases, which can be observed
from the load-displacement curves in Fig. BT as well as the values of displacement in Fig.
B4, Fig. BT, Fig. BR, and Fig. B10. Although the crack path is not symmetrical due to
the numerical errors, the proposed model is expected to reproduce a crack path similar to a
cup-cone-like failure thanks to the novel degrading fracture toughness involving the effect of
stress triaxiality. Therefore, it is safe to conclude that the proposed model is regarded as a
unification of the existing CPFMs and can mimic various fracture behavior of elastoplastic

materials by adjusting the parameters related to damage.
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Fig. 3.7: Detailed evolution of elastic & plastic damage variables and degrading fracture

toughness: Case II.

3.3 Exmaple 3-3: Cup-cone failure of notched round bar

The third example aims to realize the “cup-cone” failure of a notched round bar (NRB)
subjected to tensile loading. The geometry information with boundary conditions is illus-
trated in Fig. B12, and the experimental result is borrowed from Li et al. ™. We conduct
numerical simulations for a 1/8 model to account for the symmetry of the NRB, and a fine
mesh having an element size of . = 0.07 [mm] is used for the potentially damaged region.
In this particular example, the Swift hardening function y, + H (@) = Y. (@ + oY is adopted
for the hardening behavior. The material properties are provided in Table B4, in which those

9  To demonstrate the character-

for elastoplastic deformation are also taken from Li et al.
istic feature of the proposed model, we consider three analysis cases listed in Table B3 with

different sets of material parameters for the damage driving forces and degrading fracture
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Fig. 3.8: Detailed evolution of elastic & plastic damage variables and degrading fracture

toughness: Case III.

Table 3.4: Material parameters for the notched round bar.

Parameter Value Unit
Young’s modulus E 68900 [MPa]
Poisson’s ratio v 0.33  [-]
Strength coefficient Ya 561 [MPa]
Pre-strain parameter ap 0.015 [-]
Hardening parameter Be 0.11  [-]
Plastic length scale parameter [, 0.10 [mm)]
Penalty parameter Dp 1000 [MPa]
Initial fracture toughness G 20 [N/mm]
Critical fracture toughness Geoo 0.50 [N/mm]

Crack length scale parameter lg 0.15 [mm]
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Fig. 3.9: Detailed evolution of parameters, 86,7, and 1", in degrading fracture toughness:

Case II and Case I11.

Table 3.5: Three cases under consideration for the notched round bar.

Parameter Case 1 II III Unit

Elastic damage coefficient ~ ° 1.0 1.0 1.0 [-]
Elastic damage threshold e, 0 0 0 [MPa]

Plastic damage coefficient P 1.0 0.75 050 [-]
Plastic damage threshold L2748 0 6.5 10 [MPa]

Saturation parameter Baci 20 20 20 [-]
Degradation threshold Aer 0 0.005 0.005 [-]
Slope parameter pi 3 2 1 [-1
Saturation parameter Bcz 0.02 002 002 [1/MPa]
Degradation threshold Ter 450 450 450  [MPa]
Slope parameter )2 1 1 1 [-]

toughness.
Fig. B13 shows the load-displacement curves, where the experiment result (Exp."), a
simulation result without damage (Intact), and three simulation results (Cases I~III) with

damage are provided. Here, the value of displacement is taken at half the height of the
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Fig. 3.10: Detailed evolution of elastic & plastic damage variables and degrading fracture

toughness: Case IV.

1/8 model so that it is equivalent to the gauge displacement measured in the experiment.
As shown in this figure, the curve of Case II is in agreement with experiment one, which
shows a rapid drop of load as soon as the gauge displacement reaches u ~ 0.57 [mm].
Meanwhile, Case I & Case III exhibit hastened and delayed drops of load compared to Case
I, respectively. This is because the plastic damage threshold & coefficient are not given (or
set W2, = 0 & ¢P = 1.0) for Case I, and the threshold/coefficient is larger/smaller for Case III
than Case II, as shown in Table B-5. In short, the effect of plastic deformation contributing

to damage evolution is reduced in the order of Case I, 11, and III.

Fig. BT4, Fig. B19, and Fig. B-T6 show the detailed evolutions of elastic & plastic dam-
age variables, degrading fracture toughness along with two different cosine functions in Eq.

(B)). From the distribution of the elastic damage variable d°, Case I & Case II show a typ-
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Fig. 3.11: Detailed evolution of elastic & plastic damage variables and degrading fracture

toughness: Case V.
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Fig. 3.12: Geometry and boundary conditions for the notched round bar.

ical failure mechanism in cup-cone failure, while Case III has an almost flat crack surface.

Specifically for the first two cases, the crack initiates from the center of the NRB, which is
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Fig. 3.13: Load-displacement curves for the notched round bar.

caused by both the plastic deformation and the negative hydrostatic pressure; see the distri-
butions of two cosine functions cos”' (Bg;a*/2) & cosP? (ﬁ(}z‘l';; / 2) in Fig. BT4(a) and Fig.
BT35(e). Subsequently, as the crack propagates toward the surface of the NRB, the effect
of the plastic deformation-induced damage becomes more prominent than that of the nega-
tive hydrostatic pressure-induced damage, as shown in Fig. BT4(c) and Fig. B13(g). Thus,
the crack eventually becomes inclined. Meanwhile, the slant cracked region becomes less
distinctive in the order of Case I, II, and III. This is because some parameters in Table B3
are set to reduce the plastic damage driving force in this order. Therefore, we conclude that
the proposed model can control the relative degree of contribution of damage driving forces
caused by plastic deformation and the negative hydrostatic pressure.

In addition, for better visualization, the crack surface of cup-cone failure is shown in Fig.
BT, where the region having d®* < 0.99 is removed, and the outline reveals the fractured
geometry of the NRB. The crack surface is in agreement with the experimental one reported

in Li et al. ™, and therefore, we may argue that the proposed model is able to reproduce the

actual failures of elastoplastic materials.
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Fig. 3.14: Detailed evolutions of elastic & plastic damage variables, degrading fracture

toughness, and two cosine functions: Case I.

3.4 Exmaple 3-4: Tensile failure of notched specimens (AHSS

sheet)

This section is devoted to demonstrating the ability of the proposed model to predict the
breaking elongation, the transitional behavior from unstable to stable crack propagations,
the load-displacement curves, and the crack initiation positions for single notched specimens
subjected to tensile loading. The numerical results are compared with the experimental ones
obtained by the corresponding tensile tests ™ we have conducted for the purpose of verifi-

cation.
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Fig. 3.15: Detailed evolutions of elastic & plastic damage variables, degrading fracture

toughness, and two cosine functions: Case II.

3.4.1 Experimental setup and classification of crack growth behavior

A specimen is made of advanced high strength steel sheet (AHSS sheet) “JSC1180” or
“JSC980”. Here, the number after “JSC” refers to its tensile strength in MPa units. The
appearance of the experimental setup is shown in Fig. BI8(a), in which the specimen is
fixed to the tension testing machine (MTS-810) by two jigs. Photos are taken by a high-speed
camera (NAC MEMRECAM AC-1) and a CCD camera (Ximea MQ042MG-CM), focusing
on the region where the crack initiates and propagates. As illustrated in Fig. BI8(b), two
specimens with different notch geometries (R = 5.0 [mm] and R = 0.5 [mm)]) are used,

and the dark-gray region outside the parallel portion is sandwiched by two plate-like jigs.



79

l 0.0

cosP? (ﬂGQTg/Q)

"1 10
[tos
LB 0.0

()u=0685[mm]  (u=0.690[mm] (K)u=0713[mm] (I)u=0.723[mm]

Fig. 3.16: Detailed evolutions of elastic & plastic damage variables, degrading fracture

toughness, and two cosine functions: Case III.

During experiments, a rate of forced displacement of 1/6 [mm/s] is applied to the entire
surface of the topside jigs, while the downside jigs are immovably fixed; hereafter, this
forced displacement is called “stroke displacement” and is denoted by u;. On the other hand,
the relative displacement between the two points shown in Fig. BT8(b), which is measured
by the CCD camera, is called “gauge displacement” and denoted by u,.

In general, crack propagation behavior can be classified into two states: ‘“‘stable” and

» 0 These can be used to classify the observed crack growth behavior in the ex-

“unstable
periments described above. When the crack growth does not continue without any external
energy supply, it is called “stable crack propagation”, in which the crack resistance increases

with crack propagation (R-curve). Since the speed of stable crack growth is relatively slow,
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Fig. 3.17: Crack propagation of the NRB: Case II (The region having d° < 0.99 is removed,
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Fig. 3.18: Experimental setup for single notched specimen.

the kinetic energy component may be insignificant. On the other hand, when the crack grows

without any external energy supply, it is called “unstable crack propagation”. The material

acquires kinetic energy from the inertia of the material surrounding the rapidly separating
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crack walls ™. In such dynamic cases, the static equilibrium conditions of Griffith and
Irwin-Orowan no longer apply. Subsequent theoretical works done by Mott ™, Yoffe ™,
and Broberg " extended Griffith’s concept by adding the kinetic energy term in the expres-
sion of the total energy balance and exploring the terminal velocity in linear elastodynamics.
Also, see Reference ™.

From the above-described perspective, the crack propagation speed is a possible indicator
for the purpose of classification. In our measurement, the shutter speed of the CCD camera
is set at five fps, and one point for a load-displacement curve is plotted in every frame. In the
following discussions, whether a crack growth is stable or unstable will be determined by the
clearance between two adjacent points in the load-displacement curve, which corresponds to
0.2 seconds. That is, if the clearance is sufficiently large so that curve plotted by points

looks discontinuous, then the crack growth is regarded as an “unstable” state. Otherwise, it

represents a “stable” crack propagation.

3.4.2 Experimental result

First, we summarize the experimental results for JSC1180. Fig. B-T9 shows the load-
displacement curves and snapshots of crack growths for the specimens with notch radii of
R =5.0 [mm] and R = 0.5 [mm], respectively. Here, the black and gray plots in Fig. B:T9(a)
and (b) indicate the gauge and stroke displacements, respectively. As can be seen from these
figures, a characteristic response is observed for each of the specimens. Specifically, the load
suddenly drops after the peak. During this decrease in load, the gauge displacement increases
significantly from u, ~ 0.37 [mm] to u, ~ 1.31 [mm] for the specimen with R = 5.0 [mm]
and u, ~ 0.24 [mm] to u, ~ 1.05 [mm] for the specimen with R = 0.5 [mm], while the
stroke displacements u hardly increase. These tendencies result from the crack initiation and
subsequent rapid growth, as can be recognized from Fig. BT9(c) and (d). Thus, the crack
propagation can be categorized as an unstable crack growth. To be specific, within the time
interval (about 0.2 seconds) starting from (C) to (D) for R = 5.0 [mm] specimen and (I) to

(J) for R = 0.5 [mm] specimen, the crack initiates near the notch, propagates horizontally to
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Fig. 3.19: Experimental results for JSC1180.
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JSC1180 . JSC980 . JSC590

R = 5.0 [mm]

R = 0.5 [mm]

Fig. 3.21: Various crack initiation positions depending on different tensile strength and notch

geometry.

the right and stops at about 3/4 of the width of specimen.

After the first unstable crack growth, a relatively stable crack growth is observed until
each of the two specimens is finally broken. That is, the load versus stroke and gauge dis-
placements show almost the same tendency right after the peak load. During the stable crack
growth, the load attains “the second peak” for both cases. This is surely due to the rotation
of jigs since it allows the specimen to bend along with the crack growth. In fact, Fig. BT9(c)
and (d) show that the specimen is moving horizontally to the left; see the transitions from
(C) to (D) and (I) to (J). As the bending mode reduces the effect of tensile loading around
the right portion, it is considered that an increase in tensile load is required for subsequent
crack propagation.

Next, let us describe the experimental results for JSC980. As for the case with JSC1180,
Fig. shows the load-displacement curves and snapshots of crack growths for the spec-
imens with two different notch radii. It should be noted here that, unlike JSC1180, JSC980
shows different tendencies depending on the notch radius. That is, for the larger notch radius
(R = 5.0 [mm]), unstable crack growth is confirmed like the results for JSC1180, while
the R = 0.5 [mm] specimen reveals a stable crack propagation throughout the experiment.
Specifically, as can be seen from Fig. B20(a) and (b), a rapid drop in the load is observed for
R = 5.0 [mm] but not for R = 0.5 [mm)]. These tendencies are also evident in the photos in

Fig. B20(c) and (d). To be more specific, in the case of R = 5.0 [mm)], the crack initiates and
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propagates horizontally to the right until it extends to about 1/3 of the width of the specimen
within the 0.2 seconds; see the transition from (O) to (P). On the other hand, from (U) to (X),
such a rapid crack growth does not appear, and only a gradual crack propagation is observed.
It can be inferred from these results that the notch radius is also an influential factor in the
crack growth behavior as well as the tensile strength.

Additionally, the crack initiation positions for the four test cases should be noted. The
photographs in Fig. B21 show the enlarged views near the notches right after crack initiation.
Here, we have added the results of two JSC590 specimens with the same set of notch radii,
both of which were confirmed to exhibit stable crack growths. As can be seen from these
photos, the position of crack initiation varies depending on both the tensile strength and
notch radius. To be specific, in the case of the specimens with a larger notch radius, the
crack initiates inside the specimen, and a higher tensile strength tends to be associated with
the crack initiation occurring at a position away from the tip of the notch. This difference in
crack initiation position is probably due to the difference in the relative magnitude of failure
resistances against the plastic deformation and the negative hydrostatic pressure. Detailed
discussions will be made later, along with numerical investigations. Meanwhile, the crack
initiation position in the specimen with a notch radius of R = 0.5 [mm] hardly can be
identified from the photos in Fig. BZZ1 and therefore would be a suitable target for prediction

by the proposed model.

3.4.3 Exemplification

To exemplify the performance of the proposed model, we first identify the material pa-
rameters in the employed elastoplastic constitutive law. For that purpose, tensile tests were
conducted on an I-shaped flat specimen made of JSC1180 and JSC980 using the same test-
ing machine. Fig. B7(a) shows the experimentally obtained relationships between the true
stress and equivalent plastic strain (drawn with black and gray markers) that have been con-
verted from the relationships between the load and gauge displacement. By conducting

calibration, we determined the material parameters as provided in Table B and obtained
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Table 3.6: Material parameters for single notched specimens.

Parameter Value  Unit
JSC1180

Young’s modulus E 196500 [MPa]
Poisson’s ratio v 027 [-]
Strength coeflicient Ya 1828 [MPa]
Pre-strain parameter a,  0.00053 [-]
Hardening parameter Be 0.11  [-]
Initial fracture toughness G 2000 [N/mm]
Critical fracture toughness Gewo 10 [N/mm]
Crack length scale parameter Il 0.6 [mm]
JSC980

Young’s modulus E 196600 [MPa]
Poisson’s ratio v 028 [-]
Strength coeflicient Ya 1572  [MPa]
Pre-strain parameter a,  0.00055 [-]
Hardening parameter Be 0.14  [-]
Initial fracture toughness G 2000 [N/mm]
Critical fracture toughness Geoo 10 [N/mm]
Crack length scale parameter Il 0.6 [mm]
Pseudo-arm

Young’s modulus E 210000 [MPa]
Poisson’s ratio v 0.30 [-]

the fitted curves (the red and blue solid lines) in the same figure. Here, the Swift hardening
function r? (@) = y, (@) + ayeis adopted for the hardening behavior of plastic deformation,
and local plasticity is adopted in this example.

As can be seen from Fig. B19 or Fig. B0, the stroke displacement is much larger than
the gauge displacement, which indicates the stiffness of the testing machine is evidently
reflected. It should also be noted that the bending of specimens is accompanied by the

rotation of jigs. Thus, both the stiffness and rotational effects should be taken into account
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Table 3.7: Two cases under consideration for single notched specimens.

Parameter Case JSC980 JSC1180 Unit
Elastic damage coefficient ~ ° 1.0 1.0 [-]
Elastic damage threshold e, 0 0 [MPa]
Plastic damage coefficient P 0.0 0.0 [-]
Plastic damage threshold ¥ +00 +00 [MPa]
Saturation parameter Bai 8.5 11 [-]
Degradation threshold Aer 0 0 [-]
Saturation parameter Bz 0.008 0.008 [1/MPa]
Degradation threshold Ter 400 400 [MPa]

in our numerical simulations so that both the load versus the stroke and gauge displacements
individually coincide with experimental results using the same set of material parameters.
Otherwise, the relationship between the load and time would become unrealistic because the
tensile loading (forced displacement) is in accord with time advance. However, modeling
the actual jigs and other parts of the testing machine is not only unnecessarily cumbersome
but also computationally expensive. Thus, to accommodate those effects, a “pseudo-arm”
is attached to each of the ends of the numerical model of the specimen as shown in Fig.
B22(b) along with the boundary conditions. This pseudo-arm is assumed to be a purely
elastic material, and Young’s modulus and Poisson’s ratio are arbitrarily set at 210 GPa
and 0.3. Then, its geometry is determined by trial and error so that the numerical results
can reasonably be consistent with the experimental ones provided in Fig. BT9(a) & (b) and
Fig. B720(a) & (b) for all four cases. The fitted curves are shown in Fig. B772(c) for the
purpose of comparison with the experimentally obtained curves. Note here that no damage
computations have been conducted in this calibration process.

Next, the material parameters for damage computation are determined so that the sim-
ulated load versus the stroke and gauge displacements matches as closely as possible with
those of Fig. B19(a) & (b) and Fig. B20(a) & (b). Here, the crack length scale parameter

is fixed at Iy = 0.6 [mm], so that the element size in the potentially damaged region is set
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Fig. 3.22: Numerical setups for single notched specimens.

to be h. = 0.25 ~ 0.30 [mm]. A trial-and-error procedure is again carried out to finally
determine the parameters provided in Table B71. Note that the plastic damage driving force
is not considered in this example, so only the local plasticity is employed.

The numerical results for JSC1180 shown in Fig. indicate that the simulated failure
responses conform to the experimental ones. As can be seen from Fig. B23(a) for the case
of R = 5.0 [mm], the load exhibits a sudden drop from its peak to about 15 [kN]. During
this decrease in load, the gauge displacement significantly increases from u, ~ 0.47 to u, ~

1.48 [mm], whereas only a small increase in the stroke displacement u; is obtained. Also, it
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Fig. 3.23: Numerical results for JSC1180.
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Fig. 3.25: Various crack initiation positions (left: before crack initiation, right: after crack

initiation) depending on the degradation of degrading fracture toughness for R = 5.0 [mm].
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Fig. 3.26: Various crack initiation positions (left: before crack initiation, right: after crack

initiation) depending on the degradation of degrading fracture toughness for R = 0.5 [mm].

can be seen from (B)~(D) in Fig. B2Z3(c) that the crack rapidly grows right after the initiation.

After this unstable crack growth, the fracture behavior becomes stable, and the crack grows
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with tensile loading, as indicated from (D)~(F) in this figure. By using the same set of
material parameters, almost the same tendency of the fracture behavior can be simulated
for the case of R = 0.5 [mm)] as can be seen from Fig. BZ3(d). Specifically, within the
time interval (about 0.27 seconds) starting from (H) to (J), the crack initiates near the notch,
propagates horizontally to the right, and stops when it reaches about 3/4 of the width of the
specimen. After this point, the crack grows with tensile loading; see (J)~(L).

Meanwhile, Fig. shows the simulation results for JSC980, which are also in close
agreement with the experimental results. For the case of R = 5.0 [mm], unstable crack
growth is again confirmed to be consistent with the experimental results. To be specific, the
load significantly decreases from the peak to about 30 [kN], and the crack initiates near the
edge of the notch and propagates to about 1/3 of the width of the specimen; see (N)~(O) in
Fig. B24(c). After this period of unstable crack growth, the stable crack growth is simulated
until the specimen finally breaks. In contrast, the result for the case of R = 0.5 [mm]
indicates stable crack growth throughout the numerical simulation. It is confirmed from
Fig. B24(d) that the crack inconsiderably propagates after its initiation; see (T) and (U) in
particular. This is probably due to the fact that the specimen with R = 0.5 [mm] attains less
negative hydrostatic pressure and exhibits more ductility than that of R = 5.0 [mm].

In the above discussion, we have demonstrated that the proposed model successfully re-
produces the failure behavior of AHSS sheets. In what follows, its prediction ability for a
crack initiation position is examined. As mentioned in relation to Fig. B2l the crack initiates
inside the specimen but not on the notch surface in the case of R = 5.0 [mm)]. This is proba-
bly due to the effect of negative hydrostatic pressure developed away from the notch surface,
although the position of the maximum negative hydrostatic pressure and its magnitude seem
to depend on the tensile strength as well as the notch size. Fig. B23(a) shows the enlarged
views around the obtained crack initiation position for the JSC1180 specimen using the de-
grading fracture toughness that is degraded only by the accumulated plastic strain, which

84),83)

is conceptionally equivalent to the results of previous studies . Note that the damage

evolves in the order from the left view to the right view. As can be seen, the crack initiates
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from the edge of the notch, which is thought to have experienced the most significant plastic
deformation. Additionally, Fig. BZ3(b) shows the corresponding results with the degrad-
ing fracture toughness that is degraded only by the negative hydrostatic pressure. Since the
damage contribution of plastic deformation is neglected in this case, the crack initiates at a
position further away from the notch surface than the actual crack in the experiments. In this
way, neither result is realistic nor consistent with the experimental results.

On the other hand, Fig. B25(c) and (d) show enlarged images of the vicinity of the crack
initiation position for the specimen with a R = 5.0 [mm] notch taken from the numeri-
cal results, which correspond to the simulated fractures shown in Fig. B23(c) and B24(c),
respectively. In the cases of JSC1180 and JSC980, crack initiation occurred at almost the
same position as those of the experiments. It is thus concluded that to accurately predict
crack initiation, at least the damage contribution from both plastic deformation and negative
hydrostatic pressure should be properly taken into consideration. It should also be noted

HEDEDES) focus only on the plastic

that since several previous models for ductile fracture
deformation-induced damage evolution, they are unable to reproduce this kind of character-
istic feature of crack initiation.

Additionally, Fig. shows the enlarged views around the crack initiation positions for
the specimen with R = 0.5 [mm], which correspond to the simulated fractures shown in
Fig. B73(d) and B24(d). Again, for each figure, the damage evolves in order from the left
view to the right view. As can be seen from these results, the crack initiates slightly inside
the specimen for each of the cases. It should be remembered that we could not identify
the crack initiation position from the experiments because the phenomenon occurred within
a very short period of time, and the notch radius is small. Given that the crack initiation
positions are well reproduced for JSC1180/980 with R = 5.0 [mm], those obtained here can
be presumed to be correct.

Finally, let us summarize our experimental and numerical simulation results. In our ex-

periments, the transitions from unstable to stable crack propagations are observed for AHSS

sheets JSC1180/980. Also, we could observe crack initiation positions for JSC1180/980 with
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R = 5.0 [mm] but not for JSC1180/980 with R = 0.5 [mm]. Meanwhile, in numerical simu-
lations, we successfully simulated the failure tendency for JSC1180/980 with R = 5.0 [mm]
after conducting calibration. Also, we simulated crack initiations from almost the same
positions as in the experiments for them. Then, by conducting numerical simulations for
JSC1180/980 with R = 0.5 [mm] using the same set of parameters, we found that the crack
propagations, as well as the load-displacement curves, agreed with the experimental results.
Therefore, we concluded that the simulated crack initiation positions for JSC1180/980 with

R = 0.5 [mm)] are also correct, even though they were not confirmed in our experiments.



4 Crack phase-field enhanced finite cover

method: CPFFCM

The finite cover method (FCM) ™™ ig a generalization of the FEM and is considered as
an alias for the numerical manifold method (NMM) ™. In the first half of this chapter, the
fundamentals of the FCM are explained, and the spatial and temporal discretizations of the
governing equations derived in Section [ are presented. Subsequently, in the second half, the
numerical algorithm for realizing the diffusive-discrete crack topological transition, which
we have named “Crack phase-field enhanced finite cover method (CPFFCM)”, is explained
step by step along with graphical explanations.

It is worth mentioning that while the original theory of the FCM is different from that of
the XFEM ™™ which is also called the GFEM ™™ the two methods have equivalent

capabilities for capturing the strong discontinuity of a state variable.

4.1 Finite cover method

4.1.1 Mathematical and physical covers

In the FCM, we define two separate domains as shown in Fig. ETl(a) & (b). One is the
mathematical domain M that is independent of physics, and the other is the physical domain
B that accommodates physical quantities. In what follows, we suppose that the physical
domain is divided into two subdomains 8 = B! | B!, as shown in Fig. E1(b), and that

the mathematical domain M is constructed as a union of a finite number of “mathematical

95
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(a) Mathematical domain (b) Physical domain (c) Mathematical covers (d) Physical covers

Fig. 4.1: Definitions of mathematical and physical covers.

covers” M!:
M= U M, 4.1)

where n,, is the total number of mathematical covers. Here, the mathematical covers can
be either partially or totally overlapped, as illustrated in Fig. BE1l(c). Additionally, from the
same figure, when describing a physical problem, the mathematical domain does not have to
coincide with the physical domain, although it covers the whole physical domain. Then, the
common region shared by a mathematical cover M! and a physical domain B is called the
“physical cover”, which is denoted by Pl For instance, as shown in Fig. BTi(d), the two

mathematical covers cover the two physical domains, so four physical covers are defined.

4.1.2 Finite cover approximation

/ L
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Fig. 4.2: Definition of a mathematical element and weight functions for PU approximation.

The finite cover approximation for a state variable is made over the physical domain

using the partition of unity (PU) property. For each mathematical cover, the corresponding
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weight function is defined as follows:

w(X)>0 for XeM M
with PU: Zw’(X):l on M (4.2)
w(X)=0 for X ¢ M =

Then, the common domain of mathematical covers is called the “mathematical element”, and
the union of mathematical elements is called an FCM mesh. Fig. B2 illustrates the definition

of mathematical element 8,,,, which is expressed as
Bue= [ M. (4.3)

B=I1,J.K,L

Furthermore, the physical domain is covered by the FCM mesh, and a “physical ele-
ment” is defined as the common domain of the physical covers. Fig. shows two patterns
of physical elements for the physical domain 8 = B! J B2, In Pattern 1, the FCM mesh
coincides with the physical domain so that the mathematical elements and physical elements
are identical, which is recognized as the discretization of the standard FEM. On the other
hand, in Pattern 2, although the FCM mesh covers the whole physical domain, each math-
ematical element does not need to be compatible with the physical domain. For instance,
the mathematical element B,,, partially covers the physical domain B!, and the common

domain is defined as the physical element B;ze] This is the feature of the FCM and character-
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izes it as a generalized version of the FEM. Additionally, due to the definition of the physical

element in the FCM, an arbitrary discontinuity can be represented.

4.2 Spatial discretization by FCM

The spatial discretization of the FCM is almost the same as that of the FEM. First, let us

postulate the following governing equations, which consider damage evolution in a dynamic

elastoplastic system within the finite strain framework:

e Equilibrium for mechanical field:

V-P+V-(C:F)+B=pyii in8B,

P~N+(Q:F)'N:T on 08y,

u=u on c?B(I)),
e Equilibrium for micromorphic plastic field:

pp(@—@&) —yol,’Aa =0 in By,

Va-N =0 ondB,,

e Threshold function for plasticity with loading/unloading conditions:

2 . .
OF = |7 gevll = \/;(yo + I’g) <0, a=0, ®’a=0 inB,,
e Threshold function for damage with loading/unloading conditions:
0g (d°) dg (dP) d - EAd

of = (PEH — W —

ode odr

(P5 - W2ZP - Ge (o, r;;)(
d>0, ®d=0 inB,,

Vd-N =0 ondB,.

le

(4.4)

4.5)

(4.6)

4.7)

Here, one may notice that the above equations combine two models independently explained

in Section 3 and Section 3. Multiplying the governing equations Eq. (8-4), Eq. (3), and

Eq. (B71) by the corresponding variations {0u, dc, dd}, the weak forms of the mechanical,
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micromorphic plastic, and damage fields are derived as follows:

oou .\ 0ou
P . —dVv it - oudV C:.F):—dVv
a +f80p0u u +f80(_ ) o
(4.8)
—fB-(SudV—f T -6udA=0
By o8N
yol}%
f (@ —a@)da+ —Va-VéaydV =0, 4.9)
By Py

and

9g (d°) 0g (@) G
- DS S Var B PP — PR )Pod — — (ddd + IFVd - Véd) ¢ dV < 0.
L{ s (Y~ W rad = =5 (W = WEePsd - S5 (dod + I )}

(4.10)
Here, the displacement vector, hardening and damage variables, as well as their variations,
are approximated at the physical element level in a general manner by using the shape func-

tion N/ as follows:

pe Mpe Tpe
u%uh:ZNlul, a~a = N, dzdh:ZNldI
=1 =1 =1
e - e (4.11)

Su ~ dul = Z Nisu!, 6a~éd" = Z Niso!, 6d~ éd" = Z Nsd',
— _1 —

where N is the shape function at the global level and is identical to the weight function w’,
and n,, is the number of physical covers constructing a physical element.
Substituting Eq. (BEIT) into the weak forms Eqs. (ER), (£9), (810), we derive the

following node-level (physical cover-level) residuals:

I
Ru, n+l = ia,n+1 aX jacdn+1" cd,n+1 aX

- f zn+lNIdA}
9By

2 h 1
1 / —h 1 Yol, o, | ON
R = - g — Vv 4.1
il = LO {(an+l a/nH)N + X, OX. dv, (4.13)

1 1
{f (Ph N + poiil, N+ C" r N — pogi N' |dV
0 (4.12)
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and
99 (d)1) o9 ("))
[ _ _ n eh e sl _ ntl ph p Asl
Rd,n+l - ffBo{ Ode H n+l{ N Odp H n+l§ N
(4.14)

e (dZHNI + 2 9., N I)} dv,
Iy 0X, 0X,

where a subscript n + 1 on a quantity indicates that it is evaluated at time ¢,,;. Here, to ensure
the irreversibility of the damage evolution, two history variables in Eq. (ZZI21) have been
introduced.

The tangent matrices in the corresponding linearized equations are obtained by differen-

tiating the residuals with respect to the state variables {u, @, d} as follows:

7('u'u,,n+l 7(ua,rz+] 7<"u,d,n+]
7<’1+1 = 7<‘a/u,,n+1 7<‘afoz,n+1 7((xd,n+l (4 15)
7<a'u,n+l 7<a'a,n+1 de,n+l

where the components of each block matrix are given as

ONTOPL L ON'  dill,,,
7(1] :f ia,n+ " in+ NINJ
uiuj,n+1 % ( (9Xa 6Fjb 8Xb Lo aX] e
aNI ag?acdrwl : 8F?dn+1 aNJ ( . )
+ ’ Ffdn+1 CI? dn+1 : av dV,
GXa GFjb ’ —facd.nt 6Fjb 6Xb
ON' Pl
Kintre1 = fg { X T”N’ dv, (4.17)
0 a
ON' OF,,
Kdnet = L { o o CN V. (4.18)
0 a
oa,,, ON’
1J n+l p sl
= - - dVv 4.19
7<‘ozuj,n+1 LO{ 8Fjb N aXb }d > ( )

oa" yoly ON' ON?
1J — 1= n+1 1 ArJ 7P V, 4.20
(](a/a/,n+1 fBo {( 6&’ )N N + pp aXu 6Xa d ( )
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oo h
KLt = f { aglNIN]}dV (4.21)
Bo

eh oh h
;) f _ﬁg (d "+1) oH il e NI@NJ B G,y N’ 1 2N+ lzadzﬂ ON' a4V
dunl By ad° OF j, Xy OF, 0Xp It n ox, 0X, '

(4.22)

ph h h "
Wéi n+l = f {_69 (d n+1) aﬂpn_'—l gpNIN.] %N-}l (dZ+1NI adn+l aNI)} dV,
By

odp O O It k 0X, 0X,
(4.23)
al
Kigner = fB {— 6(d62 1)7{‘3’:1&2/\/’/\#
(4.24)
&g (dvr,,) G ONTON?
_—" ph wp2afafd Sl [Tl 2
e H" PPNINT - (VI zfax ax) dv,

4.3 Temporal discretization by Newton method

By adopting the Newmark method ™, the acceleration and velocity vectors, i,,; and

U,+1, at time £,,; can be written as

. 1 . 1-28 .
Ups1 = (un+l —Uu, - unAtn+1) - —ﬁun’

pAL,, 2E (4.25)
Upr1 = Uy + Al {(1 = y) Uy + ylina},
where 5 and y are parameters that determine the ratio of the contributions of the quantities
at consecutive times, t, and 7, ;.
On the other hand, the standard numerical damping tensor consists of two terms as fol-

lows:

c

n+1

=M, | + oK (4.26)

——n+l1°

where M, and K, represent the mass and stiffness matrices in this general description

and ¢, and ¢y, respectively, are their coefficients. However, in this study, the introduction of
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Fig. 4.4: Drawings of the pseudo damping function.

this matrix is not intended to have the usual damping effect in dynamic problems. Instead, the
damping effect is limited only to damaged physical elements whose mathematical elements

are only partially occupied by the physical domain. Specifically, the following numerical

damping matrix is proposed:

Qn+1 = C;kz+1 (Jn’ feﬂ) K* (427)
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Here, ¢}, is the damping function to be evaluated element by element and is defined as

Cror = oxp (¢ (£ g (dn))

) Mpe dl 1/s
with ¢ = min [Guin + exp Geotfer) G, do = === fur = mm[ W 10}

Mpe e

(4.28)
where d,, is the damage variable averaged over a mathematical element and f. is the volume
fraction of the physical domain within a mathematical element. Here, Vi, and h, denote
the volume occupied by the physical domain within a mathematical element and the rep-
resentative size of the mathematical element, respectively. Additionally, the coefficient ¢
is computed using three constants, {imin, {maxs eofs and feg. Since both the averaged dam-
age variable d, and the volume fraction f.; are independent of the physical quantities at the

current time step #,.1, dqc;,,; = 0 and d,c¢;,, = 0 hold. It should also be noted that the pro-

n+1

< 0and

posed damping function is defined to have a decreasing property such that Bg(d )cn 1

0pqc:, < 0; for a better understanding, see Fig. B4, which is drawn using the parameters
Lmin = 10, Lnax = 1000, and .o = 30. This figure shows that the damping becomes effec-
tive only when the volume fraction of the physical domain is small and the mathematical
element is severely damaged. Additionally, K" denotes the pseudo stiffness matrix, whose
tensor components are set to be constant, so that 8CW dnt] /OF j, = 0 holds in Eq. (ET6). At

a local level, this matrix is defined as
Kza]b /lpseéld(sjb + Mpse (51151117 + 51[)6@) (429)

where Apg and 6 are pseudo material constants.
Substituting Eq. (225) and Eqs. (B27)—(E29) into Egs. (E12) and (E16), we obtain the

time—discretized residual vector and tangent matrix for the mechanical field as follows:

ON'
RLIliJH'l = _{fB {Pflanﬂ 0X, +p0( fan _g?) N
0
ﬁuh 6uh oii" ON!
K*h A c,n+1 V
K d[ ax, | tn+1(( “Yax, T ax, D ax. (4 @30

- f 1n+lNldA}
BN

0
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and

y . ON! K ON’
c S
IBAth e aXa —ajb a)(b

h
" —f ON' Pl I dv.
By

= + SiN'N7 +
ujuj,n+1 aXa aFJb aXb ﬁAt2 L00ij

n+1

(4.31)

4.4 Numerical algorithm

Algorithm 2 FC-based staggered iterative algorithm.

1: (% At time step t,, Up k=0 = Up—1, Ank=0 = An-1, Ank=0 = An—1, and dy, =0 = d,—1 are known.)
2: Update the old velocity and acceleration for the Newmark method: t,_; = Up k=0 and U1 = Uy =0
3: while norm [resmg,k] > TOLy. do

4: k =k + 1 (% FC-based staggered iteration)

5: NR loop: Compute the damage d,, x with the fixed displacement w,, x—; and the global and local hardening variables @, x—1 & @, k-1
6: NR loop: Compute the displacement u,, x and the global and local hardening variables @, x & @,k with the fixed damage d,, x

7: Update the configuration for computing the deformation gradient: X, 11 = @,k

8: Compute the staggered iterative residual via Eq. (E32)

9: if norm [res S,ay,k] > TOLg;. then

10: Check whether a transition from diffusive to discrete cracks is needed; See Section E3 and Reference [72)

11: end if

12: end while

Algorithm @ presents an overview of the enhanced staggered iterative algorithm to realize
the transition from diffusive to discrete cracks. This algorithm was originally developed for
quasi-static crack propagation problems by Han et al. ™ but can be applied to dynamic and
elastoplastic problems without much modification. Note that the algorithm takes advantage
of both the CPFM and the strong discontinuity of the FCM, allowing a discrete crack path to
propagate and even curve within a short time interval within the finite strain framework.

According to the algorithm, in each FC-based staggered iteration k, the damage field and
the mechanical and plastic fields are alternately computed. When both fields are determined,
the configuration for computing the deformation gradient is updated. Subsequently, the norm
of the error resy,.x, which has a dimensionality equal to the total number of nodes, is

computed as

E+xl-&  —K!
norm [ressmg,k] with rest =% "k &l Rl (4.32)

stag.k
wag &+ K
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where o/ denotes the value of e at node I. If the value of this norm is smaller than a prescribed
threshold TOL, , the two fields are considered to have converged in the current loading step,
and a new displacement/force increment is imposed for the next loading step. Otherwise, the
necessity of updating explicit crack tips is checked before proceeding to the next FC-based
staggered iteration k + 1.

It is noted that the configuration for computing the deformation gradient F,, ; is updated at
the end of every FC-based staggered iteration. That is, the deformation gradient at the time
step t, is modified at the k-th FC-based staggered iteration using the updated deformation

gradient during the staggered iterative procedure such that

Fn,k = AEz,k : Fn,k—l

= AFn,k : AFn,k—l : Fn,k—Z

=AF, - AFyy .- AFyyes - AF, o1 -Fyy (4.33)
=AF,
. O (Ui + Xpg1) 04wy
th AFn = i > — s + 1
™ “ 8Xn,k—1 6Xn,k—1

Although a detailed discussion is not provided here, this incremental modification of the
deformation gradient is effective for maintaining computational stability when the damage
evolves dramatically or when a large deformation is experienced within a single loading step.
On the other hand, the velocity and acceleration from the previous time step, u,-; and ,_1,

are updated only at the beginning of the time step #,,.

4.5 Transition scheme from diffusive to discrete crack topolo-
gies

This section presents a transition scheme from diffusive to discrete crack topologies by
enjoying the benefits of both the crack phase-field and a strong discontinuity approach. The
proposed scheme can reproduce the geometry of a discrete crack path that is propagated and

even curved in a short time interval within the finite strain framework.
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4.5.1 Explicit crack tip determination technique

Algorithm B presents the overview of the moving circle algorithm ™ that exploits the
feature of non-local damage and determines new explicit crack tips while updating discrete
cracks. Note that while the detailed procedures to determine the center of the circle are
different, the moving circle algorithm is conceptually the same as the medial-axis-based
algorithm proposed by Tamayo-Mas & Rodriguez-Ferran 9.

In Step 1, the old explicit crack tip coordinates X, , and the direction vector V., for
each crack tip element inel are input. At the same time, the possibility of the appearance
of an additional crack tip is checked. Additionally, the old direction vector is sometimes
modified by the distribution of the spatial gradient of the damage variable. In Step 2, the
average values, dj,,; and d inel, Of the damage variables for inel and the adjacent elements
jnel, respectively, are computed. If the value for one element among them is larger than

the critical value d, then element inel needs to be divided by the explicit opposite crack

surfaces. In Step 3, the representative point of a boundary element knel, X knel, 1s computed

as follows:
Xy = 12X = Xiip.oll Xa + | X2 — Xiip,oll X
’ 1X 2 — Xiipoll + 1 Xs = Xiipooll
X=GXi+ (1= 00X Xy = GXet (- G, (454)
wit

dep = Cid; + (1 = C1)dj, dera = Cody + (1 = Cr)d,.
In Step 4, a tentative set of center coordinates of a circle, Xct,snel,mel,unel, is computed using
an arbitrary set of three points, Xp snel, Xab.mel» and Xapunei. When m such tentative center

points have been computed, the new center coordinates are determined as

Z ?i 1 [ Wsnel,tnel,unel ] i [X ct,snel,tnel,unel]
Z Zi 1 [Wsnel,tnel,unel ] i

where Wine meLuner 18 the total distances of three points, which work as a weight. Finally, the

i, (4.35)

ct —

intersection point between the new direction vector Ve, = X — Xiip,o and inel becomes
the new explicit crack tip X .
After Algorithm B has finished, the state variables and the local physical quantities are

mapped from the old to the new nodes and Gaussian points, respectively. Then, the equi-
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Algorithm 3 Moving circle algorithm.

1: Step 1: Input the explicit crack tip coordinate Xiip,o and direction vector Vi o for element inel.

2: if Explicit crack tip does not exist, or an additional tip is needed then

3: Compute the average value of the damage variable dj,,; for one element inel.

4 if dipe > dop1 then

5 for jnel within a radius of C3/¢ from inel do (% C3 = 2: constant)

6: if djner > dines then

7 inel=jnel (% the explicit crack candidate element is changed)

8 if There is an explicitly cracked element knel within a radius of Czlf from inel then
9 A new explicit crack tip is unnecessary, and this algorithm is terminated.
10: end if

11: end if

12: end for

13: end if

14: endif

15: Modify the direction vector Vg, by the spatial gradient of damage variable, Vd.
16: Step 2: Compute the average values of the damage variable dine; & d inet Tor inel & the adjacent elements jnel.

17: if max [Jme;, d jnel] > d,;1 then (% the explicit crack tip is updated)

18: while knel < mnel do (% mmel: circle boundary elements, dyne; = der2)

19: if dj < do < djand dy < de < d) then

20: Step 3: Compute the coordinate X b knet by Eq. (E34).

21: end if

22:  end while

23: while snel < mnel do

24: while tnel < mnel do

25: while unel < mnel do (% Three elements should be different from each other.)
26: Step 4: Compute the tentative center coordinate of circle X with X, ab.snels X ab,tnel» X ab,unel -
27: end while

28: end while

29: end while
30: Compute the new center coordiniate X by Eq. (B33) and update Xiipn & Viiren-
31: endif
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librium conditions of the mechanical and damage fields are no longer fulfilled since the
positions of the Gaussian points are changed. Thus, an additional NR loop is conducted to
update the geometries around the new crack tips before proceeding to the next FC-based
staggered iteration k + 1. As a result, the “closed” crack surfaces are opened. However, the
opening of a crack tip usually exhibits a large deformation, which is sufficiently large for the
size of the cracked element. Given the degraded stiffness of the cracked elements, the global
NR computations might not converge. Therefore, we propose a stabilization technique in the

following subsection to overcome this concern.

4.5.2 Crack opening stabilization technique

Algorithm 4 Stabilization algorithm for crack opening processes.

1: Determine an initial relaxation parameter Crelax > 1
2: while norm [resua.s] > TOLqyq do (% NR loop for crack openings: Ry, € r€Sqq and Ry € Tre€Syq)

3: s = s+ 1 (% NR iterations)

4 Assembling loop for the residual vectors R,, s and R, s and the tangent stiffness matrices Kou, 5, Kua,s Kaw,s, and Koa.s.
5 while inel < tnel do (% tnel: the number of total elements)

6: if inel is a cracked element except for a crack tip element then

7 Obtain pseudo-stiffness by g (d°) = max [g (d°) , gmin]

8 end if

9 if inel is a crack tip element or an adjacent element around the crack tips then

10: Obtain pseudo-stiffness by g (d°) = max [g (d®) , gmin/ 5]

11: end if

12:  end while

13: Compute the increments of the displacement vector and global hardening variable, du, and Sa

14: Update the total increments of the displacement vector and global hardening variable, A, s and da,+1 s by Eq. (=)
15: Update the current displacement vector U,+1,s by Up+1,5 = Uy + AUps15

16: Update the global hardening variable @415 by @us1.5 = @p + dapsi s

17: Crelax = Max [Crelax — 1,1]

18: end while

Cracked elements Crack tip element

Strong discontinuities

Adjacent elements of crack tips

To maintain numerical stability during the opening process of an explicit crack tip under
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quasi-static condition, we introduce a stabilization technique inspired by Mediavilla et al.
I - As explained in Algorithm B, this technique consists of two parts: providing pseudo-
stiffness to severely damaged elements and controlling the correctors of the increments of
the displacement vector and the global hardening variable within a single NR loop.

In general, in each iteration of an NR loop, the residual vectors R,, ; & R, s and tangent
stiffness matrices Koyu.s» Kua.ss Kaow.s» and K, are obtained in the finite element assembly
process. Then, the correctors of the increments of the displacement vector and the global
hardening variable, du, and da;, are obtained by solving the linearized equation constructed
by Eq. (B12), Eq. (B13), Eq. (818), Eq. (B171), Eq. (819), Eq. (220). For the tangent stiff-
ness matrix assembled from the element stiffness matrices of severely damaged elements,
the condition number tends to be so large that the NR computation has difficulty in con-
verging. Additionally, an excessively large displacement corrector may cause the collapse of
finite elements. To suppress the first factor of instability, pseudo-stiffness is given to severely
damaged elements by providing the lowest admissible value gy, for the elastic degradation
function g (d°). Specifically, the following modifications are made to the degradation func-

tion:

e For cracked elements except for a crack tip element:

g (de) = max [g (de) ’ gmin]
, (4.36)

e For a crack tip element or an adjacent element around a crack tip:
g (d°) = max [g (d°) , Gmin/ 5]

where s denotes the NR iteration number.

Furthermore, to maintain the convergence property of the global NR computations, the
reduction in the second factor of instability is made by modifying the correctors of the dis-
placement vector and the global hardening variable, respectively, such that

ou,

relax
s, (4.37)

Aun+1,s = Aun+l,s—1 + 6us = Aun+1,s = Aun+1,s—1 +

Aa’n+1,s = Aa’n+1,s—1 + 6a’s = Aa’n+1,s = Aa’n+1,s—1 +
relax
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where C.p.x > 1 is introduced as a relaxation parameter. Here, the value of Cy.,y is gradually
reduced to one at every iteration so that the modified correctors gradually approach the actual
ones.

It should be noted that the NR computation for a finite strain problem involving dam-
age tends to diverge with a high probability without this kind of relaxation. As mentioned
above, this is not only because the tangent stiffness matrix has a bad condition number but
also because the displacement correctors associated with the damaged elements become ex-
cessively large. This relaxation is an artificial modification of the NR method and leads to a
slow convergence rate but has the advantage that convergent solutions are robustly obtained;
this tendency is demonstrated in Section &1l It should be noted that the techniques presented

here may be needless within the small strain framework assuming linear elastic responses.

Remark 6 Lowest admissible value g,,,: As explained in Section B3, the lowest admis-
sible value g,,, is given to severely damaged elements, but its reasonable value is difficult
to establish. In light of actual failures, since the regions around discrete crack surfaces are
still sound or only have slight deterioration, a full or nearly full recovery of the degradation
function, i.e., gy, — 1, seems to be reasonable. Nevertheless, such an artificial recovery
would result in an imbalance in the stress state around the crack tip, which may also affect
the geometry of the crack path. In this study, to reproduce the same crack path obtained by
the CPFM along with the standard FEM, we only give a small value g,,;, = 0.05 ~ 0.10 ro
avoid significantly changing the stress state. Note that the treatment of the stiffness recovery
during the transition process from diffuse to discrete cracks is an open topic and is left as a

future research item.
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Table 4.1: Similarities and differences between previous studies and this study.

Working group Strain ‘ 2D/3D ‘ Method ‘ Crack tip ‘ Targeting problem
When and How crack paths or tips are updated

Giovanard: ot o, 29 | 5™ | 2D | XFEM | Implicit | Brittle fracture
The regions outside of crack tips are updated at the end of each time step.

Geelen et al. 0 Small ‘ 2D ‘ XFEM ‘ Explicit* ‘ Brittle fracture

Crack tips are updated by a switching criterion at the end of each time step.

Muix{ et al. =D Small ‘ 2D/3D ‘ XFEM ‘ Implicit ‘ Brittle fracture
The regions outside of crack tips are updated at the end of each time step.

Sun et al. 59 Small ‘ 2D/3D ‘ FEMM ‘ Explicit* ‘ Brittle fracture

Crack tips are updated by a switching criterion 130) at the end of each time step.
R e | 2D | VEM | Explicit* | Brittle fracture
Crack tips are updated by length minimization problems at the end of each time step.
Small | 2D | NMM | Explicit* | Brittle fracture

Yang et al. 034)

Crack tips are updated by finding the farthest damaged nodes at the end of each time step.

Finite ‘ 2D/3D ‘ FCM ‘ Explicit ‘ Brittle, dynamic, and ductile fractures

This stud
Y Crack tips are updated by the moving circle algorithm at the end of each staggered iteration.

(a) Previous studies (b) Present study (Algorithm D)

Fig. 4.5: Example of updating discrete crack surfaces: comparison between previous studies

and this study.

4.6 Similarities and differences between previous studies

and this study

To close this chapter, let us explore the similarities and differences between the previous
studies and this study, as summarized in Table BE71. First, they have the same motivation
and concept. That is, the crack initiation and propagation steps are predicted by an energy

minimization problem within the CPF framework, while the predicted diffusive crack is rep-



112

resented explicitly by introducing a strong discontinuity by a meshfree method. Specifically,
the proposed scheme is similar to those of some previous studies “™=)HE959) in that both
the crack tips and paths are expressed explicitly. In contrast, this study differs from several
previous studies "0 in which the crack tips were treated implicitly. In the former four
studies, the explicit path of a propagated crack was generated only at the end of each loading
step by connecting the old and new crack tips with a straight line. This approach may cause
inconvenience when the crack propagates dramatically at once or while bending within a
single loading step. As illustrated in Fig. B3(a), if the crack propagated during one loading
step is curved, the discrete crack path is not consistent with the diffusive path.

On the other hand, we have proposed a different scheme to realize the transition from
diffuse to discrete crack topologies. That is, the explicit crack tips are updated at each FC-
based staggered iteration in the FC-based staggered iterative algorithm with the help of the
technique presented in Section B2 and FCM technology. Due to this approach, the proposed
scheme successfully realizes the discrete crack path by tracing the diffusive path, as illus-
trated in Fig. B3(b), which demonstrates that the present scheme is superior to other existing
techniques. In addition, while all the previous studies shown in Table [T were made within
the small strain framework, this study adheres to finite strain theory because configuration
changes are often critical to predicting the failure processes of structures. Also, while they
were only applied to the quasi-static brittle fracture problems, the proposed framework can
simulate the brittle and ductile fractures under both the quasi-static and dynamic conditions.
To accomplish crack opening and propagation in a stable manner, we have introduced the
stabilization techniques presented in Section and Section for both the quasi-static

and dynamic conditions, by which the new explicit crack tip is gradually and stably opened.



S Numerical simulations by CPFFCM

In this chapter, several numerical examples are presented to demonstrate the ability and
performance of the developed method (CPFFCM). In particular, a series of failure events
from the damage initiation to the post-failure phase, occurring in brittle and ductile materials

under quasi-static and dynamic conditions, are simulated.

5.1 Quasi-static brittle fracture

Table 5.1: Material parameters for numerical simulations in Section 11 ~ Section E.1°4.

Parameter Value Unit
Young’s modulus E 200000 [MPa]
Poisson’s ratio v 0.3 [-]
Fracture toughness G, 2.7 [N/mm)]

Crack length scale parameter ¢ 0.008 [mm]

This section is devoted to demonstrating the ability of the scheme proposed in the pre-
vious chapter by solving four representative numerical examples describing the quasi-static
brittle fracture. For the sake of comparison, we conduct simulations using both the present
scheme with the FCM and the standard FEM with the conventional CPF model. Throughout
this section, the former is referred to as “CPFFCM?”, and the latter is denoted as "CPFFEM”.
Furthermore, the same set of material parameters listed in Table BT is used for the numerical
examples in Section BT ~ Section BT°4. Additionally, we redefine degradation functions

for CPFFEM as g (d) = max [g (d) , k] with a small value k = 0.0001 to maintain the conver-

113
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gence of the NR computations.

5.1.1 Example 5-1-1: Tensile failure of single-edge notched specimen

+ Displacement
__8 T jj”ll IDogooe
g CHH M
2 . s s
S i
0.5 mm | = IY— HH HH
0 1 8
Initial crack —
gfss] |
0 ise'AnEm
1 mm i IEEEEEESS| %I E
IC| 1 LT
(a) Geometry & boundary condi- (b) Mesh distribution

tions

Fig. 5.1: Geometry with boundary conditions and mesh distribution for Example 5-1-1.

The first example considers the tensile failure of a single-edge notched specimen, il-
lustrated in Fig. BT(a), along with the boundary conditions. In this example, the basic
performance of the proposed scheme is examined, and the necessity of the crack opening
stabilization technique is also discussed. An initial crack is located at the center of the left
edge and has a length of 0.5 [mm]. The right and left edges are fixed horizontally, while the
bottom edge is fixed vertically. Vertical displacement is gradually applied to the top edge
until a crack path separates the specimen. A displacement increment of Au = 1- 107> [mm]
is applied at each loading step starting just before the crack forms. Additionally, the element
size h. is set at 2h. < [¢ for the potentially damaged region, as shown in Fig. B1i(b). In
addition, we use d;; = 0.98, dirp = 0.50, Crex = 10, and g = 0.05 for Algorithm B and
Algorithm .

In this tension test, we conduct simulations by employing the quadratic and cubic degra-
dation functions, so the number of analysis cases is four. Fig. 52 shows the load-displacement
curves for the four cases, in which the left and right figures show the overview and enlarged

view around the load peaks, respectively. Here, Cases Q1 & Q2 employ the quadratic func-
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Fig. 5.2: Load-displacement curves obtained for Example 5-1-1.

(Q1-a) u = 0.00543 (Q1-b) u = 0.00570 (Q1-¢) u =0.00594 (Q1-d) u = 0.00595 [mm]

(Q2-¢) u = 0.00543  (Q2-f) u = 0.00570 (Q2-g) u = 0.00594 (Q2-h) u = 0.00595 [mm]

0.0 0.2 0.4 0.6 0.8 1.0
e Lo d [

Fig. 5.3: Snapshots of the crack evolutions obtained for Example 5-1-1 (Cases Q1 and Q2).

tion, while Cases C1 & C2 employ the cubic function. Additionally, Cases Q1 & C1 are
computed by CPFFEM, while Cases Q2 & C2 are computed by CPFFCM. As seen from
this figure, Case Q2 exhibits a slightly faster load drop than Case Q1; see the red and blue

dashed lines in the enlarged view. In fact, the crack propagation process of Case Q2 is also
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slightly faster than that of Case Q1, as shown in Fig. 3. Although only a slight difference
is observed here, the difference becomes clear in the following numerical examples. This
tendency is thought to be due to the strong discontinuity representation ability of CPFFCM;
that is, stress transfer does not occur between the crack surfaces in the CPFFCM case. Ad-
ditionally, due to the explicit representation of crack surfaces, the load becomes exactly zero
when the specimen is separated, whereas the load of Case Q1 still has a small value due to
the parameter k = 0.0001 set to maintain the numerical stability, as shown in Fig. B2. Note

that similar tendencies and considerations are reported in Geelen et al. =",

(C1-i) u = 0.00672 (C1-j) u = 0.00672 (C1-k) u = 0.00672 (C1-1) u = 0.00675 [mm]

(C2-m) u = 0.00672 (C2-n) u = 0.00672 (C2-0) u =0.00672 (C2-p) u = 0.00675 [mm]

0.0 0.2 0.4 0.6 0.8 1.0
— Lo d |

Fig. 5.4: Snapshots of the crack evolutions obtained for Example 5-1-1 (Cases C1 and C2).

On the other hand, the load-displacement curves of Cases C1 & C2 exhibit almost the
same response. That is, they have higher load peaks and reveal more brittle-like failures than
Cases Q1 & Q2. This is due to the property of the cubic degradation function. Specifically,
since the cubic degradation function slightly exhibits a softening behavior up to the peak
stress, Cases C1 & C2 have almost linear load increases. Once they reach the stress peak,

both cases show load reductions in the almost vertical direction until the loads become nearly
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zero. In fact, crack initiation and propagation followed by specimen separation occur in one
loading step with approximately 250 FC-based staggered iterations. The first three stages in
Fig. 54 show the crack propagations that occur during the FC-staggered iterative procedure
in one loading step, so the value of displacement does not increase. Additionally, since the
explicit crack tip is updated in each FC-based staggered iteration if needed, the length of its
path gradually increases even in one loading step. If some of the previous studies presented
in Table [T solved this problem, they could update the discrete crack path only at the end
of each loading step. This is somewhat unreasonable when a curved crack appears in a short

time interval, which will be seen in the following numerical examples.
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(a) Without the stabilization technique (b) With the stabilization technique

Fig. 5.5: Relationships between the number of iterations and residuals obtained for Example

5-1-1 (without/with the stabilization technique in Algorithm ).

In addition, let us use the result of Case C2 to discuss the accomplished numerical sta-
bility of CPFFCM in solving finite deformation problems. Fig. B3 shows the relationships
between the numbers of iterations and the residuals at the range in which the first three el-
ements are divided after crack initiation, where the left and right figures, (a) & (b), show
the curves obtained without & with the stabilization technique, respectively. Note here that

the logarithmic residuals of the displacement field are shown, and the relationships for the
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Fig. 5.6: Snapshots of the crack openings obtained for Example 5-1-1 (without/with the

stabilization technique) (Algorithm H).

crack phase-field are not presented. Here, the labels “digit”, “bf/af” and “itr/res” of “digit-
bf/af-itr/res” in Fig. B3 indicate the number of divided elements, the situation before/after
the explicit crack tip update by the FCM, and the iteration/residual curve, respectively. For
instance, ‘“2-af-res” indicates the residual curve of the NR loop immediately after the second
crack is explicitly expressed by the FCM.

As shown in Fig. B3(a), which presents the results obtained without the stabilization
technique, the NR computation process diverges when the third divided element opens. In
contrast, although each “af” case in Fig. 83(b) does not exhibit a fast convergence behavior,
the logarithmic residual gradually decreases. Additionally, Fig. B8 shows the processes of

crack opening for the NR loop “3-af”’, where the labels “w/0” and “w” denote the cases with-
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out and with the stabilization technique, respectively. As seen from the top five snapshots that
show the results obtained without the stabilization technique, the improper evaluation of the
displacement around the crack tip results in computational failure. In contrast, as seen from
the middle/bottom five figures showing the distributions of the CPF variable and the lowest
admissible value for pseudo-stiffness, the crack is gradually opened, iteration by iteration,
due to the stabilization algorithm. Thus, the proposed scheme successfully realizes stable

crack opening within the finite strain framework involving severely damaged elements.

Remark 7 Breakdown of computation time: The added cost of CPFFCM to CPFFEM is
relevant to lines 7-11 in Algorithm Q. As explained above, the crack penetrates the specimen
in one loading step for Cases C1 & C2. Then, the computation times by the two methods are
673 seconds for CPFFEM and 1459 seconds for CPFFCM, respectively. More specifically,
for CPFFCM, the breakdown is as follows: 76 seconds (5.2%) for the moving circle algo-
rithm, 32 seconds (2.2%) for the reconstruction of input files defining an updated geometry
with its boundary conditions, 571 seconds (39.1%) for the stabilization, 680 seconds (46.6%)
for the remaining standard CPF computations, and 100 seconds (6.8%) for the switching of
CPF and FCM programs. Depending on the setup, the computation time of CPFFCM takes

about twice as long as that of CPFFEM.

5.1.2 Example 5-1-2: Shear failure of single-edge notched specimen

The second example considers a shear failure of the same specimen presented in the
previous example but with different boundary conditions, as shown in Fig. 87(a). Here,
the performance of the moving circle algorithm (Algorithm B) is investigated along with
its illustration. A horizontal displacement is applied to the top edge, while the right and left
edges are fixed vertically, and the bottom edge is fully fixed. Then, a displacement increment
of Au = 2-107® [mm] is applied at each loading step starting just before crack initiation
occurs. The element size is set at 2k, < [; for the potentially damaged region, as shown in
Fig. BE7(b). Additionally, we use d.;; = 0.98, d.» = 0.60, Cye1ax = 10, and g, = 0.05 for the

algorithms in Algorithm B3 and Algorithm 8.
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Fig. 5.7: Geometry with boundary conditions and mesh distribution for Example 5-1-2.
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Fig. 5.8: Load-displacement curves obtained for Example 5-1-2.

Simulations are conducted with CPFFEM (Case S1) and CPFFCM (Case S2) separately.
The obtained load-displacement curves are shown in Fig. B8. The curve of Case S2 exhibits
a faster load drop than that of Case S1. As explained in the previous example, this is due to
the strong discontinuity representation as explained before. Fig. B9 shows snapshots of the
crack evolution processes for the two cases. Additionally, for further visual understanding,
Fig. B10 provides the overlay of Case S1 on S2, where the dotted lines indicate diffusive
cracks with d = 0.95. As seen from these figures, the crack path of Case S2 is in agreement

with that of Case S1. Nevertheless, it is confirmed that CPFFCM certainly shows faster crack
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(S1-a) u = 0.00993 (S1-b) u = 0.01131 (S1-¢) u = 0.01191 (S1-d) u = 0.01311 [mm]

(S2-e) u = 0.00993 (S2-f) u = 0.01131 (S2-g) u = 0.01191 (S2-h) u = 0.01277 [mm]
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Fig. 5.9: Snapshots of the crack evolutions obtained for Example 5-1-2.

(S1-aon S2-e) (S1-b on S2-f) (S1-c on S2-g) (S1-d on S2-h)

Fig. 5.10: Overlay of a diffuse crack obtained by CPFFEM on a discrete crack provided by
CPFFCM for Example 5-1-2 (the dotted lines indicate d ~ 0.95).

propagation than CPFFEM.

Furthermore, for the sake of illustration, Fig. 51T provides snapshots of the procedure
in the moving circle algorithm. When the diffuse crack propagates enough to update a new
explicit crack tip (Fig. BTT(a)&(b)), the center of the moving circle (Fig. BT1(c)) is deter-
mined by Algorithm B. Then, if the direction vector originating from the coordinates of the

old crack tip toward the center of the circle penetrates the damaged elements, the explicit
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Fig. 5.11: Illustration of the moving circle algorithm (the dotted lines indicate d ~ 0.60).

crack tip is updated (Fig. BIT(d)). As the circle moves in this manner, the trajectory of the
center draws the discrete crack path (Fig. BT1l(e)). Thanks to the moving circle algorithm,
a smooth crack path is explicitly reproduced. This ability may be helpful for solving the

contact problem of divided elements, although it is not yet our current agenda.

5.1.3 Example 5-1-3: Tensile failure of double-edge notched asymmet-

ric specimen

+ Displacement
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Fig. 5.12: Geometry with boundary conditions and mesh distribution for Example 5-1-3.

The third example targets the tensile failure of a double-edge notched asymmetric spec-
imen, as illustrated in Fig. 5T2(a), along with the boundary conditions. The main objective
of this example is to compare CPFFEM and CPFFCM in terms of numerical stability. In

particular, we show that CPFFCM enables us to conduct simulations until the specimens are
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completely separated, whereas CPFFEM cannot. Additionally, the ability of Algorithm 3
to reproduce the smooth paths of discrete cracks is demonstrated as in the previous exam-
ple. The initial cracks are placed asymmetrically at the left and right edges. We prepare
three geometries with different initial crack lengths and different distances from the top and
bottom edges: Cases D1 & D2 with (a,b,c) = (0.20,0.20,0.55), Cases D3 & D4 with
(a,b,c) = (0.30,0.20,0.55), and Cases D5 & D6 with (a, b, c) = (0.20,0.20,0.585). Here,
CPFFEM is used for Cases D1, D3, and D5, while CPFFCM is used for D2, D4, and D6.
For each geometry, a vertical displacement is given to the top edge, and the bottom edge is
fixed in the vertical direction. A displacement increment of Au = 1-107 [mm] is applied for
each loading step starting just before crack initiation occurs. Furthermore, the element size
he is set at 2h, < [t for the potentially damaged region, as shown in Fig. 5T2(b). In addition,
der1 = 0.98, dep = 0.50, and C3 = 5 are given for Algorithm B, and Ciejax = 10 & gmin = 0.05

are used in Algorithm 4.
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Fig. 5.13: Load-displacement curves obtained for Example 5-1-3.

Fig. shows the load-displacement curves obtained for the six cases, and snapshots
of the crack evolution processes are shown in Fig. 514 ~ Fig. BT6. Here, the first three
figures of each case are obtained in one loading step, and the last figure corresponds to the
moment either just before the NR computation diverges when using CPFFEM or just after

the specimen is separated by a discrete crack when using CPFFCM. Curved crack paths are
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(D1-a) u = 0.00801 (D1-b) u = 0.00801 (D1-¢) u =0.00801  (D1-d) « = 0.00918 [mm]

(D2-e) u = 0.00801 (D2-f) u = 0.00801 (D2-g) u = 0.00801 (D2-h) u = 0.01348 [mm]

0.0 0.2 0.4 0.6 0.8 1.0
— e d |

Fig. 5.14: Snapshots of the crack evolutions obtained for Example 5-1-3: Case D1 and Case

(D3-i) u = 0.00796 (D3-j) u = 0.00796 (D3-k) u = 0.00796 (D3-1) u = 0.00943 [mm]

(D4-m) u = 0.00796 (D4-n) u = 0.00796 (D4-0) u = 0.00796 (D4-p) u = 0.01348 [mm]
0.0 0.2 0.4 0.6
—

D2.
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L e d [

Fig. 5.15: Snapshots of the crack evolutions obtained for Example 5-1-3: Case D3 and Case
D4.

observed in the first three snapshots for the three geometries, in which the results produced
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(D5-q) u = 0.00790 (D5-r) u = 0.00790 (D5-s) u = 0.00790 (D5-t) u = 0.00873 [mm]

(D6-u) u = 0.00790 (D6-v) u = 0.00790 (D6-W) 1 = 0.00790 (D6-x) u = 0.01348 [mm]
0.0 0.2 0.4 0.6 0.8 1.0
———— Lo d [

Fig. 5.16: Snapshots of the crack evolutions obtained for Example 5-1-3: Case D5 and Case
D6.

by the CPFFCM are in good agreement with those by the CPFFEM. As explained in Section
B4, in previous studies, the explicit crack tips were updated at the end of each loading step
by connecting the old and new crack tips with a straight line. In that case, the curved crack
path is difficult to trace. In contrast, the proposed scheme overcomes this inconvenience and
realizes smooth paths for discrete cracks because the explicit crack tips are updated in each

FC-based staggered iteration.

Case D1 Iteration 2 Iteration 3 Iteration 4 Iteration 5

0.0 0.2 0.4 0.6 0.8 1.0
— Lo d |

Fig. 5.17: Ilustration of the collapsed element group when the global NR computation di-

verges in CPFFEM: Case D1 in Example 5-1-3.
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Fig. 5.18: Illustrations of different scenarios involving two crack connections with three

geometries in Example 5-1-3.

On the other hand, as seen from the results of Cases D1~D4 in Fig. 173, the total dis-
placements of CPFFEM are much smaller than those of CPFFCM. This is because the NR
computations diverge when using CPFFEM due to the oscillatory correctors or the collapse
of damaged elements. Fig. 517 illustrates an example of a collapsed element group obtained
using CPFFEM at the loading step immediately after (D1-d) in Fig. B14. Conversely, the
computations performed using CPFFCM continue until the specimens are separated by dis-
crete cracks. Indeed, thanks to the explicit representations of crack surfaces in CPFFCM,
different scenarios for two crack connections with the three geometries are successfully ob-
tained, as shown in Fig. 5I8. Specifically, for Case D2, when the lower crack tip approaches

the upper crack surface, a new crack tip appears from the middle part of the upper crack
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surface and connects with the lower crack tip. Accordingly, the specimen is separated by
a single crack path, and the upper crack is closed at the end, as shown in Fig. 5T4(D2-h).
Although an area where the physical domains overlap with each other is observed, this can
be avoided if we consider the contact condition between them, which will be another future
research topic. On the other hand, Case D4 is the case in which the upper crack penetrates
the specimen without the appearance of a crack tip on the middle part of the lower crack
surface, and the lower crack is closed at the end; see Fig. BT3(D4-p) and the middle panel
of Fig. BI8. In addition, as seen from Fig. 5 T6A(D6) and the bottom panel of Fig. 518 for
Case D6, the upper and lower cracks form a single crack path without ever crossing each
other. Given that these separation scenarios cannot be computed with CPFFEM, we can
safely conclude that CPFFCM endowed with the proposed scheme is more stable in terms of

simulating crack propagations than the conventional methods.

5.1.4 Example 5-1-4: Tensile failure of multiholed specimen

The last example considers the tensile failures of complex geometries without initial
cracks. Two geometries are considered, as shown in Fig. BT9(a), along with the bound-
ary conditions: Case H1 “5-hole” and Case H2 “7-hole”. The 5-hole specimen has two
half and three whole circular holes, whose center coordinates are set at (x,y) = (0,0.5),
(0.35,0.45), (0.6,0.55), (0.75,0.5), (1,0.425) from left to right. On the other hand, the 7-
hole specimen has three large and four small circular holes, whose center coordinates are
set at (x,y) = (0.15,0.4), (0.5,0.55), (0.85,0.5) for the larger holes and (x,y) = (0.3,0.55),
(0.4,0.35), (0.65,0.35), (0.7,0.6) for the smaller holes from left to right. In the simulations,
a vertical displacement is applied on the top edge, the right and left edges are fixed in the
horizontal direction, and the bottom edge is fixed in the vertical direction. Then, a displace-
ment increment of Au = 2 - 10~® [mm] is applied for each loading step starting just before
crack initiation occurs. The element size A, is set at 2h. < I for the potentially damaged
region, as shown in Fig. 5T9(b). Additionally, d.;; = 0.98, d.;; = 0.50, C3 = 5, Cierax = 10,

and g, = 0.10 are used for Algorithm B and Algorithm &.
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Fig. 5.19: Geometry with boundary conditions and mesh distributions for Example 5-1-4.
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Fig. 5.20: Load-displacement curves obtained for Example 5-1-4.

The simulated load-displacement curves for the two geometries are shown in Fig. 20,



129

H1-a4 u = 0.00841 H1-b4 u = 0.00842 H1-c4 u =0.00842 H1-d4 u = 0.00903 [mm]

H2-e4 u = 0.00785 H2-f4 u = 0.00834 H2-g4 u = 0.00907 H2-h4 u = 0.00908 H2-i4 u = 0.00913 [mm]
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Fig. 5.21: Snapshots of the crack evolutions obtained for Example 5-1-4.
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Fig. 5.22: Tllustration of severely damaged elements involving oscillatory displacements and

collapsed element groups when the global NR computation diverges in CPFFEM: 5-hole &

7-hole specimens in Example 5-1-4.

in which the left and right figures show the overview and enlarged view around the load
peaks, respectively. As seen in this figure, the results of Case H1 and Case H2 have two and

four load peaks, respectively. Additionally, for each case, an increase in the displacement
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between the adjacent peaks is observed. Fig. B21 provides a better understanding of these
multiple load peaks. For Case HI1, the crack initiates and propagates until it reaches the
third hole from right to left. Subsequently, additional displacement loading is required to
promote further crack evolution; see (H1-c4) & (H1-d4) in Fig. as well. For Case
H2, additional displacement loading is necessary if the crack initiates from the larger hole;
see (H2-e4) & (H2-f4) or (H2-f4) & (H2-g4). It should be noted here that these results
are difficult to compute with CPFFEM because the severely damaged elements diminish the
numerical stability, as demonstrated in the previous numerical examples. For example, Fig.
shows the unstable results obtained for both geometries using CPFFEM, in which the
severely damaged elements involve oscillatory displacements and collapse for the 5-hole and
7-hole specimens, respectively. It is therefore confirmed that CPFFCM is more stable than
CPFFEM for simulating crack propagation problems.

Furthermore, the mechanisms of crack initiation and propagation are further investigated.
Fig. and Fig. show the detailed crack evolutions for two selected regions between
the adjacent holes for each of the 5-hole and 7-hole specimens, respectively. As seen in
these figures, these crack propagations possess two main mechanisms. One is that a crack
initiates from one hole and penetrates toward the other. The other is that two cracks initiate
from adjacent holes and propagate to form a single crack path. However, the mechanism
shown in the panel consisting of (h1)~(h4) in Fig. seems to be an exception. In this
case, although multiple cracks initiate from adjacent holes, one of them penetrates toward
the other hole, and the other crack stops increasing and is closed at the end. Based on these
numerical results, we confirm that the proposed scheme can reproduce the crack initiation
and propagation scenarios computed by the energy minimization problem of the crack phase-

field within the finite strain framework.
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Fig. 5.23: Snapshots of the crack evolutions obtained for Example 5-1-4 (Case H1).

5.2 Dynamic brittle fracture

This section is devoted to demonstrating the capabilities of the proposed method in sim-
ulating dynamic fractures involving arbitrary crack initiation, propagation, bifurcation, di-
vision of the original object into multiple portions, and subsequent independent motions of

the divided portions. Four representative numerical examples are presented and discussed
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(H;;el) u = 0.00785 (H2-e2) u = 0.00785 (H2-e3) u = 0.00785 (H2-e4) u = 0.00785 [mm]
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Fig. 5.24: Snapshots of the crack evolutions obtained for Example 5-1-4 (Case H2).



133

regarding the conservation and variation of energy components and the motions of divided
portions by cracks. Note that several well-known benchmark tests, such as the dynamic crack
branching test "™ and the Kalthoff-Winkler test ™, are not demonstrated in this study
since they can be performed within the standard framework of incorporating a CPFM into
the FEM. Instead, we focus on fractures involving large deformation and rotation.

As a common setup for the following examples, the components of the displacement
vector u, u; and u,, correspond to the x and y axes, respectively. Additionally, the numerical
simulations are conducted under the plane strain condition, and 8 = 0.25 and y = 0.50 are
used in the Newmark method. Values (i = 10, {nax = 1000, and .o = 30 are used for

numerical damping. The energy components in Eq. (Z72) and Eq. (Z-13) are computed as

follows:

Elastic strain energy (Ela.): &, = f Ve (Fi1,dpi)dV (5.1)

By
Crack generation energy (Fra.): &, = f P! (dys1, Vi) dV (5.2)

By
o . L

Kinetic energy (Kin.): %, = Ep()llun+1” av (5.3)

By

Dissipation energy of numerical damping (Dis.):

1 . Ly Odu >.4)
= — : Fn . Fn . V,
-Z)n+1 Dn + fBO 2 (gn + Q,H_l +1) X d

1
External energy of body force (Bod.): PO =P0+ L P09 - Au,1dV, (5.5)
Bo

and

1
?:Hl = P;z + f E (,I;l + Tn+1) : AunﬂdA
External energy of traction force (Tra.): 089 _

= 8Z+1 + 8rfz+1 + Koi1 + Dypi1 — PBH
(5.6)
Additionally, to better support the reader’s understanding, movies of the following simula-

tions are available in our repository 2.
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5.2.1 Example 5-2-1: Vibration test of cantilever beam
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Fig. 5.25: Geometry with boundary conditions for Example 5-2-1.

Table 5.2: Material parameters for Example 5-2-1.

Parameter Value Unit

E 1.25x 10™* [MPa]

Young’s modulus
048 [-]

Poisson’s ratio v
Density 00 1.0x107°  [kg/mm?]
Gravity g (0,-0.981,0) [mmy/s’]
Pseudo-Lamé’s constant  Apge 778 [MPa]

Pseudo-Lamé’s constant e 0.338 [MPa]

Table 5.3: Numerical simulation cases for Example 5-2-1.

Gravity Damping Separation

Case

cbl - - -
cb2 v v -
cb3 - - v
cb4 v v v

The first example concerns a vibration test of a cantilever beam. The main objective of

this example is to demonstrate that if the damage is not considered, the energy is conserved
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regardless of the introduction of the body force and numerical damping effects and the dis-
continuity represented by the FCM. Therefore, the computation of the crack phase-field is
not considered here. The geometry of the beam is schematically illustrated in Fig. 5735 along
with the boundary conditions, and the numerical setup is borrowed from Bonet et al. ™9,
Specifically, the element size is h. = 250 [mm], and the bottom edge of the beam is fully
fixed. The initial velocity is horizontal and gradually increases in proportion to the height.
The material parameters are provided in Table B2. To discuss the effects of the body force,
numerical damping, and breaking of the beam, we consider the four simulation cases listed
in Table B3. It should be noted that the damping coefficient in Eq. (BEZ2R) is set to ¢* = 1
in this example to demonstrate the ordinary damping effect but will be consistent with the
definition in Eq. (B22R) in the next three examples. Additionally, the time increment is set to
At = 0.125 [s], and the gravitational force is assumed to be only 0.01% of the Earth’s gravity
for visualization purposes to allow the free fall motions of the divided portions of the beam
over a reasonable range of the time to be captured in a single figure.

Fig. shows the transitions of the energy components given in Eqgs. (51)-(56). Here,
the crack generation energy is excluded since the damage is not considered in this numerical
example. As seen from the black dashed line in each graph, the energy conservation relations
are satisfied in all the cases. Specifically, the result for Case cbl, in which the effects of the
body force, damping, or beam breakage are not considered, exhibits the same trends as the
results in Reference ™. That is, the kinetic strain energy first reached its maximum value,
followed by the elastic strain energy, as shown in Fig. B27. Accordingly, these two energy
components have opposite phases over time; see also the movies posted in our repository
%2 This is a simple verification but is the premise upon which the validity of the subsequent
calculations will be discussed.

The results for Case cb2 show similar trends to Case cbl in terms of the transition of
the energy components. However, the amplitudes of the elastic and kinetic energies are
reduced by the damping effect, as shown in Fig. B78(b). Additionally, the dissipation energy

increases with an increasing number of cycles, and the external energy exerted by the body



Energy [J]

Energy [J]

0.06 I : :
““““““““ Ela. -~ Dis. == Tra
00s L= Kin. Bod i
0.04
0.03
0.02
0.01
0
0 100 200 300 400
Time [s]
(a) Case cbl
0.06 I ! :
““““““““ Ela. - - Dis. == Tra
005 L= Kin Bod. il

100 200
Time [s]
(c) Case cb3

Energy [J]

0.06 T ! !
---------- Ela. - = Dis. == Tra.
005 L= Kin. Bod. _
0.04
=
& 0.03
Q
=
m
0.02
0.01
0
0 100 200 300
Time [s]
(b) Case cb2

0 100 200
Time [s]
(d) Case cb4

136

Fig. 5.26: Transition trends of energy components for Example 5-2-1. Ela: elastic strain

energy; Kin: kinetic energy; Dis: dissipation energy; Bod: external energy of body force;

Tra: external energy of traction force (Tra=Ela+Kin+Dis-Bod).

force shows increasing and decreasing behavior, as observed in Fig. B28. It should be noted

that the initial amplitude of the elastic component in Case cb?2 is larger than that in Case cbl

due to the effect of body force.

Meanwhile, as seen from Figs. B26(c) & (d), the results for the latter two cases, Case

cb3, and Case cb4, exhibit different trends of motion due to the breaking of the beam. In
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Fig. 5.27: Energy states for Example 5-2-1: Case cb1. Elastic strain energy density in tension

W¢* and kinetic energy density K in order from the top.
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Fig. 5.28: Energy states for Example 5-2-1: Case cb2. Elastic strain energy density in tension
Pe*, kinetic energy density K, dissipation energy density D, and external energy density of

body force PP in order from the top.

these cases, we intentionally break the original beam horizontally into two, three, and four
portions at the positions y = 3125, 4625, and 1125 [mm] at times ¢ = 100, 200, and 300 [s],

respectively. The frequencies of the curves of the elastic strain and kinetic energies increase
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Fig. 5.29: Trajectories of motion for Example 5-2-1: Case cb3 and Case cb4.

whenever the lengths of the divided portions become shorter. In Case cb4, the amplitudes of
the elastic and kinetic components are also reduced by the damping effect, but the free fall of
the divided portions shows the largest energy component in the latter part of the simulation;
see the magenta and light blue dashed lines in Fig. B26(d). To better support the reader’s
understanding, the trajectories of motion in Case cb3 and Case cb4 are illustrated in Fig.
529, and corresponding movies are provided in our repository ™. As shown in the figure,
the portions divided from the original beam exhibit individual motions, including rotations.
Additionally, the divided portions in Case cb4 are in free fall because of the introduction of

the body force; see the distances every 80 seconds between the adjacent divided bodies cor-
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responding to the intervals, t = 155.5-235.5, 235.5-315.5 and 315.5-395.5 [s], as indicated

in the right panel of Fig. 579.

5.2.2 Example 5-2-2: Rotation test of hollow square plate

o (t)

ﬂ Thickness 1 mm

10 mm

20] i
~mm | ] L, .

Fig. 5.30: Geometry with boundary conditions for Example 5-2-2.

Table 5.4: Material parameters for Example 5-2-2.

Parameter Value

Unit

Young’s modulus (Quasi-rigid) E 1.5x10°
Young’s modulus (Elasticity) E 15x10*

Poisson’s ratio v 0.3
Density po  1.0x10°
Fracture toughness G, 200
Crack length scale parameter Iy 2.0
Pseudo-Lamé’s constant Apse 0.577
Pseudo-Lamé’s constant Hpse 0.385

[MPa]
[MPa]

[-]
[kg/mm’]
[N/mm]
[mm]
[MPa]
[MPa]

The second example concerns a rotation test of a hollow square plate. Fig. B30 illustrates

the geometry of the plate along with the boundary conditions. As indicated in this figure, the

following sinusoidal pressure is applied to the three subregions of the plate’s external surface
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Table 5.5: Numerical simulation cases for Example 5-2-2.

Case Damage Damping Separation

hs1 (quasi-rigid) - - -
hs2 (elasticity) v - v
hs3 (elasticity) v v v

during the first 5 seconds, and no external loading is applied after > 0.5 [s]:

sin(lt) if 0<r<05]s]
o) =oof () with oy=250[MPa], f(@t)= 0.5 .

0 otherwise
5.7

In this example, we consider the effects of damage, for which a quadratic form of the degra-
dation function is employed. The material parameters are provided in Table 54, and three
simulation cases, including quasi-rigid and elastic setups, are considered, as listed in Table
B5. Additionally, the effects of numerical damping are discussed, whereas the body force
is neglected here. The time increment is set to 4t = 0.001 [s], and the element size is
he = 1 [mm]. It should be mentioned that this example is inspired by the work of Hesch
& Weinberg *®, in which numerical simulations were conducted for flying rigid/elastic L-
shaped specimens with/without damage computation within the finite strain framework. For
Algorithm B, d;;; = 0.98 and Cijox = 10 are used.

Fig. 831 and Fig. show the transitions of the energy components and the trajectories
of motion, respectively, for the three cases. For Case hsl, in which a quasi-rigid body is
assumed, almost all the work done by external loading is transformed into kinetic energy, as
shown in Fig. B31(a). Additionally, from Fig. B32(a), a horizontal motion involving large
rotation is confirmed; see the motion of the dark blue-colored element and the corresponding
movie ™7,

Meanwhile, Case hs2 and Case hs3 assume elastic bodies with damage evolution. As
seen from Figs. B32(b) & (c), one severely damaged element is divided at time 7 = 1.26 [s]

in each case. Accordingly, the crack opens, and the two crack surfaces move independently;
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Fig. 5.31: Transition trends of all energy components for Example 5-2-2. Ela: elastic strain

energy; Fra: crack generation energy; Kin: kinetic energy; Dis: dissipation energy; Tra:

external energy of initial traction force (Tra=Ela+Fra+Kin+Dis).

see Figs. 832(b) & (c). This demonstrates an advantage of the proposed method over some
conventional approaches, such as that of Hesch & Weinberg *¥. As seen from their reference
results shown in Fig. 8372(d), a tendency of damage evolution similar to that in this example
is confirmed; the element is severely damaged while the object is moving horizontally and

rotating. However, since the breaking of the damaged element is not considered, the object
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Fig. 5.32: Trajectories of motion for Example 5-2-2.

is not divided into two portions, and the independent motions of the divided portions cannot
be captured. As a result, the computation will fail due to the collapse of the finite elements.
However, as seen from the black dashed lines in Fig. 53Tl(c) & (d), energy conservation
is not satisfied for Case hs2 and Case hs3. Based on the results for Example 5-2-1 and Case
hs1 of the present example, the failure of energy conservation is a unique issue when damage
is computed. There seem to be one minor and two major reasons for this failure. The minor
reason is a numerical error due to the rearrangement of the finite covers for crack division.
In fact, this error also arises in the first and subsequent numerical examples, but they are too

small to be observed. Since this is a unique problem of the FCM as well as several other
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meshfree methods, no deeper discussion is presented here; detailed observations are merely
presented in Appendix [A73.

Meanwhile, one of the major reasons for the failure of energy conservation is the dis-
tortion of severely damaged elements. In fact, as shown in Fig. B32(b), the severely dam-
aged elements in Case hs2 exhibit extremely large deformations, which eventually result in
inadequate variations in the energy components and failure of the Newton-Raphson (NR)
computation; see also the black dashed line in Fig. B3TI(b). In contrast, with the introduc-
tion of numerical damping, these extremely large deformations are somewhat mitigated, and
the computation can proceed to the end; see Fig. B3Tl(c) and Fig. B32(c). Nevertheless,
the black dashed line in Fig. 83T(c), which is indirectly computed from the relation in Eq.
(B6),, still exhibits an increasing tendency. In particular, there is still a trend of unreason-
able energy increase even before the element is severely damaged; see the black dashed lines
within the time range ¢ € [0.5, 1.2] [s] in Fig. B3T(b) and Fig. B3T(c).

The other major reason is the ability of finite covers (or linear shape functions) to approx-
imate the damage profiles, which must be responsible for the inappropriate energy increase
observed above. In particular, in fracture simulations, the elastic strain energy usually ex-
hibits second- or third-order nonlinearity in terms of the damage variable and second-order
nonlinearity in the displacement. Hence, the approximation of the damage driving force may
cause overestimation (or underestimation) compared to the actual one, which will eventually
lead to an inappropriate energy increase (or decrease). Although this issue is not further dis-
cussed here, appropriate measures should be adopted against these discrepancies in energy
conservation. For instance, an energy-momentum consistent integrator * or a higher-order
approximation function such as NURBS may be helpful for preserving energy conservation;
however, incorporating such a tool into a diffusive-discrete crack transition scheme is chal-
lenging from a program implementation perspective. Hence, further insight into this issue is

left for future work.
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5.2.3 Example 5-2-3: Three-point bending test of notched beam (John-

Shah test)
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Fig. 5.33: Geometry with boundary conditions for Example 5-2-3.

Table 5.6: Material parameters for Example 5-2-3.

Parameter Value  Unit
Young’s modulus E 3.14x 10* [MPa]
Poisson’s ratio v 02 [-]
Density po 24x107°  [kg/mm?]
Fracture toughness G, 0.0165 [N/mm]
Crack length scale parameter  I¢ 1.5 [mm)]
Pseudo-Lamé’s constant Apse  1.04 % 1073 [MPa]
Pseudo-Lamé’s constant Hpse  6.94 % 10™* [MPa]

The third example is dedicated to a three-point bending test of a notched beam, which

is referred to as the John-Shah test ™. In experiments, tests were conducted on several

concrete beams with single notches at different locations, and some characteristic fracture

patterns were observed. The specimen geometry is illustrated in Fig. along with the

boundary conditions. Here, y € [0, 1] is a ratio that controls the position of the notch. Two

points on the bottom edge are fixed vertically, while point loading is applied by forced dis-
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Table 5.7: Numerical simulation cases, crack initiation time, point, and propagation angle

for Example 5-2-3.

Setup Result
Case X Crack initiation time [s x 107®]  Crack initiation point ~Crack propagation angle [deg.]
jsl 0 648 center (notch) 0
js2 0.5 826 notch 23.4
js3 0.810 1436 — 1446 notch — center 359 —-0.5
js4 0.815 1436 notch and center 37.5 and 0.1
js5 0.825 1476 — 1492 center — notch 04 — 385
js6 0.875 1428 center 0

placement (velocity) at the center of the top edge in accordance with the following condition:

Lt if 0<r<t[s]
an=4{ n with 7, = 1.96 x 10™ [s], i, = 65 [mm/s].

ity otherwise

(5.8)

The material parameters are provided in Table B&. Here, the body force of the beam is ne-
glected. The element size within the potentially damaged region is set to . =~ 0.5 [mm],
and the time increment is set to At = 1 x 107 [s] and remains fixed throughout the simula-
tion. It should be noted that since the damage evolution tendency of the employed damage
model, i.e., the volumetric-deviatoric split AT2 model, is not in perfect agreement with that
in actual concrete materials, the black-colored region shown in Fig. B33 is assumed to be
intact. Additionally, the fracture toughness value is determined from the peak stress-strain
correspondence of the employed cubic degradation function; see Borden et al. . Thus,
the objective of this numerical example is to qualitatively reproduce the dynamic fracture
patterns that were observed in the actual experiments (John-Shah test ). For comparison
purposes, six simulation cases with different notch positions are considered, as summarized
in the left two columns of Table 572. For Algorithm B, d.;; = 0.98, d.;» = 0.50 and Cyejox = 10

are used.
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Fig. 5.34: Reaction force-displacement curves for Example 5-2-3.

(a) Case jsl (y = 0) (b) Case js2 (y = 0.500)

(d) Case js4 (y = 0.815) (e) Case js5 (y = 0.825)
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Fig. 5.35: Comparison of crack paths for Example 5-2-3. Deformation magnitude: 50 times.
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Fig. 5.36: Experiment results ™ for Example 5-2-3.
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Fig. B34 and Fig. B33 show the reaction force-displacement curves and final crack pat-
terns, respectively, for the six cases. Additionally, the crack initiation times, initiation points,
and propagation angles are summarized in the right three columns of Table B71. Here, the
reaction force is the sum of the forces at the two support points, while the displacement is
the vertical component taken at the center of the top edge. As shown in Fig. 534, the peak
value of the reaction force increases as the position of the notch moves away from the center.
Additionally, as shown in Fig. B39, the crack initiation positions and propagation angles
for Case js1, Case js2, and Case js6 are in good agreement with the experimental results
%9 shown in Fig. 538, i.e., the crack initiates from the notch for Case js1 and Case js2 but
does not for Case js6. Indeed, it is known that there is a critical ratio y.at which the crack
initiation point changes from the notch to the center. According to experimental observa-
tions ™| this ratio has been identified to be y.. ~ 0.766. However, the ratio obtained from
the employed damage model reads y. = 0.815, as shown in Figs. 533(c), (d), & (e). The
discrepancy between the experimental results and our simulation results is probably due to
the capabilities of the employed damage model. To bring the simulation results closer to the
experimental ones, the damage driving force should be modified to match the response of
actual concrete, and another failure mechanism, such as cohesive force, may be needed; for

46)53).6D.1X6) - These modifications are left to

example, refer to several other damage models
future work, but it can nevertheless be concluded that the developed scheme can reproduce

several typical dynamic fracture patterns qualitatively observed in the experiments.

5.2.4 Example 5-2-4: Impact failure of L-shaped plate

The last example concerns the impact test of an L-shaped plate and aims to demonstrate
a series of dynamic fracture events that involve arbitrary crack initiation, propagation, bi-
furcation, division of the original object into multiple portions, and independent motions
of the divided portions. The geometry and boundary conditions are illustrated in Fig. B37.

As schematically visualized in this figure, the top edge is fully fixed, while the following
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Fig. 5.37: Geometry with boundary conditions for Example 5-2-4.

Table 5.8: Material parameters for Example 5-2-4.

Parameter Value  Unit
Young’s modulus E 1.5%x10* [MPa]
Poisson’s ratio % 03 [-]
Density £0 1.0 x 103 [kg/mm3]
Gravity g (0,-9.81,0) [mm/s’]
Fracture toughness G, 1.0  [N/mm)]
Crack length scale parameter Il 0.015 [mm]
Pseudo-Lamé’s constant Apse 0.577 [MPa]
Pseudo-Lamé’s constant Hpse 0.385 [MPa]

sinusoidal pressure is horizontally or vertically applied to the right edge:

in(——t if 0<17<0.005][s]
o) =oof () with op=15[MPal, f(1)= Sm(o.oos) 1 ST

0 otherwise

(5.9)
Here, the black-colored regions are assumed to be intact in the simulations. For convenience,
the two cases of horizontal and vertical pressure are called “Case 1h” and “Case 1v”, respec-
tively. The material parameters are provided in Table B, where the gravitational force is
assumed to be 0.1% of Earth’s gravity for visualization purposes. The cubic degradation
function is employed to represent the deterioration of the material. Additionally, the element

size within the potentially damaged region is set to z. ~ 0.005 [mm], and the time incre-
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ment is set to At = 4 x 107 [s] throughout the simulations. For Algorithm B, d.,; = 0.98,

d.o = 0.50 and Ceax = 10 are used.
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Fig. 5.38: Transition trends of all energy components for Example 5-2-4. Ela: elastic strain
energy; Fra: crack generation energy; Kin: kinetic energy; Dis: dissipation energy; Bod: ex-

ternal energy of body force; Tra: external energy of traction force (Tra=Ela+Fra+Kin+Dis-

Ext).

The transitional trends of the energy components and snapshots of the crack propagation

processes are shown in Fig. B38 and Fig. B39, respectively. As shown in Fig. 539, the
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Fig. 5.39: Snapshots of crack propagations for Example 5-2-4.

crack initiation times, positions, and propagation directions vary with the applied pressure:
Case lh exhibits a single horizontal crack without bifurcation, whereas Case lv exhibits an
oblique crack direction with bifurcation. Additionally, the crack propagation speeds vary,
and the crack surfaces are alternately opened and closed by the transfer of stress waves; see
also the corresponding movies ®». Moreover, when the external energy of the traction force
is indirectly computed from the relation in Eq. (5-6),, inappropriate increases are confirmed;
see the black dashed lines in Fig. 838(a) and Fig. B38(c). As explained in Section &7,
these tendencies are probably due to the limited approximation ability of the employed linear
finite covers. In contrast, energy conservation is satisfied before crack initiation and after the
division of the plates by the propagating cracks; see the black dashed lines in Fig. E38(b)
and Fig. B38(d).

On the other hand, the motions in Cases lh and lv after division are shown in Fig. 540 and
Fig. 541, respectively. Here, the displacement values are taken from the white point at the

top of the right edge, as indicated in Fig. 837. Fig. 540 shows that while the motions in the
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Fig. 5.40: Displacement-time curves for Example 5-2-4.

y direction are consistent with free fall, those in the x direction exhibit different tendencies in
the two cases. Specifically, translation with an almost constant velocity and small oscillations
is observed in Case lh, while rotation seems to be dominant in Case lv. Fig. 84T(b) shows
that the divided portion is indeed in free fall while rotating. It should be noted that the fall
speed in Case lv is faster than that in Case lh because of the initial loading direction; see also
the corresponding movies ™%,

Based on the presented simulation results, we confirm that a series of dynamic fracture
events from arbitrary crack initiation to independent motions of the divided portions of the
broken object is successfully simulated with the proposed approach. Since several trends of
motion involving large rotations cannot be adequately captured by a simulation assuming the
small strain framework, the proposed method can be regarded as a promising and reasonable

candidate for dynamic fracture simulations with large translations and rotations.
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Fig. 5.41: Trajectory of motion for Example 5-2-4.

5.3 Ductile fracture

This section is devoted to demonstrating the ability of the proposed scheme with three
representative numerical examples describing ductile fracture. In particular, in the last nu-
merical example, another cup-cone failure simulation is conducted to reproduce the discrete
cup-cone crack surfaces. The proposed model, whose formulation is derived in Section I3,
is used for damage computations, and different crack evolution trends are demonstrated by

changing the values regarding damage driving force and degrading fracture toughness. Note

that the cosinusoidal form in Eq. (B) is employed in this section.
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5.3.1 Example 5-3-1: Tensile failure of I-shaped specimen

Displacement T

N

60 mm

\R=10mm
i

Fully fixed

-

140 mm

Fig. 5.42: Geometry with boundary conditions for Example 5-3-1.

Table 5.9: Material parameters for Example 5-3-1.

Parameter Value Unit
Young’s modulus E 190000 [MPa]
Poisson’s ratio v 029 [-]
Initial yield stress Yo 343 [MPa]
Linear hardening parameter h 300 [MPa]
Critical yield stress Yoo 680 [MPa]
Saturation parameter By 16.93 [-]
Plastic length scale parameter [, 1.5 [mm]
Penalty parameter Dp 1000 [MPa]
Fracture toughness G, 25 [N/mm]
Crack length scale parameter Iy 1.5 [mm]

The first example is devoted to demonstrating the performance of CPFFCM for ductile

fracture. For this purpose, an I-shaped specimen subject to tensile loading is considered,

whose geometry and boundary conditions are illustrated in Fig. 8472. The material parame-

ters and five simulation cases are presented in Table 59 and Table B10, respectively. Here,

the degrading fracture toughness is assumed to be constant, and only the plastic damage
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Table 5.10: Numerical simulation cases for Example 5-3-1.

Parameter Case il i2 i3 4 i5  Unit

Elastic damage coeflicient £ 1.0 1.0 1.0 10 1.0 [-]
Elastic damage threshold e, 0 0 0 0 0 [MPa]
Plastic damage coefficient P 1.0 1.0 1.0 10 1.0 [-]
Plastic damage threshold ¥ 0 5 15 30 45 [MPa]

threshold W, changes for the five cases. Note that the numerical setup in this example is
equivalent to some CPFMs *?%)59 “in which only the plastic damage driving force, in ad-
dition to the elastic contribution, is employed to compute damage evolution. The cubic
degradation function is used to represent the deterioration of material stiffness, and the Voce
hardening function H (@) = ha + Yo — Yo) (1 —exp (Byoz)) is adopted for the hardening be-
havior. Additionally, a fine mesh having an element size of 4. ~ 0.50 [mm)] is used for the
potentially damaged region. For Algorithm B and Algorithm B, d.,; = 0.98, d.,, = 0.50,
Crelax = 10, and gpin = 0.05 are used.

I I
""" Casei2 -~ Caseid ||

35000 1| — Intact
"""""" Caseil --- Casei3 Case i5
30000 ;
=T Tm) (@)
. 1
25000 /é’/ L(1) '
Z i@ I
E 20000 @ : .
Q / : ' 1
= 15000
i :
10000 —
| H '
0 H [
5000 | : = !
a( é}(ﬂ A0 Y(n) (tp.Lid)
0 a0 (g LK) Q) i)
0 3 6 9 12 15

Displacement [mm)]

Fig. 5.43: Load-displacement curves for Example 5-3-1.

The load-displacement curves for the five cases are shown in Fig. 543. Here, the forced
displacement is applied until the value of 15 [mm] even after the specimen is separated by a

crack. As seen in the figure, the distinctive drop of the load, i.e., the severe damage evolution,
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is delayed by providing a larger value of the plastic damage threshold W?.. This trend affects

the crack initiation position as well as its propagation mechanism; see Figs. 544, 545, 547

B4R, and 549 that show the deformation of the specimen and the detailed evolution of elastic

damage variable d°. Here, the labels in these figures correspond to those in Fig. 5-43.

[11)

o M P 1469 0 'H B

Displacement y [mm]

(@) u=2.00 [mm] (b)u=2.01 [mm] (¢c)u=2.02 [mm] (d)u =14.69 [mm]

I
° -]

Fig. 5.44: Snapshots of deformation and detailed evolution of elastic damage variable d° for
Example 5-3-1: Case il. The top row shows the vertical displacement, and the bottom row

shows the elastic damage variable.

For Case il and Case i2, the crack propagation occurs at the center and the upper side
of the specimen prior to and in the middle of the localization of the plastic deformation, as
shown in Fig. 5744 and Fig. B43. To be specific, the damage evolution mechanism for Case

il is as follows:

1. The specimen experiences almost uniform plastic deformation.
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0 IR 14.39

Displacement y [mm]

(@) u=396 [mm] (f)u=397 [mm] (g)u=3.98 [mm] (h)u = 14.39 [mm)]

Fig. 5.45: Snapshots of deformation and detailed evolution of elastic damage variable d° for
Example 5-3-1: Case i12. The top row shows the vertical displacement, and the bottom row

shows the elastic damage variable.

2. The damage occurs at the center of the specimen prior to necking.
3. The damage causes the localization of the plastic deformation.

4. The oblique crack path is made by plastic deformation.
On the other hand, that for Case 12 is as follows:

1. The accumulation of the plastic strain changes its evolution tendency from uniform to

localizing.
2. The damage occurs in the meantime of the transition of the evolution tendency.

3. The crack initiates the upper side of the specimen prior to the localization.
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Case il Case i2 Case i3 Case 14 Case 15

Fig. 5.46: Snapshots of the localization of global hardening variable @ immediately before
crack initiation for Example 5-3-1. The maximum value in each snapshot is shown in red

and the minimum value in blue.

4. The accumulation of the plastic deformation concentrates at the location of the strain

localization, and the oblique crack path is eventually made.

To facilitate these discussions, Fig. 548 would be helpful, which shows the localization of
global hardening variable @ immediately before crack initiation for five cases. As can be
seen from the figure, typical necking behavior and subsequently appearing shear band are
not confirmed for Case il and Case i2.

Meanwhile, by providing a larger value of the plastic damage threshold P?,, the shear
band due to the localization of the plastic deformation appears, specifically for Case 14 and
Case 15, as shown in Fig. 846. Accordingly, the severe damage evolution occurs at the cen-
ter of the specimen; see Fig. 547, 548, and 549. It is worth mentioning that the diffusive
damage region becomes more narrow as the plastic damage threshold W%, becomes larger.
This is because the distinctive damage evolution is delayed, and therefore the damage occurs
only at the location of larger plastic deformation. Additionally, for all the cases, the forced
displacement is given to the separated upper segment until the value u = 15 [mm], and the
large displacement differences are confirmed, which are difficult to be realized by the con-

ventional FEM; see the last snapshots in Figs. 544, 545, 547, 548, and 5:49. It is worth
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Fig. 5.47: Snapshots of deformation and detailed evolution of elastic damage variable d° for
Example 5-3-1: Case 13. The top row shows the vertical displacement, and the bottom row

shows the elastic damage variable.

mentioning that elastic unloading occurs on the divided segments, but due to the irreversibil-
ity of the plastic deformation, residual deformation is visible, unlike elastic systems. In this
context, we may argue that the developed CPFFCM successfully transfers the diffusive crack

computed by CPFM for the ductile fracture to the discrete representation.

5.3.2 Example 5-3-2: Tensile failure of asymmetrically notched speci-
men

The second example targets the tensile failure for an asymmetrically notched specimen.
The objective of this example is to demonstrate the realization of ductile fracture having

discrete crack surfaces by CPFFCM and to reproduce different crack patterns by changing
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Fig. 5.48: Snapshots of deformation and detailed evolution of elastic damage variable d° for
Example 5-3-1: Case 14. The top row shows the vertical displacement, and the bottom row

shows the elastic damage variable.

the parameter g, in the degrading fracture toughness, i.e., demonstrating the negative hy-
drostatic pressure-induced damage evolution in addition to the plasticity-induced one. The
geometry of the specimen is schematized in Fig. along with the boundary conditions:
the bottom edge of the beam is fully fixed, while a vertical displacement is imposed on the
top edge. Also, the material parameters and four simulation cases are provided in Table
BT and Table 517, respectively. In this particular example, the cubic degradation function
is used to represent the deterioration of the material stiffness, the Voce hardening function
H (@) = ha + Yo — Yo) (1 - exp( ya)) is adopted for the hardening behavior. In addition, a
fine mesh having an element size of 4. =~ 0.20 [mm] is used for the potentially damaged re-

gion. For Algorithm B and Algorithm &, d.;; = 0.98, d.;» = 0.50, Ciepax = 10, and gy = 0.05
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Fig. 5.49: Snapshots of deformation and detailed evolution of elastic damage variable d° for
Example 5-3-1: Case 15. The top row shows the vertical displacement, and the bottom row

shows the elastic damage variable.

are used.

The load-displacement curves for four cases are shown in Fig. B51. Also, the de-
tailed evolutions of elastic damage variable d° and two degradation terms, cos”' (Bgia*/2) &
cos?? (ﬂGzT; / 2) , for the degrading fracture toughness Eq. (B1) are shown in Fig. B52~Fig.
B39, respectively. As be seen from Fig. B3T, for each case, a rapid load decrease is con-
firmed after a gradual one, which implies that the crack propagates from stably to unstably.
In fact, for instance, Fig. 852 shows that the crack propagates stably in the displacement
range u € [0,2.18] [mm], but the specimen is suddenly separated by the crack afterward.
Note that similar crack propagation behavior is also observed in the other three cases; see

Fig. BE53~Fig. B53.
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Fig. 5.50: Geometry with boundary conditions for Example 5-3-2.

Table 5.11: Material parameters for Example 5-3-2.

Parameter Value Unit
Young’s modulus E 220000 [MPa]
Poisson’s ratio v 03 [-]
Initial yield stress Yo 810 [MPa]
Linear hardening parameter h 1500 [MPa]
Critical yield stress Yoo 1000 [MPa]
Saturation parameter By 100 [-]
Plastic length scale parameter [, 1.0 [mm)]
Penalty parameter Pp 2000 [MPa]
Initial fracture toughness G 500 [N/mm]
Critical fracture toughness Geoo 50 [N/mm]
Crack length scale parameter lg 0.6 [mm]

Next, let us discuss the relationship between the crack path and the given parameters for
damage computation. As listed in Table 517, the saturation parameter g, is set zero for Case
h1 but nonzero for the other three cases, i.e., the negative hydrostatic pressure-induced dam-
age evolution is neglected in Case hl but considered in Cases h2, h3, and h4. Accordingly,

Case h1 has a typical crack path to the one obtained from an elastoplastic damage model only
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Table 5.12: Numerical simulation cases for Example 5-3-2.

Displacement [mm]

Parameter Case hl h2 h3 h4 Unit
Elastic damage coeflicient T 1.0 1.0 1.0 1.0 [-]
Elastic damage threshold e, 0 0 0 0 [MPa]
Plastic damage coefficient P 1.0 1.0 1.0 1.0 [-]
Plastic damage threshold P 0 0 0 0 [MPa]
Saturation parameter Bai 10 10 10 10 [-]
Degradation threshold a; 005 0.05 0.05 0.05 []
Slope parameter P1 2 2 2 2 [-]
Saturation parameter Bac2 0 0.002 0.003 0.004 [1/MPa]
Degradation threshold Ter 800 800 800 800 [MPa]
Slope parameter D2 2 2 2 2 [-]
T T T 25000
"""""" Case hl - Caseh3 we Case hl - Caseh3
""" Case h2 - = Case h4 = Case h2 - = Case h4
20000
T
_ — “;;;@:““m
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i "
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Fig. 5.51: Load-displacement curves for Example 5-3-2.

considering the plastic deformation into damage computation; the remaining three cases ex-

hibit different trends. That is, by increasing the parameter Sg,, the crack initiation and initial

propagation from notches tend to be horizontal. In particular, the initially propagated crack

of Case h4 somewhat resembles the one computed by a CPFM for brittle fracture; see Fig.

B5353(o) and Fig. B57. Also, as shown in the second and third rows in Fig. B53~Fig. B33,

the crack paths initially follow the degrading tendencies of the function cos”> (ﬁ(}zT;/ 2) that
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Fig. 5.52: Detailed evolution of elastic damage variable d° and two degradation functions,

cos” (Bg1a*/2) & cosP? (,BGZT;‘, / 2), for degradaing fracture toughness in Eq. (B-)): Case hl.

are determined by the negative hydrostatic stress. Additionally, Fig. illustrates the crack
paths of four cases in the initial configuration, which is helpful for understanding the damage
driving trend by the negative hydrostatic stress. Hence, enjoying the feature of the diffusive-
discrete crack transition scheme, the discrete crack is successfully simulated, which allows
comparisons between several cases considering different parameters for damage. As a side
note, by introducing the discrete crack, the load becomes exactly zero in Fig. 851, and the

upper divided segment can move up, as demonstrated in the previous example.

5.3.3 Example 5-3-3: Cup-cone failure of smooth/notched round bars

The last example is devoted to reproducing the cup-cone failure for smooth/notched
round bars (SRB and NRB). The objective of this example is to show the capability of the

CPFFCM in simulating ductile fracture for three-dimensional problems. The geometries of
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Fig. 5.53: Detailed evolution of elastic damage variable d° and two degradation functions,

cos” (Bg1a*/2) & cosP? (,BGQT; / 2), for degradaing fracture toughness in Eq. (B-): Case h2.

the SRB and NRB are illustrated in Fig. along with the boundary conditions: the bottom
surface of each round bar is fully fixed, and a vertical displacement is imposed on the top
surface. Also, the material parameters are listed in Table T3, in which the parameters re-
lated to the elastoplastic response have been borrowed from References ™™ Meanwhile,
the parameters concerning damage evolution are determined by trial-and-error calibration to
meet the failure trend of SRB in the experiments ™™ TIn this particular example, the cubic
degradation function is used to represent the deterioration of the material stiffness, and the
Voce hardening function H (@) = ha + (Yoo — Yo) (l —exp (ﬁya)) is adopted for the hardening
behavior. Here, the spatial gradient term for plastic hardening is neglected in this example.
In addition, a mesh having an element size of . ~ 0.05 [mm] is used for the potentially
damaged region. For Algorithm B and Algorithm &, d.,; = 0.95, d.;» = 0.50, Crelax = 8, and

Jgmin = 0.05 are used.
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(i) u=1.67 [mm] () u=1.83 [mm] (K)u=1.99 [mm] (1) u =2.00 [mm]

Fig. 5.54: Detailed evolution of elastic damage variable d° and two degradation functions,

cos” (Bg1a*/2) & cosP? (,BGQT; / 2), for degradaing fracture toughness in Eq. (B-): Case h3.

The load-gauge displacement curves for the SRB and NRB are shown in Fig. along
with the experiment datum. As can be seen from the figure, the typical failure trend of

elastoplastic materials is realized, i.e.,

1. The specimen first experiences uniform plastic deformation to some extent after the

yielding.

2. The localization of the plastic deformation occurs, and the plastic strain concentrates

on the center of the specimen.

3. Aninitial crack appears at the location that has experienced a large plastic strain local-

ization.

In fact, the first and second rows in Fig. shows the detailed evolutions of discrete crack

surfaces and elastic damage variable d°, in which the crack initiates at the center of the in-
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Fig. 5.55: Detailed evolution of elastic damage variable d° and two degradation functions,

cos” (Bg1a*/2) & cosP? (,BGQT; / 2), for degradaing fracture toughness in Eq. (B-)): Case h4.

Displacement ?

T O Case h3
e, ---- Case h4
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Fig. 5.56: Crack path in initial configuration for Example 5-3-2.

terior of the round bar. Subsequently, the crack propagates horizontally toward the surface
of the round bar and eventually becomes inclined to form a shear lip. Here, the labels in
Fig. correspond to those in Fig. B59. More specifically, since both degradation terms,

cos” (Bg1a*/2) & cos?? (ﬁGzT; / 2), have small values at the center of the interior of the round
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Fig. 5.57: Detailed evolution of elastic damage variable d°: Brittle fracture.
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Fig. 5.58: Geometry with boundary conditions for Example 5-3-3.

bar, as shown in the third and fourth rows in Fig. B60(a), the crack initiation can be under-
stood as plasticity/negative hydrostatic pressure-induced phenomenon. On the contrary, in
the region where the crack becomes inclined, only the degradation term cos”' (8g1a*/2) has
a small value, which infers that the shear lip is made only by plastic deformation; see the
third and fourth rows in Fig. B60(c).

On the other hand, while the parameters concerning damage evolution are fitted to meet
the failure trend of SRB in the experiments ™™ the load-gauge displacement relation of
NRB is in good agreement with the experimental one; see the lower black-colored plots and

blue-colored line in Fig. 859. Additionally, as shown in Fig. B&1, a series of scenarios of
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Table 5.13: Material parameters for Example 5-3-3.

Parameter Value  Unit
Young’s modulus E 68900 [MPa]
Poisson’s ratio % 0.33 [-]
Initial yield stress Yo 209.6 [MPa]
Linear hardening parameter h 0 [MPa]
Critical yield stress Yoo 272.2 [MPa]
Saturation parameter By 38.81 [-]
Initial fracture toughness G 20 [N/mm]
Critical fracture toughness Geoo 0.2 [N/mm]
Crack length scale parameter IR 0.1 [mm]
Elastic damage coefficient ,° 1.0 [-]
Elastic damage threshold e, 0 [MPa]
Plastic damage coefficient P 1.0 [-]
Plastic damage threshold P 10 [MPa]
Saturation parameter Bai 10 [-]
Degradation threshold Aer 0.025 [-]
Slope parameter p1 I [-]
Saturation parameter Bcx  0.005 [1/MPa]
Degradation threshold Ter 180 [MPa]
Slope parameter P2 1 [-]

cup-cone failure similar to those of SRB are successfully realized, i.e., the crack initiates
from the center of the interior of the round bar, propagates horizontally toward the surface,
and eventually becomes inclined to form a shear lip. It is worth mentioning that the deter-
mination of parameters in damage models can follow the above-mentioned manner. That is,
once parameters concerning damage evolution of a material are fitted, with which the sim-
ulated result is in agreement with the experimental one, they should be adopted to another
case, such as another geometry of the specimen, another loading speed, and so on. Then, if
the fitted parameters still work well for another case, as demonstrated by the SRB and NRB

in this example, they may have “objectivity”. If not, they may be “case-dependent”, so we
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Fig. 5.59: Load-gauge displacement curves for Example 5-3-3.

should sometimes re-fit parameters.

In addition, Fig. 562 compares the discrete crack surfaces obtained from experiments
DX and our numerical simulations. As can be seen in the figure, a large shear lip is com-
puted for the SRB, and a small one is computed for the NRB in our numerical simulations.
Note that this trend is well consistent with experimental observations. Also, since the dis-
crete crack surfaces are realized by CPFFCM, the observation of simulated crack surfaces
becomes easier than conventional FEMs. In this context, we conclude that the developed

approach, CPFFCM, is a reasonable method to reproduce and predict ductile fracture.

Remark 8 While three dimensional problems are successfully solved here, a few issues in
terms of the algorithmic treatments are still unresolved. For instance, a proper crack path
detection direction should be considered. In the two dimensional situation, we can just
define an angle 6 shown in Algorithm B but should consider the depth direction in three di-
mensional situation. Also, the discrete crack surfaces in one mathematical element should
be modified to be nonlinear geometries. If the discrete crack surfaces in one mathematical
element are plane surfaces, i.e., linear geometries, they may immediately determine the ge-
ometries of discrete crack surfaces in adjacent mathematical elements. Accordingly, discrete

crack topologies may not be consistent with diffuse crack ones.
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(@) u=244 [mm] (b) u =2.46 [mm] (¢) u =2.50 [mm] (d) u = 2.54 [mm] (e) u = 3.07 [mm]

Fig. 5.60: Detailed evolution of discrete crack surfaces, elastic damage variable d° and two
degradation functions, cos”! (Bgia*/2) & cos”? (ﬁGzT; / 2), for degradaing fracture toughness

in Eq. (B)): SRB. (Only 1/4 of the round bar is shown.)
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Fig. 5.61: Detailed evolution of discrete crack surfaces, elastic damage variable d° and two
degradation functions, cos”! (Bgia*/2) & cos”? (ﬁGzT; / 2), for degradaing fracture toughness

in Eq. (B]): NRB. (Only 1/4 of the round bar is shown.)
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(a) SRB (Exp.ED-[E%)) (b) NRB (Exp.=D-IE))

(c) SRB (Sim.) (d) NRB (Sim.)

Fig. 5.62: Crack surfaces of the cup-cone failure.



6 Conclusion

This study aimed to pave the road toward the comprehensive evaluation and prediction of
the multistage and multiscale failure events of a structure. To realize the purpose, a novel
crack phase-field model was proposed, and a diffusive-discrete crack transition scheme was

developed.

6.1 Regarding the enhancement of crack phase-field mod-
eling

The crack phase-field model (CPFM) is known for its ability to predict the initiation of
an arbitrary crack, propagation, and bifurcation while remaining compatible with classical
fracture mechanics. After revisiting the fundamentals of CPFMs for brittle and dynamic
fractures and reviewing the distinctive features of the plastic driving force, as well as the
degrading fracture toughness and yield functions introduced in the existing models to realize
ductile fracture, we have established a new model for ductile fracture.

Based on the reviewed features of existing models, a variational formulation was car-
ried out to derive relevant evolution laws separately for plasticity and damage as stationary
conditions of the supremum problem of the dissipative potential. As a result, the proposed
model involved two damage variables associated with the elastic and plastic driving forces
for damage evolution. For parameter studies and experimental verifications, numerical sim-
ulations have been conducted within the IGA framework. After several parameter studies

were made to confirm the basic performance of the proposed model, we targeted a symmet-
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rically notched specimen subjected to tensile loading to demonstrate the ability to represent
the typical fracture behavior of elastoplastic materials. Based on the results of the numerical
studies, both the proposed and earlier models were investigated to elucidate their similari-
ties and differences. Also, by conducting numerical simulations with a three-dimensional
setup, it is well demonstrated that the proposed model successfully reproduced the cup-cone
fracture of a notched round bar, whose fracture behavior was in agreement with the exper-
iment result reported in the literature. In addition, the fracture behavior of advanced high
strength steel sheets (AHSS sheets) was simulated by the proposed model. From experi-
mental observations, AHSS sheets exhibited unstable to stable crack propagation trends in
addition to characteristic crack initiation positions. By introducing the negative hydrostatic
pressure-induced degradation effect into the degrading fracture toughness, these character-
istic fracture trends of AHSS sheets were successfully reproduced. Therefore, the proposed
model can be regarded as a promising candidate for simulating several typical fracture events

for elastoplastic materials.

6.2 Regarding the enhancement of numerical simulation

method

To realize divisions of segments from an original object for the comprehensive investi-
gation of fracture events from crack initiation to collapse, a transition scheme from diffusive
to discrete crack topologies was proposed, which had been developed through the combined
use of crack phase-field theory and a strong discontinuity representation. In the scheme,
the crack initiation and propagation processes are determined from an energy minimization
problem within the framework of CPF modeling, and the predicted crack path is explicitly
represented by the finite cover method (FCM). Specifically, the proposed scheme reproduces
the geometry of a discrete crack path by updating its crack tip during a staggered iteration
procedure involving a transition from a diffusive crack topology to a discrete crack topology,

which is realized by the proposed technique to determine explicit crack tips. Additionally,
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by introducing stabilization techniques to crack opening processes, the collapse of severely
damaged elements can be avoided, and the crack tips are opened gradually and stably under
both quasi-static and dynamic conditions within the finite strain framework. Due to these
features, the proposed scheme enables us to trace the paths of dramatically propagated and
curved discrete cracks without any difficulty.

Four numerical examples, including well-known benchmark problems for brittle frac-
ture, were presented to demonstrate the performance and capability of the proposed scheme.
From these simulations, we have shown the superiority of the proposed method “CPFFCM”
over the conventional method “CPFFEM” in terms of computational stability. Also, four
other numerical examples for dynamic fracture were presented, in which a series of fracture
events involving crack initiation at an arbitrary location, crack propagation and bifurcation in
arbitrary directions, arbitrary divisions of an original object into multiple portions, and inde-
pendent motions of these portions in the post division phase were successfully simulated. In
addition, the other three numerical examples were conducted to demonstrate the CPFFCM
to ductile fracture. Similar to the results of brittle and dynamic fractures, crack initiation
and propagation trends were successfully reproduced along with the explicit representation

of crack surfaces.

6.3 Future works

Some issues to be considered in the future are as follows:

e Additional investigations of the proposed model.
In this study, we have not deepened the discussions about the physical interpretations
of the two damage variables and the evolution laws for plasticity and damage. This
remains untouched and must be addressed along with further experimental investiga-
tions in future work. In particular, if a reasonable manner to determine the parameters
concerning damage evolution is found, the proposed model can be a strong candidate

to reveal unresolved fracture behavior in elastoplastic materials.



176

o [mprovements in three dimensional problems.
As discussed before, the definition of the crack surface patch in three dimensional
problems should be reconsidered. Specifically, if the crack surface patch is linear,
it encounters difficulty in properly representing geometries, and the diffusive-discrete
crack transition cannot be correctly performed. To address the issue, the bend of a

crack surface patch within an element can be considered.

e [ncorporations of other damage models.
While the proposed scheme is developed for CPFMs, the applications to other non-
local damage models are relatively easy. On the other hand, the applications to local
damage models may require modifications of the crack path detection scheme since the
distribution of damage variables is not such well located as seen in non-local damage
models. In addition, if a model without having the damage variable is targeted, other

graphic information should be installed into the developed scheme.

o Extensions to multifield/multistage problems.
The separation of materials enables further consideration of various situations after
fracture, such as frictional contact between opposite crack surfaces, the inflow/outflow
of gases and fluids, and the secondary fracture of segmented bodies. For such cases,
more degrees of freedom may be required, and computation time would be a bottle-
neck. Thus, efficient spatial discretizations, computational algorithms, and sophisti-

cated parallelization techniques are needed.

e Combinations with other research fields.
The proposed diffusive-discrete crack transition scheme was developed to fracture
problems but can be employed in other research fields. This is because the proposed
scheme is essentially a technique to realize discontinuity in the state field based on
some criteria. For instance, the combination with topology optimization may be inter-
esting: the interfaces determined by design variables can be represented explicitly so

that the issue of resolution may be alleviated.



177

Since the author’s voyage continues, these extensions are left to future work.



Appendix A  Supplements for CPFM

A.1 Original motivation to introduce two damage variables
d® and dP

Suppose that we have a CPFM for ductile fracture having elastic and plastic damage driv-
ing forces without thresholds. Then, its dissipation rate, yield function (threshold function),

dissipation potential rate, and evolution law of d yield, respectively,
L G.
D'=7d—rd with t'=-g @(¥ +¥). r'=64" =7 (d~[Ad)
f
o' =7 -/ <0 (A.1)
ADf
oGt —rf)

where the dissipation due to plastic deformation is omitted since it does not contribute to

T = s?[f) [de —r'd - /lfCI)f] = d=a
the discussion here. In this case, we have only one crack phase-field variable d, since the
components, 7' and r*, are commonly used in D' and ®'; see, for example, Kuhn et al. *?
that belongs to this case. As discussed in Alessi et al. ?, this kind of model is not rich
enough to capture a variety of anticipated ductile fractures.

Then, if thresholds ¥¢, & V¢, and coefficients B. & B, are introduced, as considered by

Borden et al. ¥, we deal with the following format:

. . GC
D' =rd-rd with t=—g @(¥5 + W), =8 = 75 (d - fad)

o' 9 (Tf* _ rf)
At —rt) T ot -1’

T = sup [de —rfd - /lfd)f] = d=2

7t rf
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Because of the existence of these post-introduced parameters, it is impossible to derive vari-
ationally consistent evolution law for this case. This is the “dilemma” explained in Section
2.

From the above discussion, it can be seen that the variationally consistent evolution law
cannot be derived because both the thermodynamic force 7' and the dissipative resistance
force ' are conjugate to the same crack phase-field variable d. We thus define separate
variables for them following the relation between the rates of plastic strain dP and hardening
variable & in plasticity theory. To be specific, we define two damage variables d° and d?
conjugate to elastic and plastic driving forces in addition to the original crack phase-field
variable d conjugate to the dissipative resistance force rf. Then, their variationally consistent
evolution laws can be derived as

D' = 1°¢° + PP — r'd

. : «_ Og(d° «_ Og(d°
O =7+ -/ with = _—%;e )<\Pg+—\ygr>g°, =~ gaizP )<Tg—‘PEr){p

Y= sup [t +1PdP - r'd - /lfCI)f]

rfe ’Tfp , Iz

00t [y 00

= d°=2 =1 e == P d= A= = AL
orfe & X or'r ¢ XL orf
Eq. (Z=0) Eq. (Z20)

(A.3)

A.2 Confirmation of K5, > 0

Assuming a homogenous deformation (Ad = V2d = 0) and taking into account ®f = 0 in

Eq. (E279), an equation

(¥ —w2) P - (l;—:d = 0. (A.4)

g ()
ode

dg (d)
odr

(¥5" - ¥o) & -
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is obtained. Given that the cubic form is used, the damage variable d¢, at the moment when

the plastic driving force is activated, namely, the situation ¥, = ¥¢,, yields

ag(dgr) e+,Cr (4 &
— o (; —\P)g——d =0
_ _ 2 _ _ ()2
. de:4s 6+W \/4s +8(W-=3)s+(W-06) (A5)
“r 6s—12
G, 1
with W ===

e (g e ) ¢
where ;" is the amount at the moment when the plastic driving force is activated. It
should be noted that we assume the relation d = d° > dP since d° is computed even before
the material exhibits plastic deformation. Then, the plastic damage variable d? = d° — d,
when both two driving forces are active yields
_dg(@)

8g (de G,

(V5 = We) & = =g (Yo = Wa) &' == =0
L o po T ;7’82—4811
= (35— ) {(Wsr —we,) &+ (Ph - Wh) 7}

T = (6-45) {(W5r - W) &= + (V) - ¥5) 7} (A.6)
with + (65— 12) (W' — P, ) od, — (l;—f

U = (35— 6) (W5 — W8, ) °ds,” + {(6 —4s) (W5 - e, ) &0 - (l;—} de.

f
s {(Wgr - s ) o+ (W - PE) £

Sustituting Eq. (A3) and Eq. (A=6) into Eq. (Z293), the component K5, is rewritten as

g (d°) 2, & g(dp) G. d* 3GAd
= per ¢ PP — PP ) PP+ — ¢
(](22 6dez ( )g ( cr) g + lf dX2 6Ad

=0
= {(12 - 65)dP + 45 — 6} {(¥5" — ¥5,) &7 + (W) — &) ) 7

G,
+ (12 = 68) d° (P5" —¥°) 0% + -
f

Now, we may provide {° = 1 and {P = 1 without losing generality and provide s = O for



the boundary condition (s > 0). Then, the modified K7, is

G,
Ky = (124 — 6) (V5" = P5,) + (12d° — 6) (W) — P2 ) +—
T —— lf

Yy

. G,
= (124" ~6) (X + ) + 12X + =,
f
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1 c 1 - * ‘/ *2_4 % *
ds; = 1——G—— and d" = T 7 SU
6 I (l{/gﬂcr _\{Jgr) 28 AS
— (A9
S'=-6X+Y)

with T = (6-12d%) X + 6Y — (l;—
f

U = 6(dS —d5?) X -

lf cr

In order to figure out the shape of the surface Eq. (A-8), let us derive the following derivative:

%K, . . ddv*
T = 127+ 12d5 -6+ 12(X + ) —
_ + +12d° — 6
(X +Y) (X +Y) ¢
G oay
L
X+Y)
G G G.\’
e 2 ~c _ e 212 e ¢ | =<
) (72dcr Y+6 2 )X 72d;,"Y* + (244, + 6) I Y ( I ) (A.9)
X+Y) T2 — 4S*U*
G. .
a1 12d5.Y
with = 3
0X 12(X+Y)
G,

G. G.
(7261;23/ + 61—) X = 72d°2Y? + (2445, + 6) Y- (T
f f f

)2

12(X + Y)> NT*?2 - 48U~
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Here, since X +Y > 0 and V7 ** — 4S8*U* > 0, let us derive (X + Y) VT** - 4S* U 0K},

oK;
(X + ) NT 2 =4S U —=2

G. 1G 1 {G.\
- 2 v 2 __ _ C
36X2 + ( 61f 7 ( he 36(le*))ny (A.10)
1G. 1/{G. G
-T2 2_ 622y — 3612,
7 ( 3le*+36(le*))y 6lfy 36Y

Note that Eq. (A10) is a quadratic function of X that is convex downward. Hence, it is
sufficient to satisfy the second condition in Eq. (Z93) that Eq. (A-Id) has zero or positive
value for X = QX" > X* with Q > 1. Also, given that d¢, is positive, we obtain an inequality
X* > X = G./6l;. Substituting X = QX* and X* = X}, into Eq. (AT0), we may confirm

the second condition is satisfied:

2
360°X* + [ 6G——72(—1G +1(GC)]3/)QX*

I 34X 36 \[iX-

1G. 1(G. G
-72 2 - 6-—Y - 367
( 3 6(ti*)]y Y Y

2
:36)/2+(12Q_6)l_°y+(Q2_Q)(%) (A.11)

2 2 2
{(12Q ~6) G—} - 144(Q Q)( ) = 36(%) >0
lf lf

= 7(;2 >0 and 7(22 > 0.

A.3 Components accounting for global tangent matrix

The component in Eq. (ZT24) is written as

87-0 vol ot T0,dev
e e e s
5_7. _ g(d®) —= OF g(d) ——— OF for J°>1 A1)
oF 67—0,v01 ( de) 0T T0,dev for J¢ <1
oF oF

with

-0 _ N Nt e2 e—1 e—2/3
F Sbe + b | F kJ1@b° +uJ

87’0 _ {(97’0’\,01 (97’0’(16\,} . abe _ {1
2

0b°
bt b
dev 3 dev )} 6F’

(A.13)
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where 1 and 1,  denote the second-order identity tensor and the fourth-order deviatoric

identity tensor, respectively. Using the total differential, the last term in Eq. (AT13) yields

ob®  ob° N ob° ® 0P N ob° ) 6_11 (A.14)
oF B oF AP m=const. o 1, F'=const. oF on F',AP=const. . oF ’
with
ob° p — T AP
= exp (-2 Am|® (CP' - F" +{ex (—2 Am)-F-CP,;l} ®1,
oF AP n=const. p( g (de) ) ( ) P g (de) -
(A.15)
ob° AP 1
=<{Dexp|(-2 Am) (=2 Am| 3 - bo", A.16
O |y pconst { p( g(d) ) ( g(d°) )} (10
ob° AP AP
=<Dexp|-2 Am| | =2 At x b, A.17
M | ar=ons. { p( 9(d) ) ( g (d) —bym)} = A1
iakl
oAP on ) . . .
Then, IF and aF are obtained from the total differential of two local residuals
Ol 70,devl oA on
—ar ~Kewgp ki gp =0 (A19)
and
0 v 0P on
T0dev o ® 2 Kt = = 0. (A.19)

OF [Ty gell OF OF
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Taking into account the symmetry of the flow tensor, an equation in Vogit notation for Egs.

(ATX) and (A-19) is obtained
_ a/lp . a”TO,dev”
— oF
0811}? iTO,dev,ll
— OF |70 geul
OF 0T
My 0 Todev22
“F OF [[Togel
K 01133 i T0,dev,33
. 8F T 6F||T0,dev”
81123 i T0,dev,23
8F aF“TO,dev”
UK 0 Todev,13
oF OF [[70,4e.|
_81.7‘ o 0,dev,12 (AZO)
) ) a-F’“'TO,deV” ]

k/lp/lp k/lpnll k/lpnzz k/an33 2k/IPn23 2k/lp1113 2k/lpn12
kn”/{p knllnl] kn11“22 k1111n33 2kll]1]’123 2kn|1n13 2k"1|u]2

anZ/UJ kn22nll k"22 n2 kn22n33 2kn22n23 2'anZ"B 2k'1227112

with K=| k,» K k k Kigings 2Ky 2K

33111 1331122 1331133 1331123 331113 1331112 ’

2k“23 AP 2k“23 m 2kn23n22 2k”23"33 4k“23 n3 4kn23“l3 4k"23n12

2Kisre  2Kipany,  2Knsny, 2K 4k 4k 4k

13133 3123 13n3 n3mng2
| 2kﬂlz/lp 2kn12“11 2k1112n22 2kn12"33 4k"12”23 4kﬂ12n13 4k"12“12 ]
where
OTogevll  Oll70,devll AP — 1 m\T
d = - : -2 Am| ® (C? " - F
oF abc TP\ Ty @ (e F)
AP 1
+iexp|-2 Am|-F-CP "+ ®1;,
g (d°) =
a (&A% 1 0 (A% (A% a ev
o T0,d :( T0,d _ T0,d . 170.a ||) (A21)
aF‘”'TO,dev” ”TO,dev” abe ”TO,dev” abe

AP — _ T
: {exp (—ZQ(de)Am) ® (CPnl .FT)

AP -1
+ {exp (_Zg(de)dm) -F-CP, } ® 1}.
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In a same manner, yields
1o
oF°  OF° @ OF* . 0_11
aa B a/lp n=const. aa an AP=const. ‘ aa
with
20r; AP om
—— —Kpp— —Kppg: — =0
3 O T ba P Ba
and

oAP on
- nxpa—knnia—(),
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(A.22)

(A.23)

(A.24)

Taking into account the symmetry of the flow tensor, an equation in Vogit notation for Egs.

(A723) and (A24) is obtained
O 1

- 20r] |
oa T
oa 0
oa 0
ons3
K oa | 0 ’
o ||
oa
ony3
oa 0
Ot 0
| Oa |

where

oy 9
= = 51 @ + py @ - = —p,.

0 0
In addition, £ and 8_;‘ are obtained as

da 8 22, \F 1 o
_— = — _n R Atn = = Atn
da  da [“ " \/;g(dp) i 3g@) da’

6_&_1@+\ﬁﬂi+lm f Lo
OF ~ oF (" 3g@)” ") T N3g@ryoF~ "

and

(A.25)

(A.206)

(A.27)

(A.28)
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AppendixB  Supplements for CPFFCM

B.1 Numerical error caused by rearrangement of finite cov-

€ers
0.09 T —
““““““““ Ela. 0292 |- = Fra.
Before FCM . Before FCM
0.088 | - After FCM - After FCM
[ S
0.086 1 I e e
& 0288
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(a) Elastic strain energy (b) Crack generation energy

Fig. B.1: Enlarged views of Fig. B3T(b) along with data plots of FC-based staggered itera-

tions.

A demonstration of the numerical error caused by the rearrangement of finite covers is
presented here. For the sake of demonstration, the numerical setup “Case hs2” in Section
is again used here.

Fig. BT shows the enlarged views of Fig. B3TI(b) along with data plots of FC-based stag-

gered iterations. Here, the gray-colored and black-colored plots correspond to the solutions

186
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(a) Before a division by the FCM (b) After a division by the FCM

Fig. B.2: Distributions of the history variable HH® and damage variable d in order from the

top in the initial configuration.

obtained in FC-based staggered iterations before and after the execution of the FCM. As
shown in the figure, the variations of the elastic strain and crack generation energies are rela-
tively large compared to the nearby plots. This is because the positions of Gaussian points are
redefined when the FCM is executed. Accordingly, the geometry around the severely dam-
aged region is updated, and another Newton-Raphson loop is needed to find a new stationary
condition for the updated geometry during the loading step.

For a better visual understanding, the distributions of the history variable ¢ and dam-
age variable d are presented in Fig. B; specifically, see the third and sixth elements from
the left at the bottom edge. The upper left node of the sixth element has the value H°¢ ~
4568 [N/mmz] before a division by the FCM. Once the FCM is performed, the upper left
node of the sixth element no more has the original value for the history variable, and a new
value H® ~ 4102 [N/mmz] is given due to the redefinition of the positions for new Gaussian
points. Subsequently, new damage variables are computed for the sixth element, and in the

meantime, damage variables on other nodes are also updated due to the spatial gradient term
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Vd. Hence, the upper left node of the third element has a new value d ~ 0.323 from the
original one d ~ 0.326, whereas its history variable has the same value H® ~ 5.74 [N/mmz]
before and after performing the FCM.

It is worth remarking that this numerical error becomes more apparent when the crack is
sufficiently large compared to the whole geometry of a simulation model, such as Example
2 in Section B27. In contrast, this issue is neglectable in Example 3 and Example 4, as

presented in Section and Section B4, respectively, since the crack is small.
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